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The importence of asirborne bacteria, or particulate mstter in
general, to the over-all health and well-being of living things in
general and mankind in particular i3 well-known to both the scien-
tific snd lsy community. Our ynderstanding of the basic principles
of aerobiology, howsver, is not commensurste with the importance to
health and well-being. This deficiency, in part, is because of in-
adequate communicazion and coordination of sffort betwesh those of
us responsible for providing new knowledge. Hence the Symposius on
Aerobiology ATO8e a9 & partisl answer to & known deficieucy. The
most important purpose of a conference is that of strengthening come
municsrion, bul the results also should include soee sessure of
self-gvaluation. In doing S0 one might well ask vhat boundaries,

if any, delinesate the scope of our effcorts.

If all aspects of the field of air hygiene were considered as
a unit, nearly eve.y field of science woulid be included in some vey
or ancther. Since the field is 30 broad, it is {wpossible to diride
it into well-defined areas with no overlsp, although sosme distinc-
tion between the various areas of interest should de made L{f we are,
individually, interested in the significance of our own contribu-
tion. For example, public health sanitarians sre concerned with
airborne microfliors contributing to infection in & given ecological
situation; they ascertain by vhatever nmeans availsble the numbar of
infectious par+icles, attempt to relate thess numbers to spidemio~
logical findings, but are usually not interested in the noa-pathogenic
forms. Often the methodology used is devised by physicists end
enginears vhose interest is to provide wards and hospital rooms with
air containing & minimal number of any kind of airborne becteria.
Also in this group are medical and parasedical investigators inter-
ested in discovering mechanisms by which infectious becteris find
their way into hosts to create an infection, as well as in comparing
the spread of disease in nature to that found in experimentsl situ-

stions.

Then there are theoretical microbiclogists, whose interests,
while less well-defined than the sbove groups, msy be described in

terms of death or survivel mechanisms of airborne microorganisms and




who therefore need to provide & variety of envirommental situstions
in the isaboratory. They 2ay be said to be engeaged in atudies
oriented toward finding the most tolerable conditions under which

bacteria may live in the airborne state and be infective.

Finally, in the last few vesars an interest in airborne bsce
teris has arisen in thuse responsible for the "steriiity” of ex:ra-
terrestrial vehicles, as related to the potential of living forms
croasing spéce, either to yield fslse positive signals from life-

detarting  inst= wents ~- of micvoorganisme sctuslly xrowing ian

slien environmsents.

At the Naval Biological laboratory we label sur siudies "aero-
biology” as being that part of the whole field concerned with
experimentel techniques of sirborne {nfection and aupvival of
bacteria. it was, pernaps, an error to have .abeled the Sympogium
one on sercbiolegy only, for we vrealize that the gubject-matter
covered herein includes, and properly so, more than just the axper=~

imental techniques required to study such a broad area.

Perhaps, after all, the Symposium's most imporrant contribu-
tion, asic- from cthat of providing comminication, has been in
delineating the variety of interests of those in attendance. For
exampie, air hygiene was well-rvepresented with papers varying from
one on the pathology of chroni: bronchitis, through epidemiclogical
studies in Navy recruit camps, to wound infection in hospitsls.
Environmental situations were described ranging from survival of
bacteris in desert conditions, through those of constant temper-
ature and relative humidity, and included situations of intense
ultraviolet ifrradiation, as well as cercain shifts in witer content.
Topics ranged from those highly applied; for example, potential
contamination of dental suites by commonly employed dertal tech-
niques, through another reporting a new sampler, to the highly
theoretical question of bound water and proiein denaturation as &
potential death mechanism. In the included papers there is a

little something for everyonc.

There {s no question in our minds but that the Symposium was
worthwhile. We hope that no theory will remain unchallenged, no
pathway unexplored, and that there has been sufficient intereast

aroused and importance demonstrated from this meeting to provide
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imperus for future gétherings. We hope that by publishing these
proceedings we will have provided a2 record for those whe could not
attend -~ & record that has posed more potentisal problems than aclu-
tions. There are no essy answers to these problems, go ilmporisat

to the welfsare of mankind, bt regerdless of how difficult they may
seem, they must be resclved; and we are proud to have heco a part

of effortas leading fo such soiutions.

Stewart H. Madin
Director
Havsel Bislogicsl Laboratory




PRETACTE

This book 1s a compilation of papers premented during s Syw-
posium fov dersbi.logy held Oorober 2-%5, 1963, (n Berkeley,

Caltfornia.

The conference was organized into sessions devoted te general
aspects of the maln topic, and insofer as practicable, the papers
were arranged ir the order im which they were presented. Verbatim
tvansIriots of informsl discussions are included, with changes smade
oniy for purpeses of claritv, DeCAUSE €i wenidd Lo prEseive the gen-

erai tenor of the meetings.

Dur nitial alms were wmodest, and we had proposed to limit
attendance to approximataly 40 persons. As plans progressed, howu-
ever, the number of (nterested individusls increased and it was
finally decided to include ail thoge who could attend on their own
inttiative. There were, coasequently, over 100 scientists in

attendance.

We had hoped that interest in forming a permanent comsittes
for the purpose of continuing such mestings .aight arise aond perhaps
bring into being as organization of inrerested scientists -~ &
society, #s5 it were, for sercvbiology. Although this did not happen,
it was informally agreed that Mr. Elwood K. Wolfe of Fort Detrick

would arrange for another meeting 2 years from the above date.

If the purpose of the conference was to promote interchange of
knowledge on current efforts and to stimulate future research, then
1 believe the meeting wes successful. 1t was successful because of
the enthusisstic participation of those in attendance, the invalu-
able cooperation of the session chairmen, &5 well as aid received

from many members of the NBL staff.

To mention the specific coatributions of those invelved would
require move space than can reasonably be allotted. However, I
will use my editorial prerogative to extend my heartfelt thanks
and appreciatinn, with a brief indication of the part they played,
to those who helped so willingly to make the conference & success,

and so patiently atded in assembling :this manuscript. They were:
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OPENING REMARKS

£, J, HOFFMAN, CAPT ML USH

Gffice of Naval Resesrch
Department of the Navy
Washington 25, D. C.

Om behalf of the Office of Naval Kesearch I want to telcoms vou
to this Symposium in Aerobiclegy conducted by the Naval Biological
Laboratory, & unique ONR research facility operated under contract by
the Schoulof Public Health of the University of California at Berkeley.
Aerobiolegy is & new field in which much of the research is involved in
defense against bacteriological warfere. It is 8 field which has bur-
geoned recently since exposure to airborne microorganisms iz & subject
not only of military interest but of increasing concern to those in-
volved in industrial health and epidemiclogy. Resesrch conducted at
NBL concerns f{fundamental investigations in the general areas of both
aserobiology and experimental pathology of infectious disesses ar they
apply to public health and to medical problems of the Navy.

Biclogical research is of obvious concern to the Navy, and one of
the six major research divisiongof ONR is the Biolopi-al Sciences. Our
prograﬁ primarily focuses on supporting research which extends know-
ledge of fundamental life processes and utilizing this knowledge to
solve problems with which the Navy is now ~-- or may some day -~- be

confronted.

The broad needs of the Navy in the biological ares can be de-
scribed briefly, First of all, neaval personnel must be protected from
the stresses imposed by new weaponry, vehicles and unususl eoviron-

ments. The combat effectiveness of the Navy can only be sssured if

ix




its wen can function efficiently while undergoing such stresses.

Second, the design of advanced ship types, aircraft, and wespons
requiresin part & basic understanding of biological phenomens. New
meang of propulsion may derive from studies of hydrodynamic charucter-
istics and the methods of propulsion of marine animais. Longer range
underwater detection and navigational devices could result from studies

cf the compunication and ascoustic signals emitted by marine life.

Another need ia that the Navy's «hips, docks, cables, mines and
electronic equipment mmust be protected from the ravages of marine-
fouling organisms. This requires resesrch on the orgsnisms responsible
for fouling and deterioration, including basic research ¢on the repro-

duction, physiclogy and genetics of the organises involved.

Finally, basic research in bilology is supported in order to fill
gaps in our knowledge of bilological systems with a porential for af-
fecting naval situations. This research is not necessarily related to
specific or {zmediate problems but may be applied at a later date to
sclve presently unrecognized problems. Incidentally, this is a major

facer of all ONR's resesrch programs.

It is plain, of course, that biclogical problems are not confined
to the Navy, but are military-wide. Our last two conflicts, World War
11 and the Korean fighting, produced a toll of casualties which could
easily be dwarfed by 8 future nuclear war. The treatwent of these
casualties and the rehabilitation of the personnel is a chsallenge we
must be prepared to meet. The Navy and the cther military services
have a responsibility to maintain a firm vresearch program in the funda-
mental scientific disciplines that will lead to the control or preven-
tion of injuries to which military personnel are subject, including
both traumatic injuries and dedbilitating diseases.

Aside from this urgent need, biclogical research is essential if
we are to sccomplish cur ultimare goals in space, in which all three
services have a stake. 1f men are ever rO journey to the planets and
stars, we must know the biolcgical effects of cosmic radiation, mete-
oric collision, synthetic air and food-waste cycling. We must deter-
mine the biophysi .al eifects, not only of these factors but also of
disorientation and illusions of space and time. Indeed, the powerful
engines and intricate devices needed to send and guide space satellite

vehicles are relatively simple iIn comparison with the bivlogical or
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life-support systems invoived in the successful transportstion of man
on  extended trips into outer space. But wmore ilmportant to us -- the
knowledge and skills used in space will imevitably improve naval opers-
tiong’

Fesearch in asroblology is 8 significant part of the spectrum of
sverall blological rasearch which {3 alding wan, as much a8 any of the
physical sciences, to control and master his enviromment. Every bit of
this knowledge, no matter what its immediate objective may be, wiil

contribute something te man's future benefit.
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WELCOME ADDRESS

Charles E. Smitk

Dean, School of Public Health
Universicty of California, Berkelay

Thank you Dr. Madin, Castain Hoffman and fellow participants.
Fourteen years ago 1 left a very happy association as & student and
subsequent faculty member of Stanford to come to the University of
California. Amidst the travails and problems of adjusting to this en-
vironment, there was one very outetardingly warm and hesrty welcome:
that of Al Rrueger, the organizer zad first Commanding Officer of
NAMRU #1. Dr. Krueger's genius built chias program in parallel with his
duties as Chairman of the Department «f Becieriology at the University
of California, From both developed the progrem of the Neval Biological
lLaboratory which Captain Hoffman has just described. Dr. Krueger's
warm welcome to me, I, in turn, have the grest privilege of extending

to you.

I recall that his welcome of me was espacially apprecisted bscause
I had just worn out rhe patience and the good will of my Stanford Alms
Mater by being, instead of & model of preventive medicine in my Depart-
went of Public Health, undoubtedly the greatest, slbeit unwitting,
menace to public health in the medical school because of wy coccidi-
cidal investigations. The climax came when we gensrated an epidemic
through our entirs building. Our laboratories were located on the
first floor. I hed cautiously (I thought) transferred my stock cul-
tures of Coccidiojdes on Washington's birihday when nobody was around.
However, vhen we reconvened, the epidemic erupted. Portunstely, thers

xitl




HRERARRP e e

T A ST 1 7 e AT

were noc dissemindted cases, but severe prisary coucidicidal illinesses
developed in a collgague professor of radiclogy and in one laboratory
technician with one lung out of commigsion because of a thoracplasty.
As & sequel, I heard muttered, "Well, i{f you hadn't decided to go te
the Universiiy of California, we would have sent you there anyway.!™
There, ar the University, {n sterk contrast was Dr. Kruzger's welcome,

“Bring on your spores--we'te happy to have these kinds of gerobiology
problems at U.C."

Through the years, Dr. XKruveger's wmicrobiological interest von-
bined with Walter Le¢if's remsrkable abilit{es in aerobiological engi-
neering, attréacted uniquely compefent colieagues. 1t would be tempiing
to trace and discuss the remarikable program which has ensued. 1 shall
say only +:at it has had, and continues to enjov, the full suppert of
& University of Catifornia Administration. Dr. Krueger initiated
the program under the Presidency of Robert Cordon Sprou?. When Clark
Kerr became the first Chancellor of the Berkeley campus, he continued
and extended this support and personally carried through very careful
negotistions and understandings with Admiral Bennett, Admiral Coates’
predecessor. When Chancellor Xerr succeeded to Dr. Sproul's Presid-
ency, he continued his allegisnce, joined first by his successor,
Chancellor Cleonn Seaborg and then, when Dr. Sekborg became Chairmarn of
the Atomic Energy Commission;, by our present Chancellor, Dr. Edward
Strong.

Thus the University of California sffords strongest support for
this progranm. Here is the happy combinstion of the flexibility and
vision of ONR, which Captain Hoffman has indicated, rtogether with the
capabilities and critically important participation of the Bureau of
Medicine and Surgery, including the unique cesources of NAMRU #1.
Now, recently sparked by our outstanding Direcstor, Dr. Stewart Madin,
the National Institutes of Health of the U.S. Public Health Service is
participating.

The late Dr. Morris Stewart, as Dean of the Craduate Division,
was a key figure in integrating this Navy-University program. Now an
organized resesrch unit of our School of Public Health, the liaison
with the Graduate Divition is assured by the service of its Dean, Dr.
Sanford Elberg, as Co-investigator with Dr. Madin and wme. Dean Elberg
succeeded Dr. Krueger as Chairman of the Department of Bactericlogy
and served a critically important period as Scientific Director of the
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Naval Biologicel Lsboratory. As Desn of the Creduate Division he com-
tinues to have a deep intersst in, and provides the strongest support
for, this unique program which is proceeding so effectively under I,
Madin's direciion. We are deeply grareful to you scientists from all
over the worid for the interchange of kttiowledge in this Symposium. As
Captain Hoffwan has indicated, these discussions of sirborne infections

ave of vital concern in every-day living.

We a&re very proud that among you renowned scilentists assembled
here we may claim a8 “alumni” two individuels who formeriy headed the
medical programs in NAMRU #1, Dr. Lloyd Miller and Dr. Jack Millar.
As outstending epideri~liogiats, thetr considerations of viral and
meningococcal infections can be counted on to underscore the problems
of the environment. As epidemiologists we do heve 10 censider the
host, th< parasite and the environment. Not one of these can stand by
itself, but ail are in dynamic interrelationship. The recrudescence

of meningococcus meningitis as & military problew underscores the fact

that the objective of nature is survival, In this goal nature plays
no favorites. She is just as happy to help sut the meningococcus am
she is to help out man. Therefore, in our investigstions of sirborne

infections, the patterns of epldemiology must constantly be before ug.
We must make sure that we douse s8ll the resources at our disposai, in-
cluding the applicatisn of rapidly emerging scientific sophisticstion
in the field of Engineering, Physics and Chemistry in asarobioclogy.

On behalf of the University of California, I do want to reiterste
the very stimulating cosments of Captain Hoffasan and express our deep

appreciation to all of you.
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MEDICAL AND PUBLIC HEALTH SECTION

Phillip §. Brachman, Moderator

Application of research o enhance knowledge or to
better mankind is a sajior reward in our effort. 1Iu this
section, chse results of ¢linical end ssrobiologicsl tech-
niguas spplied to problexs of epldemiology and public

health sce 1oported,
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ACUTE RESPIRATORY INFECTIONS IN NAVAL PERSONNEL

(Published in part in Military Med. 129:526-532, 1964)

Lisyd P. Hiller, CAPT MC USK™

Officer in Charge, Xaval Medical Resesrch Unit ¥Ho. 4
U. §. Navel Hospital, Grear Lakes, Illinois

The intent of this presentation is to review the magnitude and
extent of the acute respiratory disesse problem in the Nevy and to
consider epidemiologic observations and other research dats pertaining
to sirborne i{nfection. Mostof the informatrion considered will be that
obtaine.s by the Naval Medical HResearch Unit No. 4 during the course of
studies into the eticlogy, epidemiology, and prevention of acute res-
piratory disease. §Since one of the objectives of this conference is
to stimulate discussion, counsidersble latitude will be exercised re-
garding speculationon the information presented, with the view towards
indicating areas for further ressarch on the relative rolesof airborne
droplet nuclel and direct coantect including droplets of respiratory
secretion in the trsnsmission of acute respirstory disesse.

Acute respiratory infections rank first as a cause of total hos-
pital and dispensary adoissions in the Navy and Marine Corpu(iP. As
can be seen in Table 1, approximately 32,000 admissions of Acute Res~
piratory Disease (ARD) and 7,000 of ppeumonia occurred in 1961, These
two causes of sdmisaions represented approximactely 0% o the total ad-
missions {.oo all causes for the Navy and Marine Corps, and accounted
for approximately 5% of the rotsl eick days.

* Present sddress: Comeanding Officer, U.S, Naval Medical Research
Unit No. 3, Navy 540, Fleet Post Office, New York, New York.
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TABLE 1.

Leading causes of naw admissions and sick days,
Nevy and Marine Co-ps, 1961%

SRR s
New Admissions Sick Days
Diagnostic Group | gank |No. in 1000'e |Rank | 10007
order {approx.) order ot
AIB} 1 iz 4 147
Injuriss 2 % i 635
Preumonia 3 3 162
Character and
behavior disorders 4 3 2 172
Rubells 5 5 - 17

* Adspred from Med. 3tat. U. 5. Navy,
Surgeon Cenaral, 37:Z.

1961.

97th Report

¥ Acute vempiratory disease sxclusive of pnsumonia.

Recruits have a disproportionately high incidence of ARD and pneu-
monia., Pigure } shows that {n 1959, recruits; which wmade up #pproxi-

mately 4% of the total enlisted popularion, accounted for 9% of the
total sick days, and nei.ly 50% of respirstory disease admiasicnafz).

It should be pointed out that a recruit population is unique in that

tt consists of an open-ended popul&tion with a continuous input of sus~

ceptibles to begin training and removel of immunes st the time of grad-
uation 9-11 weeks later.

wonth.

The population turnover spproximates 30-50%/

Intensive studies of ARD have been undertaken since 1948 by Naval
Medical Research Unit No., & (NAMRU-4) at the Naval Training Center,

Creat lakes.

cluding preumonis, since the Asian

occurrence of ARD

recruits traine

They have revealed an  increased inc

idence in ARD, in-

influenza pandemic in 1957, fthe

and pneumonia is shown in Table 2. The number of

d per year since 1954 has increased and this incresse

has been accompanied by a higher incidence of ARD and pneumonia. [n
addition, it should be noted that the prevalence of adenoviral disease

also increased, as determined by sevologic study of ill recruits. The

{ncreased population sige may have been at least partially responsible

for the higher
played a role.

incidence; thus, crowding could be suspected 8s having

Crowding increases effective contact rates between infected and

susceptibles by

airborne droplet

nuclei spread,

as well as through
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ALl OTHER

ENLISTED
"y NAVY  POPULATION
/
RECRUITS 4 %
/,.p—ﬂ’ss\
ALL OTHER \\
ENLISTED
TOTAL SiICK DAYS
RECRUITS 9%

ALL OTHER  ENLISTED RESPIRATORY
DISEASE
ADMISSIONS
PIG. 1. Recruit contribution to incidence of acute respiratory

disesse admissions snd total sick days in Naval and Msrine Corps
enlisted personnel in 1959 (Stagtistics of Navy Medicine, May 1961)
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direct contact. It iz interesting to consider available evidence
pertaining to the relstive importance of airborne spread by droplet

Auelai in naval recrutrs.

Studics on the effectiveness of ultraviolet (UV) light in the
barvacks on reducti{on of ARD and streptococcal disease incidence have
bsen revealing.,  Table 3 summarizes the resvlts of the UV lLight
studizs which were performad over & paviod of 6 yt(E}‘ A rather con-~
slstent reduction in incidence of undifferentisced ARD and strepto-
coccal illnegs occurred usually ranging from 20~30%. Irradiacion st
bactericidal levels was restricted to the cetiling areas and thus would
have nad limited effect on direct contact spresd by droplets. Conse~
quently, it is easier to conceive of any reduction of iliness as being
due to lethsl effects on infectious ageats present in droplet avclei.
The degree of reduction of viral agents in the alr wes not possible to
determine, due to lack of sdequate technics. A reduction oi 50-75% of
&lpha streptococel did occur, indicating & killing effect on bacteris
having thair origin in the raspiratory tract. If viruses are no wmore
susceptible to irradiation than bacteria, the reduction of viral agents
was less than optimsl and perbaps more efficient methods of {rradiation
could have resulted in a considerably greater improvement in air hy-
giene and 8 further reduction in illness. it appears that spread by

ajirborne droplet nuclei was of considerable importance.

It is well to recall the theoretical importance of sire of groups
or the occurrence of epidemic disease before considering the observae-
tions msde by several investigarors on the relstionship of barracks
apace available to recruitsz and the number of recruits within a space.
With a constent effective contact rate between susceptibles and in-
fected, the uvccurrence of a propagative-type epidemic may depend upon
the number of susceptibles present. The larger the nugber, the more
likely an epidemic would occur. Crowding, in contrast to group size,
would have 8 more direct influence upor effective contact rate, al-
though an increase in crowding also incicases the number of sggregated

susceptibles if avaiiable space remains the seme.

The relationship between barracks space per recruit, i.e., degree
of ¢ owding and ircideace of ARD, when *he size of the epidemiologic

unit (the recruit company) was kept canstant, is shown {n Table 4%},
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TABLE 2.

acute respirstory disoaze {ARD) and pasumcuid rites,
neval recruits, Grest Lakes, Illinois

K: lationship of population size to adenovirus infections and

% Administered|? Adenovirus
Year ‘::ES:i:u' g?:t:é::uiiﬁ Population pae:;;nil x 2;%
{Approx.) (Appréx.)*
1954 14 i3 21,730 9% (0.4} 1,038! 4.8
1955% 40 43,626 291 ]0.7] 4,645]10.6
19556 25 0 47,327 2153 j0.51 2,917} 6.1
1957 < 18 &5 30,239 572 1.9 4,190{13.9
1958 < 50 50 43,094 1,461 [3.41 7,503{17.4
1959 g 75 47,7718 1,484 13.1111,%04123.6
1960 Q 70 54,439 1,723 13.2112,948123.7
1961 75% 80 49,314 | 2,478 [5.0013,701{27.7
1962 < 50 75 54,036 2,078 }13.8| 9,878118.2
s

* Non-sysrematic sampling.
1 Vaccine of questionsble potency.

¥ Streptococcal epidemic.

TABLE 3. Effects of ultravioclet frradistion in barracks on
incidence of #cute respirator> disease (ARD)
% reduction of ARD
ARD USN Training Pcpulation in test group
season Center size
Undifferentisted]Streptococcal

434y Sampson, N, Y. 4800 25 --
44-45 Sampson, N. Y. ? 20 -
45-46% Creat Lakes, I1l.] 4000 20 24
46-47 |GCreat Lakes, Ill. 1000 50 (0% £lu) --
47-48 |Great Lakes, I11. 3200 25-30 40
48-49%{Great Lakes, I11.] 3-4000 22 22

* Alac irradistion of other areas {(class rooms, wess halls, dis-
pengary waiting rooms) and oiling with Tritoan-13-minaral oil of
all barracks and decks.

¥ Similar to

irrsdiated group omly.

Decks not oiled.

45-46 design except ¢il treatment of blankets in
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TABLE 4. Acute respiratory disease (ARD) incidence and barracks
spice per rectuit* {vld and new barracks)
May-December 1959, Naval Training Center, Great Lakes.

Space ARD Per Cent rela-
perx Popu~- admigsions ! tive reduction
recrult jlation Number Ad:is;éggs
Man admisgions P Per Cent Positive
th Ft3 Weeks aden;;irug Rate adenovirus
Qldf 32 [286]57,360 15G1 26.2 60
Mew! 51 |460]57,480] 1329 23.1 53 in,si 11.6
b4 3

*  Navy standard minloum space = 50 ft'; 450 £¢7.
% Admissions for period June-October 1959,
3 P =< £.,00}.

Both the old and new barracka in which the recruits were housed were
of the single bay open dormitory-type construction, but the new bar-
racks were conasiderably larger, making more sg. ft. of floor space and
cu. ft. of air space available per recruit. A significantly higher in-
cidence of reported disease occurred in the old barracks along with &
greater proporticn of adenovirus-assoclated illness. There is no
reason to suggest that the difference in disease incidence was due to
a greater effect of crowding ox sirborne transmisgion than on direct
contact spread. Caution also should be exercised in concluding that
there was less illness in recruits housed in the nev barrucks, since
in reported illness motivacion to attend sick call is an important fac-
tor and living conditions were cousiderably bettar in the new barracks.

Studies by Breese et a1, (3) during World War II indicated that the
size of the group housed together influenced the admission rates to a
greater degree tharn did the space available per recruit. This zelation-
ship is depicted in Table 5. On the other hand, the common cold-type
illness occurring in the first 2 weeks of training, which in retro-
spect would be considered largely viral in nature, was i{nfluenced more
by the spsce svailable per recruit than by the size of the group.
Streptococcal disease and viral disease occurring later in treining
were associated to a greater degree with group size. The authors were
careful to point ocut that the reasons for the paradoxical occurrence

of a higher disease incidence, vhen more apace was available per recruit,
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did not imply crowding to be beneficisl, but refliected an overriding
effect of group site. An analysis of the data reported by Sernstein(®)
revesled grossly similsr types of correlsations of group sire and space
avatlable per recruit with resulting disease (Table €). His data were
obtained in & study of recruit airwen in 1952 and 1933,

TAELE 5. Correlation coefficients of fliness to crowiing
as messured by naval trainees per room,
per 450 £t3 air space and 50 ft? fioor space

il
Study No. 1* Study No. 2%
Iliveas ¥linags
Total Strep first 2 weeks | last & weeks
carriage training training
Lilnsss % Positive

Non-Strep] Strep|Non~StrepiStrep

No. per room R
(Erom 14-185) +.54 + 09 J4.16 | +.35 +.62
Per 450 ft3

(from .73-1.40) | ~-3% +.07 07| -.39 )
Per 50 ftl

(from 1.03-1.79){ -.18 - +.55 |+.25 1 «.05 -.04%

* Cbservations April-September 1943: Values over .48 significant
at 1% level.

§ Observations Winter 1942-43: Values over .43 aignficant at 1%
level: over .34 at 5% level.

TABLE 6. Correlstion of acute respiratory disease (ARD) in Air
Force recruits with space/recruit snd nusber of

recruits/room, Sampson Air Force Base, 1952-1954%

ARD rate/1000/week No. per Room | ft?/man ft3/man
26.4 30-72 59-142 643-1543

23.2 3-6 42-84 510-1020
Correlation with ARD rate Positive Negative | Negative

* Adapted from data by S. H. Berastein, Am. J. Byg. §5:162-171. 1957,
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Since AWl incidence is, at lesst in part, a function of effective
contect rate and number of sggregated susceptibles, reduction of the
former by minimiging the airborne spread through development of f(m-
proved sethods of air senitstion and the latter by housing fewer re~
cruits per living space haes considerable practical merit, but would be
costly and may not be presently feasible. Recent studies by Arlander
et a1.¢7) of naval and martne recruits in training &t San Diego have
suggested a presently aveilable methed of achieving in effect 8 reduc~
tion in size of the aggregate numbers of susceptibles. Segregation of
training units accompanied by iatersmittent, vather than continuous,
faput of newly srrived recruits into the training units, which is prac-
ticed to & greater sxtent by the Marines than by the Navy, wis obgerved
te be associsted with & much lower incidence of ARD in the marine re-
cruits. Barracks interviews, serologic and X-tay surveys, ruled out
the reduction as & reflection of differences between the two recruit
populations in their motivation to sttend sick call, or in criteris
utilized by medical department personnel in disgnosing and recording
illness. The difference in reported ARD incidence between the two popu-
lations and presumably of unreported illness has occurred consistently
for at least 8 yr(a).

The highar incidence in the winter of specific disesses, such as
measles snd chickenpox, has been suggested as evidence for airborne
droplet nuclei transmission of those diseases, in that pesk incidence
occurs when ventilation rates of living spaces are at a sininum(®),
ARD is characteristically epideiic in military recruits in the winter,
and although {in recent years it has also occurred in epidemic form at
the Great Lakes Naval Training Center in the summer, the highest in-
cidence was in the winter{10),

The temporal assoclaticn of the seasonal increase of ARD in winter
and lower ventilation rates that occur at that time, although ventila-
tion rates have not been quantitated, is perhaps wmore significant in
naval recruits than in most populations since, except for the climatic
variables, other factors are more constant throughout the vear. For
exsmple, training schedules and procedures remain the same. Classes
are held indoors throughout the year. In fact, crowding of recruits
occurs to & greater extent in the summer than in the winter due to the

larger on-board populations in the susmer .
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Although highly attractive, this aspparently strafghtforward assoc-
tation of ARD with lower ventilation rstes #e supporting evidance for
transeission by droplet wuclei was found to be more complex when the
specific eticlogic agents involved wvers considered.

A longitudinal serologic survey of recruits randomly selected for
study st the beginning of training revesled adenoviral infections to
peak in the late fall and winter and to reach & low in sumrer as ex-
pec:ed(m). Influenza B also peaked in the winter. Of interest, howw
&ver, was the peaking of Eaton agent (Yycoplsgms pngumoiide) infection
in the sumser and £all with the loweet incidence in winter. The sea-
sonel variations in the incidence of thease three agants in the rendomly
selected recruits are shown in Fig. 2.

The inverse associstion of M. pnsuponisg disease with ventile-
tion rates definitely requires consideration of the effects of rela-
tive humidicy (BH) and other less apparent sessonsl wvarisbles upun
sirborne survival. It is entirely possible that RK effects can over-
ride those of ventilation rates for any of the eticlogic agents, and
if such is the case, the association of ventilation rates snd ARD in-
¢idence could be secondary and even unrelated. Perhaps direct con-
tact, which is also infiuenced by crowding, is the predominsant factor
for spread of M. poeumonise infection and is the explanation for
highest incidence during periods of maxfimum ventilation. In this con~
nection, it is interesting to recall the observations of Breese and
his usociltel(s) discussed earlier in this paper. The incidence of
streptococcal, and to a lesser extent non-streptococcal, disease oc~
curring in the last 4 weeks of training was correlated to a higher de-
gree with group size than with space svailable per recruit, whereas
the esrly, more rapidly acquired {nfections were more strongly sssoc-
iated with the latter. In addition, Wells(®) noted in her studies that
although & seaaonally negative correlation sxiasted batwesn metsles and
chickenpox incidence and ventilation rates, as inferred from differ-
ences in disease patterns observed in Maine, Virginia and Florida, the
seasonal pattern of scarlet fever did not differ significently in
these three states. This suggests that ventilation per se was not of
predominant importance in the spread of streptococcal disease. Al-
though, in conjunction with other information obtained by Schulman and
Kilbouma(“). droplet nuclei spread of infiuenza (s likely, and may
be 2 major mode of transmission, the need for further research is
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obwious in the case of adencvirus and M. pugumonisg infections. High
priority should be given to studying the influence of RE upon sirborne
survival of thess two agsnts. Studiss such as those by Hammes &t &l.
beve denonstrated influenza virus to survive better in the sirborne
state at lower RH{12),

oc'fmnnec[anmmmmmuum
RECRUIT 1ad8 10

T, 8 6 5 85 T 9 8 6 5 9 12 13
000

PIG. 2. Seasonal relationship of admission rates acute respiratory
diseass (AND) and Mycoplasms pneumoniae in randomly selected navy
recruits, Naval Training Center, Grest Lakes, Illinois. 1958-1959.
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In summsry, the problem of ARD is of major Ilmportance and coustir
tutes the principle cause of hoapital snd dispensary sdmissions fn the
Navy and Marins Corps. Rocruits sxperience & disproportiosate inef-
dence of this illcess, Evidence cbtained by NAMEU-§ strongly supports
the supposition that airborne spresad is an {mportant seasns of transmiz-
aion of ARD agents. UV light irradiation etudies have provided the
most unequivocable evidence that droplet nuclei play an important role
in recruir discase. Delivestion of the coaparative roles of direct
contact, iacluding droplet spread, and of spread by deoplet nuclei, re-
quives further tasearch. The avatlebility of newer techtiques and, in
particuler, methods for studying airborne Mycoplasma and viruess,
makss further study attractive, A relatively high priority should be
given to a studly of survival of adenovirue end M. pnsumonisg agents
under rondit!svsx of varying RH. Perhaps such & study would axplaia,
at least ia psve, the resson these two sgents have different seasonal
peaks of incivence and setve as & partial explanation for the apparent
oscurrence ot atgh M. pneumonisg incidence in naval recruits at (rest
Lakes during e¢e~tids of higher veatilstion rates in their living spaces.
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DLSCUSSION

3

Sehuimen: Thexz are & few points I would like vou to cover,
Without & question of crowding in the two different types of barracks
situation -- the old barracks and the new oune -- mention was made as
to differences in ventilation for the two barracks, so thar one cas't
really know which effect is of most importance, the effect of crowding
or the effect of veatilation.

L. Miller: That is entirely right. I don't hsve good informstion
on that, except that in the nev barracks they had thermostatically com-
trolied heat snd did not run into the problem where it got so unbear-
ably hot that they had to open the windows wide. 1In othey words, there
may have been & lower veatilation rate in the new barracks. It is com-
mon to get so hor in the old barracks that all windows are opsned for
awhile and thereby increased ventilstion would result. I think the
point [ reslly wanted to make was not the relative importance of venti-
latiocn rate or crowding but the fact that the rize of the groups was
comparable, so thet the amount of direct contact, not considering
droplat infection now, should have been very similsr {n the two groups.
‘This, by exclusion then, leaves you with the impression that perhaps
other sethods of spread wers important; perhaps the sirborne route. It
is not real good i{nformation.

Bloom: 1 understand the NAMRU-4 is studying the comparstive res-
piratory disease incidence in different military populations in the
ssme geographical location,

k. NMiller: Yes. We have noticed for some time that there has
been more reported illness in the Navy recruits in San Diego; that is,

14

a—

-y o
“



a higher incidence then (n the Marine recruirs at fan Diego. They are
in the same geographic ares, right across the fence from esach other. I
expected this question g0 I have some slides, if I can take the time.
_V_}:_‘f_i:*: The Marines are suppused to be tougher, soyway.
L: Miller: Well, by the tiwe I show you thia informetion you will
see that although they may be tougher {ndividusls, that is act the

reason they have less reported illness.

NAVAL RECRUITS CGREAT LAKES NAVAL RECRUITS 8AN DIEGO
Pnewonia
ARD Admissions p 140

100
60

20 g W,
FY 57 59 61 57 59 61
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R/ K, 000/ Preumonia
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&

MARINE RECRUITS PARRIS ISLAKD MARINE RECRUITS SAN DIEGO

140 140
%100 100
<
2 60 60
& 20 S 20

FY 57 59 61 57 59 61 FY 57 59 61 57 59 61

EIG. 1+D. Incidence acute respiratory disease (ARD) and pnsumonia.
Naval snd Marine recruits FY 1956-61

This slide (Fig. 1-D) ashowe what occurred over a numbar of vesrs in
the Naval recruits at San Disgo and the Marine recruits st Ssn Diego.
This is the incidence per 100 wman of admitted ARD. You will see that
there is consistently a considerably less reported ARD incidencs in the
Marine recruits compared to the Naval recrufts. Whea you come to the
preumonias, they ave mors comparable. As a matter of fact, there is
actually a somevhst higher admission rate for pnaumoniss in the Mar-
ines, &s seen in the next slide {Tadle 1-D).

* VFIF = Voice from the floor.
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TABLE 1-D. Rubella rate/1000/average strength

Fiscal RAVY MARINES
Year Bainbridge } Great Lakes |Sen Diego | Parris Island | San Diego
19632 -- 146 i78 0 49
1961 == 195 18% 1 37
1960 .= 15¢ 141 29 10%
195% = 184 168 & 62
1958 - 191 182 25 47
1957 52 132 182 i 17
1958 8 142 123 4 34
1935 4 &7 138 ¥ 26

This slide shows the rubella incidence at the four trasining centers
{excluding Bainbridge). Rubella is & pretty good dismedase index be-~
cause & recruit, whether he is Novy or Marine, will report his illness
whern he gets & rash. If he doesn't report it, his buddies will make
him go to Sick Call. You'll notice particularly in the Navy and Mar~
ines at San Diego that there is a consistently higher rate for rubeila
in the Naval recruits,

TABLE 2-D. Meningococcal meningitis, Navy and Marine
Corps recruits, San Diego, California

1961-1963
1961 1962 1963 (to Sept)
Navy 9 25 33
Harines 1 0 i
mﬁmm

Table 2-D shows the cases of meningococcal meningitis occurring at
Ban Diego -- this is the number of cases, not a rate, and the Marines
usually have sbout 1/3 the population size. You will motice that men-
ingiris was primarily s problem in the Navy.

Table 3-D shows thet acute rheumatic fever was again primarily a
problem in the Navy.

16
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TABLE 3-D. Rheumatic fever cases, Recrui: Training Cossmands,

San Diego, Celifornias
i
Calendar year RAVY MARINES
1960 1 1
1961 1% 3
1%62 *

Figure 2~D shows the total incidence of reporvsd illness; that is,
admissions and febrile respiratory disease episodes reported by the
Nevy snd Marine recruits to Sick Call.

A sharp incredze occurs in the

eariy weeks of treining in the Navy recruits. The Marine recruits have
a delayed incidence,

and respiratory disesse does not occur to the
same extent,
1201 .1
A
' ;o
1001 ! i NAVY (8949 men) e w=
! '
/ ' MARINE (2748 men) -
] i
801 ' ;
g ;
'
= 601 \
t
9 1}
40 1
20 1

4 6 8
Weeks on Board

E1G: 2-D. VTYebrile respiratory episodes reported to sick call.
Rates per 1000 plotted by weeks on board.
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Tahle 4~D shows the sumber of men, Marinci and Nevy, we were
the febrile and afebrile 1

sodes of ARD and the incidence of prneumonis are shown.

studying and the man-weeks of exposure;
You will see
that the Havy hes higher rates in respiratory disesse until we get (o
poeumonia. There the rates were almost identical -- all this referved

te sc far is teported illneas. it is necussary to survey men in the

berracks to determine the extent of unreported _iiness. Hix Marine
platoons and six Ravy companies were surveyed -~ they were seen a
couple of times a week. On surveyed illnezs you ger away from the fac-

tor of motivation to report their illness.

TABLE 4~D.  Summary of admitted respiratory iilness
NAVY MARINE

Number of men 8949 2789

Mar weeks 89490 33468

ARYD admissions 983 117
ARD aduissions/M man weeks 11.0 3.5

Pnicumonia admissions 270 120
Pneumonia admissions/M man weeks 1.0 3.6

Figure 3-D shows a larger percentage with respiratory disease in
the Navy compared to the Marines. So the Marines &ctually do have

less vespiratory disease.

Table 5-D shows the serology on the surveyed groups regardless of
their illiness status. You will notice for Eaton agent that there is &
considerably higher CF conversion rate in the first & weeks in the Navy

than in the Msrines. Later on i{n training, the Msrines begin ro cstch

up and by the end of training the Marines are sore comparable.
this may posaible provide a partisl explanation as to why the pneumonia
rates were more similar than the ARD rates in the Marine and Nevy re-

cruits. Table 6-D shows the same trend for streptococcal disease as
indicated by the ASO responses. The conversion rate is higher and
earlier in the Navy compared tn the Marines -- yet toward the end of

the 9 weeks total period there is not a grest deal of difference. In
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& Navy Compinies wwe

[
[
<

80 4

60 1

401

201

Percent Developing Score 4

0

(305/34%9

46 Marine Platoons weaw
scove <& at first visit}

(3057441 score <% at firsr visit)

vther words, there was & slower spread of streptococcus in the
recruits.

Time for 50% of Navy group to develop score >4 -
Time for 50% of Marine group to develop score

4

Mirine

= 1,16 weeks.
>4 = 3.0 weeks,

FIG, 3-D. Febrile regpirstory epimodes reported to sick call.
Rates por 1000 plotted by weeks on board.
TABLE 5-D. Eaton agent CF serology (4-fold rises)

in surveyed San Diege recruits, 1963
Total 14 5~9 Total
tested weeks weeks ({-9)
Navy 250 14.4% 7.2% 21.6%
Mar ine 213 2.8 10.3% 13.1%
TABLE €-D. ASO serology (2-tube rises) in surveyed
San Diego recruits, 1963.
Total 1-4 5-9 Total
tested weeks weeks (1-9)
Navy 240 13.3% 1.3 24.2%
Marine 213 7.5% 11.7% 19.2%
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TABLE 7-D.

Adenovirus CF serology (4-fold rises)
in surveyed Ssn Diege recruits, 1963.

Total 1-4 5-9 Total
tested weeks weeks {1-9)
Bavy 250 38.0% 46.0% 76.4%
Marine 213 6.1% 30.0% 35.7%

Table 7-D shows sdenovirus serclogy findings.

Herz we find a
rather marked difference between the two population groups.

Notice,

there was about a 6-fold higher conversion rate in the first 4 weeks

of trailaing in naval personnel. When we get towsrd the end of training,

there i{s still an appreciable differeice; about & 2-fold higher conver-
sion rate occurred in the Navy.

TABLE 8-D. Prevalence of pulmonary infiltrates in non-
hospitalized Navy and Marine recruits,
same military age (30 days)

San Diego, California, 1963

Marine recruits Navy recruits
Number % Number %
With ianfilcrate 4 1.1 19 4.9
Without infiltrate b 370
Total 348 389

Table B8-D ghows the results of X-ray surveys in which entire Mar-
ine platoons and Navy companies were marched to sick bay for lung X-
ray at about the end of the first 30 davs of training., You wiil notice
that in the Marine recruits we found roughly 1.1% of so-called walking
pneumonias, or at least walking infiltrates, and about 5% in the Navy.
There is no question that there was more severe illness in the Navy.
Also, coutrdary to what we expected to find, the Navy recruits were legs

apt to report their illness than were the Marine recruits.

What is the difference between these two populations? They come

from the same part of the country, they ate the same age group, same
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sex. Probably a big fe-tor is the population size; the Navy popula~ -
tion being sbout three times larger than the Marine populstion. This
results in less crowding in the Marines. I think another very impor~
tant factor is tha' when the Marines arrive at San Diege from civilisn
life, they are put ints platoorns alwost lmwedisctely and thess platoons
are kept separated; very little intermingling between the different
platoons. Not so with the Navy. The Navy forms its coapanies up to
3 deys later and the attempt to keep the companies ssgregated from
each other is not nesrly so apparent. The Marines have thres inde~
pendent training battalions. Input inte these battalions is rotated on
& weekly basis. That is, all recruits arriving in the same week are
put into one battalion and the next week's arrivals in the next, and so
on. This results in an intermittent input and fends to break the chain
of transmipsion from the sick to the well. There is & continuous f{nput
into the same battalion in the Navy. The Marines have more of their
training cutdocrs than the Navy recruits, because the Navy recruits
have to take much more class work. However, in the 1st week or two of
training, there is about the ssme time percentasge spent indoors or inm
classroom work in both populations, and by the 2nd week a higher inci~
dence has occurred in the Navy. The Marine platoons are roughly
the same as the Navy company but they aplit these platoon into squads.
Thete Are usually sbout 20-25 men/squad and these squads are housed
separately., Therefore, the size of the aggregation of susceptibles is
much less for the Marines than for the Navy. All of these factors are,
I am sure, important, and I think it justs illustrates the point that
the environment must be considered right along with the parssite aad
the host.

Acker: As I understand it, substantial bearing on this problems
might have been due to the schedule and immunizing injections tor these
recruits; that was a very interesting point.

L., Miller: This is so. Our study on this, which wes done at
Great Lakes, was set up to run 1-1/2 yr during which approximately half
the recruits were put on a routine immunization schedule vhere they get
about 21 different antigens; 9 ml of vaccine of one kind or another in
the lst half of training when they have the maximum amount of iliness.
The other 50% received immunizations other than respiratory disesse
vaceine, like the adenovirus vaccine and influenza veccine, in the last

half of training when there is much less ARD normally occcurring. In &
population of over 50,000 studied, we found that admissions for
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puneumonia were about 200 less in recruits on the delayed schedule;
also, the ARD incidence was about 207 less -~ that is, reported {11«
ness. Shen we did X-ray surveys, we found sahout the same reduction in
the prevalence of pulmonary infiltrates. 1'd like to encourage people
to work on this! I think Dr. Schulman may be doing something on this
st the present. We set up the hypothesis that the endotoxin-like
properties in some of these wvaccines, particularly typhoid veccine,
heve a biphasic effect on susceptibility: that in the first few hours,
perhaps up to 12 hir after immunization, there is an increased non~
specific type susceptibility, £followed by an increased resistance.
When you g' : the immunizstions &f 8 time vhen fliness is incubating,
with veecine: agminst wivich there is little if any chellenge, the epi~
demic respizatory disease problem is accentuated.

YFTF: 1Is there any difference between the scheduling of Marines
and Ravy recruits regarding Lwmunization?

L. Miller: |No, it's about the same in San Diego.

ghinefield: May I ask one question relative to the incidence of
bacterial pneumonias in the cases with ARD? Do you have any asuthorits-
tive facts illusirating the relationship between bacterial pneumonia
and those individuals that had ARD?

L, Miller: No. I would say 80% of the recruitg, and I talk
about the recruit population, have ARD of a mild nature, primsrily.
In studies at Great Lakes it has been difficult to find recruits that
have paeumonia, bacterial pneumonia, that did not have preceding ARD.
We have very little bacterial pneumonis occurring at Great Lakes for
several reasons. I think the wmost important one is the routine
Bicillin prophylaxia given to all recruits who are not sensitive to
penicillin., They get 1.2 million units of Bicillin shortly after they
arrive or within the lst couple of weeks after arrival. On onre occa-
sion we have seen this noticeably terminate a streptococcal pnewmonia
outbreak. The prophylaxis progrem was started after the outbreak had
been underway for about 10 days and as socon as the program was started
the spidemic terminated. If we hadn't used it, and since strep starts
to become a problem in the fall and becomes more and more of a problem
as we progress into tne winter, we would have expected more strepto-
coccal pneumcnia. I think the fact that we used Bicillin is one im-
portant factor or reason we don't have very much becterial pneumonia.

Madin: In relation to the amount of wvaccine given, did you
notice any systemic reaction such as kidney troubles, etc?
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b Miller: No, not that we ever became aware of. We had the im- -

mediste asystemic-type reaction but no more than what would be expected.

We did not run scross the problem you mentioned. The typheid veccine

was usually the worst one for I(mmediste reactions. We did not run

scross the problem with any vaccine such as we ran scross at NARY-1

whelt we were using the plague veccine in which we got those severe de-

layed ractions after 24-48 hr. Insofer s kidney sequela, and so on,

I don’t think it cccurred.
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EPIDEMIOLOGY OF MENINGOCOCCAL EPIDEMIC

Jack W. Millar, CAPT MC USN

Direstor, Preventive Medicine Division
pureau of Medicive snd Surgery, Washingron 25, D. €,

Charles E. Alexander, LODR MC USN

Head, Commnicable Diseases Branch
Bureau of Medicine and Surgery, Washingtom 25, b, C.

I1f this were to be a sermon, I would choose for my text Kewton's
Third Law of Motion: For every action, there is #n equal and opposite
reactior. 1In the field of infecrious disease control, there are many
examples {0 indicate that we may be moving towerds this truth. In the
pustwar years we have seen the nearly wmiraculous effect of penicillia
on the staphylococci &nd the equally startling development of wide-
spread resistance of these organisms to the entibiotic. The one-time
promise of DDT to completely eradicate mosquitces from most ~f the
world has been seriously threatened by the propagation of genetically
resistant strains of mosquitoes and strains which instinctively avoid
aligheing on DDT-covered interior surfasces. Syphilis, which for a
time was so rare that many graduates of medical schoola in the 1950°s
had never seen a case of infectious svphilis during their training,

has been vigorously resurgent for the past 6 yr.

Thus it is with meningococcal oseningitis and meningococcemia.
During World War II, wvictory againast these diseases at last seemed
close at hand with the discovery that even & single 2 g dose of a
sulfonamide could sterilize most persons with respect to the meningo-
coccus. So effective heve the sulfonamides been sgainst this dissase
that, with the exception of a moderate rise in incidence ducing the
Korearn War period, there have been no major epidemics of the disease
in the United States since 1944. During the 10 yr period 1933 throigh
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1962, for example, fewer cases occurred than during the 2 yv period
1943-1944. It was possible to ignore the careful work on environmental
control of the disease accomplished in this country and in England
during World War 1 with the wonder drug at hand some 25 yr later. It
was even possible to stos further research on the disesse, since sup~
plies of the sulfonamides were virtually unlimited, chedap, and extra-

vrdinarily effsctive.

This period of complacency has come te an abrupt end. Eavlier this
year, Millar et ald reported the vecovery of & Croup B Neisserisa
meningitidis resistant to safe ciinical levels of sulfonamides both in
wvitrc and in vive. This strain was largelv responsible for 2 large
outbreak of meningocoecal iafection aud disesse awong naval recruits
to ke discussed in this papar. When knowledge of the resistant scrain
transpirsd, it was then shown that & concurreat cutbresk of the disesase
at & militsry base several hundred miles distant was caused by a sim-
ilarly resistant strain of meningococcus. Spread of the sulfonamide~
resistant organisme from naval and military populations to the civilian
population of the United States has now been carefully documented in

two instances and is suspected in 3 third case.

Becaugse meningococcal digease is a2 disease of humans only, because
the case fatality ratio still averdges about 12% in this ers of anti-
biotics, because the infection can spread so rapidly amoung crowded pop-
ulations, &nd because a potential danger exizts from the occurrence of
sulfonamide-regiatant strains of meningococci, it is urgent theat the
research on control of this disease which was terminated (for all in-
tents and purposes) in the last years of World War II be resumed once
more. Because the major means of spread of the infection aére through
direct contact and by short-rdnge Zerosols from the noses and mouths
of infected individuals, it is sppropriate to present some of the inter-
epting features of the recent epidemic at San Diego before this Sym-
posium.

DESCRIPTION OF THE EPIDEMIC

Between 1 January 1963 and 30 June 1963, a total of 34 cases of
meningococcal disesse, including three deaths, were reported in re-
cruits at the U.S. Naval Training Center, San Diego, California.
During the same period, by conservative estimate, an addirional 10,000

recruits became healthy carriers of the meningococcus and were dis-
persed throughout the Navy upon completion of recruit training.
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Pollow with se, now, Lhe vericus events that tock place during
this & month period snd for severs! months aftetwyhrds., I have chosen
a chronological rather than x  cstegorical prasentstion of the facts,
for 1 believe this will better relste the wnanifold Findinge of the
epidemic.

First, let us become oriented by = brief description of the
training center and the recruit Craining program. T™e Center is
located about 20 min drive from downtown San Diege (Fig. 1). It is
“home' for 8,000-12,000 recruits at any one time. In additicn, neariy
£,000 other psrsonnel sre based there on & more persasent duty; these
parsonnel comprise such groups 4s compeny cosmanders, wmedical and
supply depsrtment pergoaniel, instvectors, students at advanced training

schools, and so on.

U.S. NAVAL TRAINING CENTER, SAN DIEGO

R,

Rosecrans Street

CAMP DECATIR

FIG. 1}

Recruits come from all 50 United States; the asjority come from
the western half of the United States. Upon arrival at the Center,
they remain in s general holding ares for sbout 2 days end then form
recruit compan.:s of approximately 75-80 men each. Ruring the first
3 weeks of the F-week training course, compsnies sre asssignad tc bar-
racks in the Cemp Nimitz area. Esch company occuples sne floor of one

27

- B




wing ino & two-story, “H'-ehaped barracks. Mess facilivies for the Camp
Nimice area consist of & single, lsarge, open area serving an aversge of
2,500-4,000 persons/mea}. Recruits in this firsr trimester of training
sre partially isclsted from the remsinder of the rescruit population,
Clusses tre frequently held st the main training center at Camp Decatur.
This procedure permits some miwning of recruits in the early and advanced
stages of training. After the initisl 3 weeks, recruits move to Camp
Decatur and occupy barrack spaces similar to those at Camp Nimitg;
megsing tukes place in two mess halls separated by a common g&llay.
Throughout the training pericd, recruits come in contact only with
specialiced groups of permsnentliy-based personnel who are responsidle
for their care and training. Liberty is grented only after completion
of the 5th or 6th week of training. Upon completion of recruit training,
recruits recelve a 10-day leave and then move to peymanent ship or shere
station duty or to advanced training schools.

At the beginning of the epidemic -- which was arbitrarily defined

later in its progress -- certain significant conditions existed:

A. Training was intensive, with the production of considerable
fatigue among recruits. Until the outbreak was well-advanced, re-
cruits averaged ebout 3-1/2 hr sleep each day. To add to the burden,
personal laundry was done at the close of each day and each recruit
participated, from time to time, im 2 2 hr night watch to safeguard the

isundry in barracks.

B. Barracks were greatly overcrowded. Before the end of April,
each sleeping unit oceupied about 25 aq f£t, juet 1/2 the minimum value

preacribed by the Buresu of Medicine and Surgery of the Navy Department
and but 1/3 the desiradle value of 72 sq fr per sleeping unic.

€. Mouth-to-mouth contsemination occurred in the use of drinking
fountains. Each company area in & barracks had one drinking fountain,
Because of the training schedule, a1l recruits tended to queus for
water at the same time. A noticeable drop in water pressure occurred
as a result and the jet of water from the fountsgin was reduced to the
point where the recruit needed to place his lips on the orifice for
his drink.

D. BRoutine immunizations sgainst ten separate diseases were
crammed into & tight schedule. Such crecwding of inoculations has been
demonstrated to predispose to respiratory infecticns(z). In addition,
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the febrile response from thess inoculations occurred se often that
dispensary physicians at first confusad the febrile response of meningo-
coccal disease with the incculation ceaction. Disgnoais of tha disease
was thus delayed occasionally.

E. The program for comtrol of meningococcal discase was 8 popt
facto one. No progrem was in force until one or move cases occurred.
Surveillance for subclinical infections was not considered necessary
because mass sulfonamide prophylaxis was alvays available for control

of high carrier prevalence signaled by the occurrence of disease.

This, then, is the framewvork upon which the epidemic was built.
Sporadic cases of meningococcal disease throughout the year were always
expected, but csused no undue alarm. When several cases octurred
within 2 ghert span of time, sulfonamide prophyisxis would be given to
the company contacts of the cases or, less frequently, to the entire
recruit pepulation. Thig latter routine ovcurred ae racently 2z June
and July 1962, when 11 cases due to a Group C meningococcus developed.
This outbreak was abruptly terminated, as ususl, by sterilizing the

throats of carriers with sulfadiazine.

In Pig. 2, the 1963 epldemic is shown in detail. Three sporadic
cases occurred in January and February. During the lst week of March,
four cases, including one death, were reported, and sulfadiszine pro-
phylaxis was administered to all recruits. The strain isclated from
patients at this time was Group €. There followed & periocd of 17 days
{11-27 March) when no additional cases were rzported. On 28 March, a
patient was admitted in whom Group B meningococci were isclated and, 5
days later, a second patient was admitted with a Group B infection.
Mass sulfadiszine prophylaxis was again ordered -- this time not enly

for all recruits but alsc for the training cadre as wall.

Additional cases were reported, however. it was felt at that
time that, while the existance of sulfonamide resistance in the Group
B meningococci was & remote possibility, the most likely explanstion
¢f the additionsl cases was & purely administrstive one, nsmely, per-
sonnel either miszsed taking prophylaxis or deliberately avoided taking
their drug. Therefore, on 16 April, indicated by the third arrow in
Fig. 2, sulfadiazine prophylaxis was administered to all recruits
again. This time (and subsequently in all prophylaxis programs), how-
ever, strict controls were enforced to insure that all recruits con-
sumed their tablets at the times directed. The drug wes stubbornly
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CASES OF MENINGOCOCCAL DISEASE 8y WEEK OF ORSEY
.5 MAVAL IRAINING CENTER  SAN GIEGC, 1 JAN, - 30 JuUNL 1963
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resdministered on 22 April and 1 May, the the disease just as stub-~
bornly refused to die out. By this latter date, Group B meningococet
were, and remained, the predominant group cultured from the throats of

carrierg and patients.

The detailas of estabdblishing the procf of guifadiazine-regsistant
meningococel have been presented in another papertl) and need no fur-
ther comment. To indicate the magnitude of the problem, however, it
should be stated that administration of sulfadiazine in & regimen that
would normally prevent culture of weningeococci 4 hr after taking the
first dose failed to yileld & significant reduction in a carrier ratio
of naesrly 60%!

This was the firer o0f two major crises to be encountered. The
sutomatic tendency, once it was known that sulfonamides could not af-
fect the carrier stare, was to seek other antibioctics as asubstitures
in maes prophylaxis. Cerrain environmental changes were algo made at

this time, inciuding:
A. Changes in training to insuve 7-8 hr sleep sach night.

B. Alteration of the immunizatior schedule to space incculations

a5 evenly as poasible throughout the 9-veek trairning period.
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C. Reopening of unused barracks to lncresse floor arca per

sleeping unic.
. Discontinuing barracks laundering aod the night laundry wetch.

E. Observavion end culturing of throats of recruits reporting to

the digpensary with febrile illnesses.

The search for anotheyr antibiotic a3 effective as suifadiazine
led to uze of oral pentcillin G, oral penicillin V, sulfsmethoxy-
pyridizine, oxytetracycline, and fimally, in studies st the Naval
Training Center, Great Lakes, Illinclsz, o Ampicillis (P-50); etiil an
exper iments! drug at the time of study. None of these accomplished
the elimination of the carrier state with the efficienty had in the
past, though in vitro studies indlcated that the seningococc!i tested
were very sengitive to the drugs used. Figure 3 indicates the general
exper ience with several drugs. Oxytetracycline showed the most promise,
but within 4 days of discontinuing the drug, prevalence of meningo-
coccal carriers had returned t2 pretreatment level. Use of these anti-~
bictics among recruits did have the effect of reducing the frequency of
clinical cases, but they were not aduinistered on & long-term basis be-
cause of troublescme side effects ard because we were convinced that
once the "antibiotic 1id" was lifted, the "disease pot’ would boil over

again.

Our narrstive has now progressed to June 1963 and before pre-
senting the happy ending to the story. I would like to summsrize the
c¢linical material on the 34 patients with meningococcal disecase. Table
1 illustrates the diagnostic ciassification of cases, together with the
evidence on which diagnoeis wae based. Note thet a total of 27 of the
34 cases vere confirmed by sulture or spical fluid smeer. The initial
sigrs, symptoms, and lsborstory findings sre presented in Table 7 and
&3 may be seen #re uot at sll unusus! for the disease. The three
deaths that occurred were all fulminating ceses who sought sedicsl at-
tentiwn when ac therepy could save them and who died within Z4 hr of
admission. The remaining 31 paticnts showed 8 good respouse to treat-
ment and have had nc evidence .f permenent neurclogicel sequelae.
Treatment c-nsisted of intravenous sulfonamides and intravencue infu-
sion of 16-24 mega-units of aqueous pemicillivn datly. Because of the
use of penicillin in addition to intravenocus sulfonemides, it is iam-

possible to answer the tantalizing question of whether the response of
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TABLE 1. Confirmatica of diagnosis ceses of meningococcal dizeass.
Faval Training Center, Sen Diego. 1963.

e,

Total of 3 cases officially reported by the U, §. Naval Hogpital,
San Diego, frum 1 January through 30 June 1963,

of these, 32 records were spalyzad.
Diagnosis was:

HMeningococcal meningitis ig = ~ ~ « ~ = = - - 25
Meningogoceemis o~ =~ = = = ~ - - = = R §
Tot&l =« - - = = = - 32

Of the 25 caseg of meningncocesl meningitis:

Diagnosis confirmed by positive CSF
culture or pleoeytosis ia CSF and
pegitive blood culture in - - = ~ = « ~ » =« = « 19

Piagnosis confirmed by purulent CSF
and positive CSF grem stain, alrhough
cultures nmegative in - - - - - = S e e - - 2

Dilagnosis made on lLasis of purulent

CS8F in the presence of an epidemic --

@ll cultures and gram st:ins being

negative in = » « = « = =« - - - - ]

Of the 7 cases of meningococcemia:
Diagnosis confirmed by positive blood
cultures in the absence of stigmata of
meningitis in =~ - = * = = - = < - - « - v ... §

Diagnosis made on basis of clinical

findings only (fever, petechial rash)

in presence of an epidemic without

confirmatory laboratory findings in - - = » - -

<~ b

Total = - - - - - -

* One of these patients was slready on sntibiotice at the time of
culturing.
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TABLE 2.

Cliaical pummary cases of meningococcal disease.

Naval Training Center, San Diego. {963
No. on  whom No. %
data available | positive |[positive
Signg and sympioms:
Temperature 2 101 F 21 ] 9L
Sriff neck 21 15 71
Petech ide 2l 13 62
Headache Z1 9 43
Abniormal astate of
congciousness (agitated,
"deleriocus”, semicomatose) 21 & 29
Laborator, findings:
Peviphersal WBC > 15,000 135 12 80
CSF-WBC > 1,300 and
-0 B0% poiys 8 & 75
CSF-WBC - 380 19 11 8
CSF-WBC - 1,500,
differential unknown 19 9 47
|
Miscellaneous:
History of sulfonamide
prophyiaxis within
1 days »f onset 21 ¥ 43
Gther laboratory findings:
Mean Median Range
CSF sugar (11 cases) 69 57 10~171
CSF protein (13 cases) 140 52 25-24i
varrality:
Case
Total Cases Deaths fatalicv
Reric
32 i 3 | &.8%
i J
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meningococci to sulfonamides would bs more favorsbie in clinicelly f11
patients than in carrisrs. In view of & case fatality vete of %, how- -
ever, no one dare assume the risk of administering sulfonamides alons.

When clinical casss wers snalyzed by length of residance at the
Naval Training Center (envirommental age), the findings were i(nZer-
esting. There wes & bimodal distribution of ceses (Table 3), though
the majority of cases occurred during the first 4 weeks of training.
The experience of past yasars has bDeen for cases to occur at an sarly
environpental age; with the use of & number of mass prophyiexis pro-
grams, however, some recruits destined to becoms patients had s
postponament of their illaese until ister in trwining. N

TABLE 3. Casss of meningococcsl disease by envirommntal age at
time of onset. Naval Training Center, San Diego. 1963.

RSy SNSRI
Week of training No. % Cumglative No. | Cumilative X
at tine of onset |of cases Jof rotal of cases of totsl
1 & 17.¢& 6
2 8 17.¢8 12
3 7 20.6 i9 55.8
4 8 3.6 27 7%.4
5 1 2.% 28 82.3
6 5 4.7 33 97.0
7 1 2.9 k1 100.0
8 4] 0 k 100.0
9 0 0 3% 100.0
Total 3% 99.9 3% 100.0

Resuming the chronplogy of the epidemic once more, in eid-June
the drastic step of stopping the flow of recruits to the Meval Training
Center, San Diego, for a period of approximately 5 wesks was ordeced.
This was possible becouse, at ihic anticipated rate of input of recruits
into the Navy each week, they could ve sssigrad to the Neval Trsining
Center, Great Lakes, for this period uf time without overtaxing the
lattar's capacity. Those of you with mililsry experiepce cen appre-~
ciate the magnitude of this step -- the first such occasion ia this
generation to my recollection. The logisiics tnvolved were enormous.
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All recruiting stations hed to be notiffad of the shifr and had to pre-
pars themselves for a mejor public reletions problam. Large sums of
appropristed funds were shifted from ons commind to another. Polfti-
cisns and their constituents regquired explanationa. Company comsanders

had to be sent from San Diago to Grest laekes, & step which later proved
exrepiionally 1ll-advised.

Fortunataly, tha affect of this step on concrol of the spidemic
was &8 predicted. o cases of confirmed =zaningococcel disesse hLave
bean reporied since 28 Juns. After 3 weeks, Caap Nimitr was espty and,
at the end of ths 5th week, the recrulil population hed fsllen to the
smazing low of 3,600 peryons. This decresss in rvecruit populstioc swde
it ponsible to decresse the size of esch recruit company and increase
the l{ving space per wman to above the minimum requirement of 59 oq ft
PeT wWan.

Corcomitantly, & progrem to reduce frequency of contacts betwean
€irly racruits and aore sadvanced recruits or persenantly-bsced per-
sounel (among whom were relatively chronic carriers} wes planned amd
subsequently effected. The major feature of the program was the re-
quirement of wearing blue basebell hats during the first 3 weeks of
recruit treining and to warn all other naval perscnnel (who wore the
traditional white hats) to svoid contsct whenever poseible with persons
in the baeeball caps.

Heving reduced the carrier r&tio by these mesans to an acceptable
normal range {(by the end of August 1963, the prevalerce in recruits
was 1% and in permanentiy-based personnel, 5-8%) end with it stopped
the occurrence of cases for the time being, A proper program of pre:
vention of infection was then instituted. Normally, between 2 and 5%
of the newly arriving recruits can be expected to carry meningocascei.
This range is alsc that of the United States civilian population &t
the present time. To detect sharp and potentially dangerous rises in
meningococcal prevalence in recruits, a bi-weekly cultural surveillance
iy meintained, vsing vmidomly selected rscruiis or recruit cowpanies
as subjects. Because chronic carriers are known to exist in the per-
manently-based personnel and because it is not practicel to eliminate
this endemic focus of infection, unless there is threat of an epidesmic,
aurveillance has been extended to this group. The permanently-based

personnel are divided into primsry contact svurces, which have fre-
quent access to recruits, and secoudary contéct sources, which have
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less frequent or less close-range contsct with recrutlts. The first _
group consists of such parsons s& drill commenders, medical axd dental -
vificers, public health oursas, berberg, coocks, stc. ‘The second groyp
comprises chaplaine, clothing issus snd supply persomnsl, Red Cross

workers, racruit evaluation personnel, stc.

As permanently-based parsonnel cerriers are datected bty sempling,
they are given satibiotic tveatmart. If this feils to clesr {nfectios,
it is stismpted to shift them to jobs on the base which will mot in-
wolve contact with the razrufts.

What approach will be necessary for control of potentially dan-
gerous carvisr laveis will be determined by the response of the pre~
vailing strein to sntibiotics. To date, sulfonsmide-seansitive strains
stil} dominate the meningococci in this country. Whather this fortui-
tous stete in which sulfonamides can be used successfully in most outs
breaks will remain for long cannot be guessed. What Tremains to be ac~
complished is preparation, in the form of epidemiological research, for
envirommental contyul of future cutbreaks.

DISCUSSION

It is a strange thing thet so many infections which produce no
illness vhatsoever {n the vast majority of hosts should cause reac-
tions with such serious prognosis when they do in fact become mani-
fest. In this epidemic,- 1t seems i{ronic that 10,000 or more persons
remain perfectly healthy druﬂng their i{nfection with meningococci end
yet, in 9% of the cliinical cases, death should result.

It should be apparent to everyone that the epildemic referred to
was that of subelinicel infections in the carrier group, not that of
the unfortunate bdy-product of clinical cases. For this reason, the
attack of medicine on the digease must be simed primerily at the car-
rier state if incidence of disease ia to be reduced.

Physicians enjoy summing up such behavior as due to differences
in infected individuals, differences in virulence of the organism,
differences in host responses to the organism, and various combin-
ations of these factors. While this comprehensive statement is quite
true, it is quite useless. It is an elegant way of saying, 'We don't
know why some people become i1l and why some remain well during

infection."
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Much attention has been devoted to the study of virulence of
respiratory pathogens <- the organisms can be removed from the patient
and placed on the laboratory table for eritical and lesiurely study.
What hes been largely ignorsd iy tha natursl slte of initial infection:
the epithelium of rthe nose and throat. We know, from Clover's class-
ical report on World Wer I meningococcal infections ) that the carcier
state may sxist for months or years in pexrsons with anstomicsl abnor-
malities in the sascpharynx, most cften deviated nassl setps aud hyper-
trophic turblosates. We kiow that the meningococcus settles on columnar
epithelium rather than squemous epithelium such as that found in the
&outh proper. In this sense, it behaves in the same asnner as its
neisserial brother, the gonococcus. Does {t likewise invade the sub-
wucosa during the course of infection? If so, do the factors which
determine localization or dissemination of the infection operate at
this level of the mucosa? 1Is drying of the columnar epithelium, with
resultant loss of ciliary sction, & contributing factor in determining
dizsease or carrier state? What, indeed, permits the fragile meningo~
coccus to alter its commensal position atop the wucoss andioccasionslly

seek the bloocdstresm or the meninges?

In the matter of virulence of the organism, we may ask vhat dif-

ferences there are between the saprophytes of the Neisseris such as N.

catarrhalis and N. flave and the pathogens N. peningitidis and N. gon-
orrhoese. We know exceptionally little uf the intermediary metabolism
of this group of organisms and because of this, have not pursued the
development of sgenta for poisoning Neisserial enzyme systems or
blocking their chemical pathways {though we may assume that some anti-
biotics probably act in this manner).

The importance of the antigen-antibody response in menirgococcal
disease is just being realized. Human antibodies againast the meningo-
coccus nave been known for sbout 50 yr and form the hasis for dividing
the meningococci into groups or types. We can detect sntibodies (n
patients about & week or so after discase is apparent. Antibodies are
algo detected in carriers and, at San Diego, certain companies of re-
cruits have been selected at random for baseline determinstion of an-
tibody level and weekly titer determination during their entire training

period. Unfortunately, these data are not yet ready for presentation.

One of the intriguing findings of chronic meningococcemia, re-
ported by unolt(a) in his studies at the U.5. Naval Hospital, Oskland,
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California, was the coeplete failure of the serum to agglatinate organ~

isms cultured from the ssme indivtidual with meningococcemis. He sug- .
gested » hypothesis of bacteriocide! and bactericstatic satibody re-

sponses to explain variations in the sanifestations of meningococcal
infection; this schema certainly deserves investigation.

Moving sway ovw frus the question, “Why the carrier state of
meningococcal {nfection?” I would like to devote the remeinder of wy
discussion to the actual spread of such infections among a defined
population,

One of the oldest observatious in epidemiology is the interplay
between those infected with & cowmunicsble disesse {cases), those
subject to attsck from the disesase (susceptibles), and those who have
protection ageinst the diseaze (imsunes). A mumbeyxr of mathematicsi
models have been created to help understand this isterplay, and the
solutions to the models may be cslculated directly or by empirical ob-
servation using Monte Carlo methods. A solution is aost often repre-
sented as a graphic plot of number of ceases st each intervel of time
alapsed (generation). In most models, the infection spresds slowly st
first, suddenly explodes, and then, as the ratic of imeunss to suscep~
tiblea increases, it dies rapidly. 1In 8 ¢losed population, where no
one enters the population and no one lesved except by death, the epi-
demic will eventually die out ss susceptibles are exhaust~d or wvhen
contact between céses and susceptibles is soc infrequent that it does

not occur during the period of communicability of the disease.

On the other hand, a mathemstical epidemic will tend 2o perpetuate
itself if new susceptibles are continucusly introduced into the popula-
tion. Under these circumstances, the ratio of immunes to susceptibles
remsins ressonsbly constsat and the frequency of contact between cases
and susceptibles remains suitably high. Uhether the disease will in-
crease to epidemic proportions or will remain at low endemicity will
depend on & number of parsmeters in the model, especfally the propor-
tiona of cases and susceptibles in the population, the frequency of
case-susceptible contacts, and the success of transmission of the or-

ganise from csse to susceptible during the contact period.

If we now attempt to relate our res! epidemic ot 3an Diego to our
mathemstical model, it is found that the fo.lowing similarities exist:

A. Infectious cases are present in the form of acute and chronic
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B. Immunes are found in permanentiy-based and #dvanced reécruit

populations.

C. Susceptibles are ¢ omtinuously added to the populstion. Eaeh
week new recruits artive, most of whom are Busceptible to the meningo~

COCCUSs .

e}

D. Frequent conf&ct oceurs between carrier caszes, susceptibles

and immune personnel.

E. A nearly constant retio exists between immunes and suscepti~
bles. The ratio in permanently-based personnel is probably constant
throughout the jyears. In the recruit ropulation; recruit imeunes
graduste each week and are veplaced by roughly an equal number of

susceptible new recruits.

We do not have informetion at hand concerning the success of
transfer of the crganisms frow person to person. It is & reasonable
assumption that {f transfer ie relatively unsuccessful, prevalence
of infection will be low &nd that if trangfer is usually successful,

preévalence will be high.

I1f one locks for 4 convenlent model for the study of speed of
spread of infections, one comes upon & most Interesting analogue which
behaves with mathematical niceness. That is the phen menon of nuclear
fission in heavy elements. Consider a subcritical muass of urlniumzss.
Thermal neutrons collide with atomic nuclei and occasionally cause nu-
clear fission, just as our case-suscepiible collisions occasionally
cause infection or clinical disease. As critical mass is approached,
fissions occur at & more rapid rate and finally, ss critical maas is

resched, fissions occur wia. < s ¢ frequency.

In our epidemic, 1f we consider population density as mass, we
note that infections occur more frequently as population density
increasea and, for each strsin of organisms and each set of environ-
mental and host conditions, infection spreads with violent rapidity

as the critical population density is reached.

Glover(37, in his World War I studies, was sc¢ impressed with the
relationship between population density and prevalence of infections
that he defined the 'critical wass” for his pcpulations. He stated

that when the prevalence of carriers was 2. of the population, a
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further, vapid, ans dangerous Tige {0 prevalence would vecur &nd thae
vitnical ceses of meningococcal dizesse would appedr. He was able
to document this phenomencn in his groups and was able 1c predict
rather #ccurately the occurrence of eases (n other confined groups
by followsing the cise of carrier ratios. Since then, other workeras
(S'Q)have shown that high c¢arrier prevalencs may not result in the oc-
currence of cases and that 8 quant2ietive and fixed ratic of carriers
in & population to cases may not exist. It is not unlikely thet the
rise from 8 norwal prevalence of 3% to one of 0% (usually dangetrous
it our oxperience) occurs so rapidlv that any measuvresent of prevalence
taken during this pericd of vapid spread is subiesct Lo an enormous

range of muasurement error.

411 workers agree that high pupuietion dengity -- ~vercrowding,

in plainer language -- I8 an {mportant determinant in wue aspread of
menitgococcal infeccions. Again among Rnglisk troeps iu the First
World war, it was possible to show the reilationghip between prevslence
of infection snd distance between beds in barracks. When the beds were
2 or more ft spart, prevalence of infections vemained about 3%; if the
distance was reduced to ! £t, 9 fnches, prevalence increased toc approx-
imately 10%; when distance was further reduced to 1 f£t, & inches, prev-
aience jumped te 30%. Conversely, in barracks having an initially high
prevalence becsuse of overcrowded conditions snd crher factors, preva-~
lence could be reduced substantially by spreading beds to the required
2 ft interbed distance.

We did not perform such besutifully quantitstive studies &t San
Dlego, but all our evidence is in agreement with the above observa-
tions. The barracks were cverctowded. Buildings at San Diege have
accreted during three wars and scme have become 8o aged that they can-
not be used. To maintain the size »f today’'s Navy, the Navi’ Traini-’
Tinter dmeat Process so meny recruits each vesr and each recrult muat
receive # certain minimus number of weeks of training. These require-
ments generally fix the lower limit of the recruit pepulaiion at San
Diego and necessitate crowding of barracka beyond che siazndards recom-
mended by the Medical Departmen:t of the Navy. With only 25 €t of

berthing space per man, 1 can assure you thst men are overcrowded.

What would have occurred at the Naval Training Center, Ssn Diego,
if each recruit had had 50 sq ft of living spasce? Poseibly no epi-

demic, though sporadic cases would heve cccurred. This is not an
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unfounded spaculation. Adjucent tu the Havel Training Center, and
separatad fromw Lt oniy by & chain-anchor femce 13 the Merine Corpe Ke-
eruit Deput, which performs spproximstely the same functions se the
Traising Canter in the Navy. The rupuistion of the Marine Corps Re-
cruit Depor is normally somewhal smaller than & iae I aining Seatex,

though it is 2till numbered in the thousands of recruits.

Duriang the period in which 34 csses oceurred in navel recruits,
oniy four confirmed or suspected cases occocurred amoug this group of
Marine reeruits. Differences in fatigue between the twe populations
cannot account for difference in disease incidence, for if snyching,
the Marine recruits work har'er Jduving tratning than Navy vecruits.
The malor  dI1{fe ent between Lhe two populations wiith &re signifi-

3]
cant were (1) the Individual Merine veciuit platoon of about 60 men

is complelely jsolated frawm othey slarsnre, {2} the Waring piatoon

is quartered in smailer barrscks {not four tc a building as with Naval
recruit companies), and (3 cach sleeping unif occuples approximately
50 8q fr. Significant alsc i3 the average pravalence of meningococcal
{nfeczions in Marine recruits of 1-5% at a time when prevalence among

Navv recruits was about 50%.

Anoth. ~iece f evidence te illugstrate the influence of over-
crowding on spread of infection resulted frow the decision to divert
mowr vocraits from San Diego to the Navel Traiming Center, Great Lakes,
for a 5~week pericd. This latter (enter had had an outbreak of eight
cases of meningococcal disesse during March 1963, but had controlied
further spread by administraticn of mass sulfadiazine prophylaxis.
Sulfadiazire was alsc given 2ll new arrivais for a 2-day period Lo
prevent re-introduction of meningococci into the Center. Following
this, ctultures taken at intervals on small samples of recruits indi-

cated 2 normal or slightly below normal prevalence of carviers.

As the recruit population at San Diego decreased ro its low af
2,600 shar =f Drral lales ikd.e@sed Lo over 156,000 well a&bove the
ugual population of the base. This rise in population density was ex-
pected, but because of the low prevalence ¢f meningococcsl carriers,
the zsscoiate risk of & meningococcal outbreak was considered low.
When it was decided to transfer 80 recruit company commanders from San
Diege to fireat Lakes because of the swollen recruit population, great
care was take: 1. sterilize them with respent to sulfonamide-resistant

meningococci or, 1f iis ¢ould not be done, to keep them from recruiis
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until their (nfections cleared. iwhat was not redlized &1 the tise was
that the $an Diego sulionsaside-resistant #7rgln was aivesdy present &%
Greet Lanes, smony reeruit gradusies of Zdn Dlego who had been trsns-

ferved to Greatz Lakes for sdvanced training or for permanent duly.

Nesr the end of Julv 1963, when the worstorium gt Jsn Dlago had
neariy ended, 1t was reported that 20% of & small smuple of Grear Lakes
recruits had positive cultures for meningococefl; most of tha isolates
were ulfonamide-resistant. Within 2 weekas, nearly a dozen suspected
cases of meningococcal disessge were rveported, of vhom estouwt half wvere
subgeguently confirmed, This time, we did not depend on antibiocric
prophylaxis for control. Instead, the recruit population was vapidly
reduced by exrly gradustion of seversl thousand recruits snd by di-
verting asome, but not &li, scheduled arrivals t0o San Diego. No addi-
rional cases heve been reported for the past wonth from either Training
Center. After the experience earlier ir the year, 1 am too cautious to
state that the danger of & large epidemic has pasaed.

While I lack specific experimental dats to confipm it, I beliuve
that the explanation of the effect of overcrowding on this infaction
is nor difficule. Becsuse the meningococcus i{s &presd through drop-
lets sprayed from the nose and mouth {(we can ignore direct contact
spacad as being minor under wost conditions) and bdecsuse the menings-
coccus 1s exquisitely senaitive to drying and changes {n temperature,
the {nfectious aeroscl owset be inhaled at relatively short range and
in & relatively short tire after generstion i{f infection is to occur.
People nwust be crowded and must have frequent close contact with ocae
ancther for these conditions to exist. When crowding occurs in sleeping
qudrters conditions for successful serosol infection ars even more
favorable, because ventilsation may be minimal and bscause most people
sleap with their mouthe open thus by-paseing the filtering mechanism

of the nose.

Here is an excelient model for workers in experimental asrosol
infections. The space and cime relationships mentionad sbova have
not been observed vyet under rigidly controlled conditions. Decay
curves for neisseria’ aercsocls have not beer computed. The range and
max biwum effective size ui aerosci dropiecs have not been determined.
The minimal infectious dose of meningococci is unknown.

Since it will be necessary to use human volunteers in these
studies evantually, the microbiologists can contribute to this work
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bty devgloping #n atlenusted and  completely noapsrhogenle strain of
mpningococcs for use in seroscls. Perhaps & saprophytic Rglsseris
spacies vare oy aiilsn to the human throat wight be substituted for the
time being.

i hope that the haadsches asuffered by «11 of us that have been
involved in this epidemic will have desn worthwhile by demonstrating
the valuz and urgent need for generdl experimentation on meningococcal
infections.

=

In closing, I would like te sckaowledge those whe did 81l the work:

U.5. Navy Preventive Medicine Unit Number Five, San Diego; U.5. Naval
Hedical Research Unic Humber Four, Creal Lekes; U S, Naval Hospital,

San Diego;, the Cousand sad Medical staff of the naver Training Center,
San Diege; the Commpunicable Disease Center, U.S. Public Health Ser-

vice, Atlanta, Georgis, and Dr. Harry A. Feldesan, Upstate Medical Cen-
ter, Syracuse, New York. For those who mey be interested in the labor-
story methods used by them in their study, I have added an appendix te

the manuscript submitted today.

APPENDIX
LABORATORY METHODS

Pharyngeal culturer were obtained using sterile cotton swabs on
atraight wooden applicator sticks. These werg then streakzd Lommedi-
ately on either chocolate sgar or Mueller-Hinton agar pletes. Neither
para-aminobenzoic acid or penicillinase were routinely sdded to cul-
ture-media. The plates were then {ncubated in & candle jmr for 24 hr
at 37 C. Suspicious colonles {usually three to four per plate) were
then picked and subciltured. Isclates were then identif{ed and grouped

by slide agglutination test, emploving group specific rabbit antiserum

provided by ..o Townm: v l.ab’c L.sec@se Jenter, V.5, Public Health Service.

Fermentation tegts were ncl performed in routine {dentificstion, but
were done #8 & check from time to time; such tests confirmed the iden-
tification of N. meningitidis ¢n all cases. While some criticism of
this method may be deserved, it should be realized that three trained
laboratory technicians hendied over 4,000 specimens during the 3-month
period of intenaive study and could not handle the additional burden

of roucine carbohvdrate fermentatioo tests

Studies of (n vitro drug sensitivity were performed by a plate

diiution method in which Mueller-Hinton egar was used to minimize the
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gffnct 5§ sulfouamide inh)bitor See ik dilutions of the test drug
were prepered and oixed witn the oediuva defote gel #:8te  orcurred
Final toncentrslion why expressed &8 silligrassg or units ef drog pes
unit voluma of medium. Platess were Llasculsated by sirssking cur &
singie deopful of Lniflrz 3lze, drawn from & tracgliucent pulrient bzoih
suspension of the organies The complete inhibitory concentrstiion
{CIC) wea defined as that concentration of drug which completely in-
hibited growth sfter (niubation for 214 hr. Although ao sttewpt was
made to gusntit&ie the size of iscculum to & finer degree, the iden-
tical techaigue was soployed in procassing multiple specimens frosm the
YXaval Training Centaeve at San Diego, Californie and Great Lakes,
Titinois; the resulis obtéined were congislent wilhin each rvecruill
population and demonstrated & marked difference in sulfadiszine sensi-
tivity between the tws populations. Representstive fzolates of seniango-
cocci were sent to four additicnal lsburatories in other parts of the
United States,; results from these laboratories were in sgreement with

the complete inhibitory concentrations obtsined locally in San Diege.

Blood s "fonemide levels were determined by the mathod of Bratton

and Marshall, corrected fovr sulfad:azine.
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PATTERNS OF ADENOVIRUS INFECTIONS
IN MARINE CORPS PERSONNEL

. # Bloos

A. H. Robins Company
Richmong, Virginaa

B. ®. Forsyth and K. M. Chanock

Laborstory of Infectious Diseases, KIALD,
Nationel Inststutes of Health, Bathesda, Maryland

Dur ing continuous surveillance of respiratory disedse in Marine
Corps personnel, & pattern of adenovirug ianfection and assvcilated {il-
ness emerged which was significantly different from that which has
been reported for cther military poepulaticas. In previocus studies
adenovirus infectfon in the military was found t0 be an important
cauge of respiratnry disease throughout the year with peaks of activ-

ty occurring during the fell and winrer monthe(1’2'3).

During & &«yr period, four vearly, sharply demarcsted, winter
epidemics were obaerved in advanced Marine _ecruit trainees and
"seagoned’’ perscnnel. Adenovirus infection occurred infreguently or
not st all during the 6 month interepidemi¢ periods. Significantly
lower infection rates were cbserved for recruits during their first 1l
waaks of training at Parris Island, §. C, than during subsequent ad-
vanced recruit training at Camp Lejeune, N. (. The almaocst compiete
absencs of adenovirus infectiocns during the interspidemic pericds pre-
santed an unusual opportunity to iavestigsta the possidle suchanism
responsible for the initiation and cessation of the ouibreaks.

Locstion and Composition of the Study Population

The Marine Corps Recruir Depot, Parris Island, S. ¢. (PI) has

)

been previocusly described Several major differences exist betwsen

the treining progrem at PI and other Army and Navy recruit centers.

* Based on a paper to be published in the Am. J. Ryg., 1964.
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Marine recruit training, which lasts il-i2 weeks, 1% 3-4 weeks longer
in duration than that of Armyv and Navy recruits. In addition, Mariae
recrutis are effectively isolated from the non-recruit militsryv and
¢ivilian communities. The training program aleo gredtly reatvicte con~

tact Detween the various recrulit pletoons (?S-man training unital.

Camp Lejeune, N.C. is & large Marine Corps base with & military
populstiun approsching 30,000, The cowmponent crganizgtions and their
wa $or funciions have been previously éescribedii‘b’?>. The Infantry
Tratning Regiment (ITR} is part of this complex and merits special st-
tention. After the compietivae af PI training, &nd withoui any leave
period, the men &re sent directly to ITR where they remgin for 30 days
and receive &n intensive courge in infantyy tactics. The number of
men in training varies greatly from just over 1000 to more than 5060.
The normal Marine Corps enlistment pattern results in the populatiorn
st PI reaching its highest levels in the early fall which subsequentiy

leads to maximum froop strength at ITR in December-Janusry.

"Seagoned"” personnel were sglected for study from Marines of
Force Troops (FT}, Fleet Marine Force, Atlantic, which is located at
Camp Lejeune, N. C. This organization is composed of approximately
50060 members divided into sgeven unite. The FT enviroument, aithough
military, is quite different from that of ITR. FT personnel represent
& more dispersed population. Each unit has its own housing, messing
and medical facilitijes. Their military job specialities alsc .end to
aid in reducing constant close assoclations between individuals of

different units.

The methods used in the selection of pstients, cuilection of

specimens snd subsequent laborstory procedures have been previcusly
describe

$$5.6.8)

Distinct waves of respiratory !!iness vere observed at Camp
Leieune during s 42-month period (November 195%9-April 1963}. A com-
rarison of the total respiratory {llnese rates per 1000 men per month
among recruits at PI, advanced trainees at ITR and permanent personnei
at PT revealed that the "seasonad" parsonnel experienced realatively
low rospirstory illness attack rates throughout most of the year (10-
375). The recruits st PI experisenced considerably less respiratory
iliness during their 11-12 weeks of training (50-375) than weas
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observed awmong the same men during & subsequent 30-day interval at IR
(130-1200) . Although the magnitude ~f the rates differed among the
three groups, similaricier were cbserved in the fempursl relat:onship
of peak periods of reported ililness. It was of interest that the ad-
vanced recruits at TR experienced & sharp oulbreak of respiratory
disease ecach winter, starting in January and lasting through March or
April. Febrile illpess retes {100 F or grester orally) correlated

well with the high January-April incidence of illness at ITR.

In &n atteept to define factors thel might be related to the
gharply limited vearly epidemic of adenovirus &t ITR, continuous in-
door and outdoor temperature and bumidlity recordings were obtained be-
ginning in August 1961. A suggestive correlation between low indoor

humidity and high adenovirus illness rates was noted.

Epidemiclopy of Adenovirug Infection a: Lamp Leieuns

Adenovirus types & and 7 were recovered predominantly during the
January~June periods of 1960, 1961, 1962 and 1963. With the exception
of 23 strainsg of adenovirus type 7 recovered in 1960, five straing in
1961 and two straias in 1963, type 4 was the predominant serotype re-
covered during the epidemic periods {1172 strains recovered). Adeno-
virus activity was not exclusively 1limited to the epidemic periods.
For ingtance, snine strains of adencovirus type & were recoversd in the
July-December periods of 1%60-1962. The rate of isolstion of sdano-

virus from the ITR group was always higher then from FT personnel.

The fsolation rate of adenovirus from patients with respiratory
{ilness was always significently higher than from & group of patients
with non-respirstory complaints.

In other military studies, seisoned personnel have had low adeno-
virus infaction rc:eu‘g). In contrast, the FT personnel with respira-
tory illness studied at Camp lejsune had 8 relatively high incidence
of adenovirus infection. In view ¢{ this finding and the pattern of
sharply circumacribed yearly adenovirus epidemics st ITR, it was of
interest to determine whether length of service in the Marine Corps
correlated with adenovirus infection in FI perscnnel. Time of entry
{nto the Marine Corps was used as & basis for this comparison and a
significant associatio- existed between entry intc service during an
intarepidemic period snd aubseguent susceptibility to adenovirus in-

fection during the following year's epidemic. Thus, recruits who
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trained during #n interepidemic period were &t high risk with regard

to adenovirug infsction during the gubseguent epidemic.

Epidemioiogy of Adenuvirus Infection at Farsias lalend

Previous studies of primary atypical preumonis ameag recruits at

i revealed chet adenovirug activity was at & low leve! duriang many
months of the yééf(&’ig). In order to morve fully understand the epi-
demics st ITR, vbeérvations and sempling were conducked & Doth ITR
and F1 similtaneou=ly. Surveillance wos carrfed out st Pl during the

wintey vespiratory disease seasons cf 1960, 1961 1962 and 1963,

Adenovirus infection was assoclared with s significant progortion
of thet febrile respiratory disvase and preumonia that occurrved at DI
during the late winter aund spring of 1960 and 1962. Since the inci-
dence of febrile respiratory disease &t Pl remained low throughout the
vear , the total amount of adenovirus-associated illness remsined low
throughout the vear. Epidemics of adenovirug iliness of the type seen
at ITR were not observed at PI. Recruits in all weeks of training
were affected with no individual training unit {75-man platoon) exper-
iencing & disproporticnate amount of adencovirus infection.

Adenovirus infecticn, as evidenced by virus isoclation or antibody

rise, was rarely detected in the July-December sampling pericds. These

fingings were consistent with those cheerved at ITR.

Clinical Features

(%)

Forsyth recently compared the symptoms reported both by ITR
patients from whom adenovirus, rhinovirus, or Coxackie &-21 virus was
isolated and a matched group vi men from whom no agent was recovered.
These results 1ndicated that adenovirus was associated with & more
severe rvespiratory illness than ususlly reported by patients either
infected with rhinoviruses, Coxackie A-21 virus, or who were virus
negative. The character of the adenovirus illness patterns observed
at Camp Lejeune were similar to those reported in other military pop-
ulations. Respiratory aymptoms were reported more often than were
those of a systemic or gestrointestinal nature.

Of 1,200 ITR Marines with respiratory dissase in the January~
April 1962 outbreak, X-Ray examination revealed infiltrates in approx-
imately 1C% cof the group. A comprehensive laboratory study of 40
cases of pneumonia with matched upper respiratory and non-rempiratory

control patients will be presented leparltely(lZ).
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Other Agents

Other respiratory viruses and Mirrococous phguonide were ldolated
during the periods of adeunovirus prevalence. Excepi in 1981, rhine=
viruses were ususlly isolated during the eariy and late stages of the
cutbreaks but nct during the height of the sutbreak. The other agents
were igulated sporadically at 8 low level throughout the entire course
of the epidemic. In 1961 respiratory symcyrial virvs and rhinoviruses

gppeared to be rvesponsible for as much afebrile ragpiratory 1iliness as

3
adenovirus<8‘23).

The pattern of adenovirus infection observed in Marine Corps per-
sonnel in this study wes substentially different from rthat previocusly

(9,14,13)

reported for other military populaticns in Army and Navy

training centers, adenovirus infection was found to occur predominantly

{
‘9'14'i5). Adenovirus

during the first & weeks of recruit training
disesse occurred in these popuiations throughout the yesr with seasonsl
increases during the fall or winter months. This pattern was thought
to be characteristic of miiitary adenovirus infections. However, the
present study revealed at least three other patterns of adenovirus dis-
ease in military pervsornel. The level of adenoviruses were present

and responsible for a considerable propertion of those respivatory {1l1-
nesses which occurred during the winter menths. The same men, a8 ad-
vanced recruits at ITR, Camp Lejeuna, exhibited a different pattern;
men i this population were subject to extensive sharp seasonal epi-
demics of adenovirus resplratory ilimess and were relatively free of
the disease guring the remaining months of the year. A rhird pattern
was exhibited by seasoned Marine personnel who were susceptible to
adenovirus infection and illness during the yearly epidemic if they

had undergone recruit training in the past year during dn interepidemic

period.

it is of interest tu speculate as tu the reasons for these dif-
fereat patterns of aden~v:rus disease. There were major differences
:n tragining and housing among these groups. At Pl men in one recruit
platoon had relatively little (lose contdct with men i{n other platoons
and the recruits were not allowed any time away from their platoons
during their entire stay at PI. The training platoon represented the
epidemio.agie unit in this pupulacion. The observation that adenovirus
infection did not spresd rapidly within thia group suggest that adeno-

vitus requites a pcpulaticn iarger than 73 men to generate a rapidly

(Y]
-

R o . SO S o i i 3 T T



spreading extengive epidemic.

The methods of housing, messing and trainiang 4t ITR were more

like those of the Army and Navy recruit centers where there i3 &
higher rate of adenovirue infection than at P1. At ITR the rraining
unit was 240 sen and the rraineg had freedom of movement in off~duty
hours; t.e., wovied, post exchange, 4nd recreation centers. However,
gince the methods of training remained congtant throughout the year,
faetwrs viher than trainiag copditions mist be respunsible for the

sharp seasunal extensive epidemics of adenovirus infection.

The FT prersennel had all the privileges ol permanent (. oops.
Many of theBe men were married and lived uut of the barracks in the
compunity . They mixed freely during the «~tire day and csme {n -pn-

tact with other groups during vou?lne leave and libercy.

In addition o differences in training, Pl is alse in a different
geographical location from ITR. PI 13 300 mlies south of Camp Lejeune.
At the presgent time 11 s not possible to evaluare the contributiocn

of different climates o the diffsrent patterns obserwved &t PI and

[iR. It 19 of (nterest, however, that the Fort Brayp respiratory

disesse experience reported by the Commi-  on >f  Acute Respiratory
. 1t )

Discase was simiia to that fouad at ETR( 7. ¥Fort Bragg is 75 miles

west of Cuamp Lejvune and haz & similar climate. Whether the apparent
samitaritiss 10 the epidemiology of adenovirus infection in the two
populat tuons can be &ltributed tv the same geographical sad climato-

logica!l conditions cannol be snswered &t the present time.

The reascns {or the scasonal epidemics cf adenovirus illness at
ITR merit gpecial consideration. The inability to detect adenovirus
type & inm our poputation during wmost of the July-Docember periocds nay
merely reflect inasdequate sampling during periods of low-ievel virus
activity. This was the case in the fall of 1980 during an outbreak of
Coxsackie A~21 virus when the number of patients sam; led was increased
above the normal rate(§’7). buring this time period eight strains of
adenovirus typc + virus were recovered. Again in the Fall of 196[ :ne
gtrain wvas revovered during a period of increased samplinp. Therefore,
it seems pr-bable¢ that adenovirus type + was present 13 the camp at a
lo  level dur:ng the entire vear and that sume as vet undetermined en-
virenmental factor was respensible for epidemic occurrence of infection

and iliness during the Januarv-Aprii period.
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Since adenovirs Infecticn was not extenslve &t PI, 1t {3 un-
likely that an exhaustion of susceptibles at this base was responsible
{or the termination of rhae ~yrbreak at Lamp Lejeune. The results ob-
tained in longitudinal company studies in 196d arve constgtent with thias
iypothesis since the proporizion of susceptibie individuals who en~
tered advanced training 4t Camp Le feuns remsined corstan: throughout
the epidemic and during its terﬁiﬁl&lﬁn(i?).

.+

In was observed that the imdoor velative humidity {(RH} decresses
markgdiy approximately | month prior to the onset of the epidemics in
1962 and 1963. A forced dry air healting system was used in the ITR
barracks and the difference betwsen the RH ouidoors and indoors was
most apparent when the barracks were heated (November-April). It is
possible that the lowered indoor RH may have played & role in fecili~

(18)

tating viruyg spread. Hemmes et al. have suggested thst the iadoor
R4 may be of importance im rhe usual winter occurrence of influenza
virus morbidity. §tabkilivy of infiuves2& ssrogols under controlled

conditions of temperdture and RH has bec: studied by Heowmes et alb(ig)

20 : . N . ; .
and Harper< O’, Their findings indic&red that survival of influenza
virus was gresatly reduced when the RH exceeded 50U, Virus survival
was prolonged at lower temperatures. No data concerning the stabilicy

1
of edenovirus type 4 aecrosols are available. However, Bucklznd{z‘}

found that adenovirus types 1 and 3 survived best at high RH. It may
be that the effect of the RH and temperature on the hogt defense

mechanisms may be more important i{n determining the seasonal oceur-
rence ol epidemics than the effect of these factors on virus syrvival
in vitro. The correlation of the low indoor humidity with the course
of the adenovirus epidemics at ITR remaing 7o be determined in gubgs-
guent studies. If rhe relationship is significant, an approach to-

ward limiting the spread of this agent can be realistically provided.
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DISCUSSION
Schulman: What about ine seeming discrepancies regardang
seagonal variat:ans of adenovirus that diiferent people rvepurt. In

some ins ances, 1{ vou lock at ot i terms of rise in antihadv titer,
they report that there is not that much seasonal variation; the in
tyts incidence 1s the same all vear around, but the ratio of febrile

cases is much h:gher 1n the Winter than 1t 1s 1n the Summer.
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In tue figures vou sbh:w 1t would seem, 1n vour study groups &i leawt,

the over-all incidence of infect:on per S« was much |wer.

Bloom: That's correct. Our srudies have been considersbly dif-.
erent from whai has been reported in studies 5f adenavirus type & &1
Lreat Lares. This is why we believe it was

the Jungitudingl studv 1n a0 gtlempi fo gusnli-

¥ .

. A& far as fehrile 1iirmpgsea po 8% of ali

tebrile illnesses gampled dur ‘ne these epi1demic periods were &ssoCi~

sted with preumoniz, abogt 107 of all men a¢
dissgase were found to have an anfiltrdate and rhese casrs were slmost
invariably associated with adenovirus tvpe &,

.
VEIFY:  Did you find any assoc3asjon between these recruits that

had the a#deno~iL disease and any bacterial diseases.

Bloom: There was practically no bacterial pneumonia among re-
cruits at Parris Island or among the young military people at Camp
Lejeune. The rate of bacterial pneumonia i3 very low for almosr all

mijitary recruit populaticns.

VIE: ¥ou remarked that the last recrult groups who went
through the longitudinal stude had & very high incidence of what we
might call comman colds. Do you think that the veducted rvate of adeno-
virus infectid>n might therefore, in this particular study, have been

a fovtuitous thing representing viral interference’

Bigom: I don't believe so, because in the cross-section studies,
when the 5,000 advanced recruils returned f:om Christmas ledve, we were
v -~ 3 .
able to isolate all of the so-called newer respiratory viruses. Adeno-

virus tvpe & then began to repiace the rtinoviruses guite rapidiy.

Cospt. Miller: Exclusion of rhinoviruses by adenoviruses in
this relatively select group of recruits when in training, right in
the begioning, middle and end of the training is interesting. We had
this high instance o5f adenovirus all through this period of the year.
We alsc had serolog:c evidence with 2060 (ECHO 28) virus and this ran
about 15-20% rhinovirus 1nto the year. We did aot go 4o far as tc
see what happened 1r the individual recruits, that is, whether we had

an adendvirus rise or not.

VFIF = Voice from the floor.
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Bloom: In gome i the studies reported from (treat Lakesa, there
i ¥

is evidence »f multiple infecrtivrs but of & higher order of magnitude
¥ B g

than ourg have been. We hag very Little evidence of multipli.. .ty of
infection. Eston &ge: appzared throughbout our adenovirus
edpi:j.&mi;. Gne 2§ the Dir Lue albiia Lo sed the treat-

able Eaton pneumonias from the gdenvvirus prneumoniss which are "un-

treahie Ealoi fias the capaciiy of sot beang repiseed by adenovirus.

As fa7 zs the rhinpoviruses gu, the iast long:tuedinsl study group

vielded grime: iy WGP virus and we 3'se hsve cvidence of ECHO 2% =

the populstion appedring 8t the end of the adencvirus duthreak.
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THE PATHOLOGY OF CHRONIC BRONCHITIS

Robert R. Wright

pepartment of Pathology and
Cardiovasculsar Research Instituts
Urnaversity of California Medical School
San Francisco, {altfornia

The understanding of the pethology of chronic bronchitis has been
limited by the inferior quality of wmicroscuplc slides of bronchi pre-
pered in the routine mauner 1n mest laboratories. Formelin fixaticn
and paraffin embedding introduce many artifacts because of the warked
ghrinkage and the partial loss of sdems and mucus. A modified method
for the preparation of microscepic slides of bronchi was used in our
iaburatoery Bronchial Tissue prepared by this method showed minimal
shrinkage, std sucug and edems were appropristely retained w.thin the

pronchial lumens and wallsg.

it iz the purpose of this peper to report the pathologic findings
of the bronchi in 15 ceses of chromic bronachitis. In each case & lung

was available from an autopsy or surgical pneumonectomy.

METHODS AND MATERIALS
The dragnosis of chronic brenchitis had been established ¢lini-
caliv in each 5f !5 cases. This diagnosis was based upon the combina-
10 of couph, sputum and heavy cigarette smoking for ai least 2 vr.
Twe lve o the vases died ot other caudes and were sutopsied. Three

cases had a lung removed because of bronchogenic carcinoma.  All cases

were free of {erminai suppurative bronchitls, pneumonla or aspilrs-ion.

Segments of the bronch: were removed with & scalpel from various

levels of the bronchial tree ~f each cvase and placed 1n Carnov's
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FIG. 1. A microscopic cross-section of a seg-
mental bronchus showing the hypertrophied mcous
glands {arrows), the dilated gland ducts and the
mucopurulent debris in rthe bronchidl iumen.

H and E. X6
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FI¢c. 2. Chronic inflammstion nvolving the wall
of a medium s1zed bronchus. There :s #n intense in-
filtration of the wall by chronic inflammatory cells.
H and E. X 8¢
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fixative  After 26 hr these tissues were gplaced in geveral changes of
sbaviute ethyl alcohcl and embedded in nirtrocellyliose. The tisasue
wes ecticned at & . and steined variously with H and E, Mallory's tri-

chrome, Verhoeff ejlastic~van Gisson, and PAS stains,

UBRERVATIONS
A1l 15 cageg of clinically diagnosed~-chronic bronchitis showed in-

flammatory changes involving the bronchijal wall. Most noteworthy was
the edema whi.n peraested the entire bronchial wall, causing it to be
congiderably thicksned (Fig. 13. Distended lymph vessels accompanisd
the edewma The thickened muccss produced narrowing of the bronchial

fumen. Freguently the regpirstory epithelial layer was partialiy de-
tached from i{ts basement membrane by small localized vesicles of edema

fluid. Edema fluid was 2i30 commonly ssen mixed with mucus within the

lumens of the bronchi.

Chronit inflammatory celisg consisting of lymphocytes and plasma
cells were always present in the walls of the bronehi {(Fig. 23. Some
of the cases possessed more inflammatory celis then others and gener-
ally cor.elated with & grester degree of edama, thus indicating & more
severe degree of inflammation. The plasms cells often possessed bright
red granules within their cytoplasm. These granules, known as “'grape
cells” or "Russell-Fuchs bodies', were aisc observed in plasma cells

within the peribronchiel lyvmph nodules.

The mucous glands of the bronch{ were mavkedly hypertrophied and
hWyperpiastic, #s descrived by Reidfi}, in five of the cases and moder-
ately 80 in the others. The gland acini were filled with mucus, and
there was stresming of the mucus within dilated gland ducts (FPig. 3).
This mucus sxtended from the ducts into the dronchisl lumens. The
respiratory epithelium contained incresased numbers of distended goblaet
cells ar a1l levels of the bronchial tree including the terminal snd
rvespiratory bronchicles which normslly do not possess thess cells. The
wails of the gobler cells bulged with mucus onto the muccssl surface.
Mucus within the bronchial lumens contained moderate numbers of scute

ang chronic inflsmnatory cells as well &8s clumps of detached epithelial

cells. Bubbles of air could frequently be aseen as round empty spaces
within the mucus. Thia mucus produced a partial to complete obsiruc-

tion in many of the smaller bronchi.
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FIG.3. Hyperplasis and hvpertrophy of the mucous
glands. Note the streaming appesrance of the mucus
within the gland ducts. H and E . X 80

IG. &. Squamous metaplasis of the respirltory
epithelium. There is atypism of the nuclei and nu-
merous miLoses. H and E. X 250
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Alveration of the respirdtory epithelium was & frequent finding
in &1l of the cases. The most commonly cbegrved abnormality waes &
focal detachment of the epithelium from the basement membrane. This
was usually eccompenied by microscopic sccumulations of edems fluid
between the celis and the membrane. Occasionally thers were ulcara-
tions of the mucosa with repiscement of the epithelium by fibrinous
exudare overlying & sgone of gremeistion tisguas. & very common ohserve-
tion was stracification snd squamous melraplasiz of the respirsrory
epithelium., The stratification consisted of twusc or wofe leye' s of
flattened epithelial cells devoid of c¢ilis or mucous goblets. The
metaplasia consisted of replacement of the respiratory epithelium by
two or more layers of squamcus cells showing keratin formation. Atyp-
ism of the nuclei of these <ells was occasionally seen and usually
essociated with increased mitoses {(Fig. 4). Carcinoma was not observed

in any of the cases although two sites of borderline atypisz were noted.

The bagsement membrane beneath the respiratory epithalium was
thickened in all cases. This thickening possessed & hyaline sppear-
ance and the thickness varied within the same bronchus.  Acute and
chronic inflammatory cells were somerimes observed within the hyalin-
ized membrane indicsting a migration of these cells from the mucosa

into the bronchial lumen,

COMMENT

The histologic observations of the bronchi of 15 sutopsy and sur-
gicel cases with a clinical history of chronic bronchitis showed sig-
nificent degrees of chronic inflsmmation involving the bronchial wall,
This {nflammation was menifested by changes in the bronchi consieting
of edema, {ncreased mucus production, iInflammatory cell infiltration
and alterations in the respiratory epithelium. The edems caused thick-
ening of the mucosa with resultant reduction in the sise cf the bron-
chial lumen. The smell bronchi were frequently partially or completely
cbstructed by a ¢t tture of sucus and sdema fluid within their lumens.

The small srosions and detachments of the respiratory spithelium
indicated the destructive charscter of chronic bronchitis. the alter-
ations of the respiratory epithalium to a squamous cell pattern sppar-
ently had resulted from repested insults to the mucosa. The axcass
sucus production by the hypertrophic glands and increased goblet cells

wvas probably a response to irritstion.
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It swems reascnable Lo propose that the inflammetory reaction in-
velving the bronchial wall results in serious damage, some of which is
permanent, to the bronchi. These damaged airwvays have less resistance
to invasion by hacteris and further inflammastion results from the in-
vasion by pathogenic organisms. The inicial insult could likely resul:
from repeated and prolonged attacks by viruses or exogencus chemical

irritants.
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EFFECTS OF NOX10US GASES ON RES!STANCE
TO RESPIRATORY INFECTION "

Richard Ehrlich

Life Sciences Research Division
IIT Research Institute
Chicago, Illinois

Various factors not related to the natural development of the
host, such as age, sex, or ceredity, can have a prefound effect on
native or acquired registance to infection. These factors wmay be
ordinary .wiromnmental influences encountered by everyone on a daily
basis, or they can be more extractdinary ones to which only a frac-
tion of the population is exposed. In the last group one can include
noxious gases In community air pellution or those present under cer-

tain circumstances as an industrial hazard.

Through their effect upon the physiology of the host, environ-
mental factors may alter the host-parasite relationship resulting in
many instances, in lowering the resistance to infectionm. Thus they
may interfere with normal defenae mechanisms through destruction of
leukocytes or inhibition of antibody production. They also may pro-
duce changes in the physical defense mechanisms of the body such as
ciliary movement or mucus excretion in the respiratory system. The
degree of damage produced is usually closely relasted to the duration

of exposure and concentration of gas to which the host i{s exposed.

* This study was supported by funds provided bv the U.5. Public Health
Service, Division of Air Pollution, under Contrsct No. SAph 73297
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The effecis of aoxious or irritating gases on health frequently
cecur as the result of contact between the gases and membranous sur-
faces of the respiratory system; the laiter pserve as defense wechan-
isms againat respiratory infections. Protective &etior takes place in
the tracheobzonchial tree through the production of mucus and through
cilisry movement. An irritant gag reaching the epitheiium of the
trachea or the bronchi can psralyze the cilia or csuse destruction of
the saurface layers of the epirhelial liring. Damége to the bronchial
epithelium cannot always be detected, especially 1{f the concentrations
of the lrritating gases are relativaly low. However, damage may be-
come apparent when the subject is expesed to a secondary stress, such

#8 respiratory challenge with infectious wmicroorganisms.

Effects of atmospheric pollutants on resistence to infectizn have
been studied to a verv limited degree. Two basic spproaches were used,

namely, epidemiological surveys and animal experimentation.

The Kettering Laboratory of Applied Physiology, University of

Cincinnatifx), reported on an epidemiological survey of workers ex-

posed to sulphur dioxide. The {ncidence of colds was not significantly

different from that of the controel group. However, the duraltion of
colds was extended Iin the exposed group. Other significant effects
were & higher incidence of nasopharyngiiis, alteration in sense of

amell and taste, bhigher incidence of abnormal urinary acidity, ten-
dency toward increased fatigue, shortness of breath on exertion, and

increased sensitivity to other irritants.

Hills(z) found & highly significant relstionship between the in-
cidence of soct and respirstory disease death rates in various dis-
tricts of Cincinnati and Pittsburgh. Pneumonia and tuberculosis were
much more prevalent mmong people 1living in the mest populatad areas

of these urban communities.

More recently Dohln(3) reported on an epidemicological study among
workers in various RCA plants. He was able to correlate the incidence
and extent of sulfur dioxide pollution with the absentesism lasting

more than 7 calendar days due to upper respiratory diseases.

Other epidemiological surveys, on the other hand, had failed o
support the view that coal dust is & predispesing factor to pneumonia
For example, Kibhy(k) found that mortality from pneumonia was lower

among coal miners than among surfece workers. In addition, necropsies
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have yielded conflicting resulis on the relation of cosl dust to

preumon ia.

Laborstory studies in this #res are rather sparse. In the past
they concentrated more on the effects of particulate &ir pellutants

5 studied che effects of aluminum

than gasesus pollutants. Vintinner!
dust on susceptibility to lobar pneumonia produced by intrabronchiasl
inoculation of Iype I phneumococci suspended in mucin. He consiuded
that rats exposed to this type of dust wore not wore susceptible, in
fact, their resistance #ppeared to increase. Similar resulizs wers
reported by Vintinner and Baetjer(é} for rats exposed o coal dust

or smcke produced by the combustion of coal.

Experimental. The methodology ured for exposure of animals to
ozore and nitrogen dioxide and for -espiratory challenge with the
infectious organism Klebajiella pneumonise was described in detail in
previous publicutions(?'g). The concentrstion of ozone was deter-
mined by titration with aluminum chioride-buffered potassium jodide.
The concentrstion of nitrogen dioxide was determined by the method

described b Sg}:zmn{ie) N

Male en? fomale Swiss albine Webster strain mice, weighing ap-
proximately 26 3, were used. The unimals were selected at random and
exposed to the ozperimental conditions in groups of ren., Death of
animsls after exponure was recorded twice a day for 14 days. Gross
autopsies were performed on all dying animals, and their hesrts wers
asssyed for microbial content. Anjmals surviviag the li-day cbserva-
tion period were sacrificed. autopsisd, and the hearts d2saved as
above .

Stock culture of X. pneumonise was lsclated from the hesrt of
a mouse killed by intraperitonesl injection of this organism. Mass
cultures were grown on Difco blood agar base and harvested in sterile
water. Visls containing 1 ml aliquots of the harvested culture were
frozen at -70 C and stored at -10 C. Concentration of the organisms
in each vial was approximately 1010/ml. For serosclization, the
frozen msterial was thawed and regrown on blood ager. the growth
was harvested with sterile water and brought to a concentration of
spproximately 105 organisms/ml with sterile water. This material,
when disseminated, usually produced 30-50% mortality in mice. The
estimated inhaled LDgg dose was between 500-100C organisms.
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Mice in groups of not wmore than three were placed in smali,
specially desipned cages, which were introduced into the derosol
chambar through an sir lock. Mice were sxposed to & dyunamic sercsocl
for 1¢ win. After challenge, seroscl production was loterrupted and
animals wate air-washed for 15-30 min. They were then removed and
placed in cages protected by ultraviclat light. Such experiments
were vepeated until 30 mice had been expused to & given experimental
condition.

For quentitative asssay, the serosol was coliected in an sli-glass
impinger containing 20 ml of gelatin phosphate solution.  The contant
was plated using conventional serial dilution techniques.

Results. Twe beelc experimental conditions were used. In one,
the mice were exposed to the pollutants first and then challenged st

various time iIntervals with the infectious agent. in cther groups
of experiments, the infectious chsllenge preceded exposure (5 gésecus

pelliutants.

The next group of figures shows some of the results obtained
during the studiea. Some of the dets wers reported in publications
ment ioned previcusly. Table 1 shows the effect of pre-exposure Lo
orome, at various concentrations end for various durmtions, on resiste
ance to K. pneumonise infection. The time interval between the expo-
sure aud the challenge was 1 hr. Increases in mortality rates were
significant st each experimental point It is interesting te note that
in hamsters ro deaths were produced by infectious challenge alone.
However, upon pre-exposure to ozone up to 00% mor ity occurred.
Table 2 shows similar dets obtained upon respiratory challenge with
Streptococcus sp. Although smaller numbers of mice were involved in
those experiments, the same trend of increased susceptibility as with

K. pucumonise can de observed.

Table 3 shows the effects of rime interval between exposure to
ogone and the infectious challenge. Ozone concentration was kept con-
stant at 4 ppr and the exposure time waz 3 hr. It can be seen that the
effect of orone persists for less than 19 hr vhen mice are exposed to
this gas prior to the infectious challenge. However, when infected
animals are exposed to ozone, the reduced ~esistance is apparent for

at lesast 27 hr and probably for even longer peziods of time.
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TABLE 1.

Effect of pre-exposure tc Ofonie on resiatsnce to

Elebatells pneumonise iofection
RSN

_
g@ft‘}i:y, % Kﬁftlll:y
G <
3 Bxposurs Contrel | Ogone | Incresss, % ¥
2 ; - " SR s L S
Mgugs
4.4 ppm/3 hr 36 88 144 ©.001
1.3 ppm/3 br 42 &8 62 8.001
0.8 ppm/100 hr 23 62 16% ©.001
0.8 ppin/é& hr/% &/2 w 21 i 138 0.001
Hamgter
4.4 ppm’3 br 0 100 100 £.001
1.3 ppw/ 3 hr g 75 75 o.01
0.8 ppm/100 hr G 33 13 0.003
per e

it . b S AR . R S Rl 1S

TABLE 2. Effect of pre-exposure to ozone on resiatance

of mice to §rreptocoocus infection
= e
Mortaifty, % Mortalit

0 Exposure ¥

3 Contrel Ogone increase, %
4.4 ppm/3 hr 42 76 81
1.3 ppm/3 hr 42 58 38
G.8 ppw/100 hr 57 78 37
0.8 ppm/4 hr/5 d4/2 w 25 32 68

TABLE 3.

Effect of time interval between exposure to ozone

snd infectious challenge on resistance of mice
(6 ppm Uq for 3 hr)
Time Retween Mortality, % . |
03 Exposure and Iﬁgrt:lityl P <
Challenge, Hr Control Ozone nerease,
1 37 78 111 0.05
3 38 92 142 G.05
[ 38 67 76 0.05
19 38 45 18
27 38 42 11
Time Between
Challenge and
03 Exposure, Hr
3 43 80 86 0.05
6 40 73 83 0.05
27 43 67 36 4.05

N
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The next tabie {Table &) summarizes ths data on the effacts of »
2-hr sxposure to variocus comcentrations of nitrogen dioxide on resisce
ance. The exposure to the pollutant occurred 1 hy before the infec-
tious challenge. Tt can be seen that nitrogen divxide has an effsct
similer to ozone. Concentrations equal to, uor higher than, 3.5 ppe
reduced the cesistance of mice to the infection. The persistence of
the effect produred by nitrogesn dioxide was studied next. Atr effective
concentrations (<X 3.5 ppm) the reduced resistance was not noticed when
the time interval between the sxposure to the gas and the infectious
challenge wan more than 24 hr.  However, vhen lafected mice wers ex-
pased to nitrogen dioxide, significantly higher mortalities were ob-
served even after 72 hr.

TABLE 4. Effect of & 2-hr pre-sxposure to nitrogen dicxide
on resistance to Klebgislla pacumonise {nfection

in mice
"
g, oom ] ettt | 1
Control Nitrogen Dioxide *

25.0 49 92 126 0.05
15.0 i3 88 167 0.05
10.0 48 98 104 0.05
5.0 45 $4 109 0.05
3.5 44 98 123 0.03%
2.5 34 4 H
1.5 47 57 21

At necropsy, exudate was ifound in the pleural cavities of most of
the infected mice that died during the l4-day observation period. The
lungs of these mice were corsclidated and frequently showed whire
plaques resembling agar colontes of K. pneumcnise. Bactericlogy of

surviving mice pacriticed after the li-day holding period was negative.

1t is apparent from the experimental deta that ozone and nitrogen
dioxide increase the susceptibility of laboratory mice to respiratory
infection caused by inhalstion of K. pneumgnise. The damage produced
by these gases at the exposure levels studied is not permanent and ve-

covery takes place within less than 24 hr.
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DISCUSSION

Schulmen: Have you considered the possibility of using other
parameters to medsure this potentiation; have vou <considered seeing
whether the infective dose was  changed vather than the absolute mor-
tality in the two different groups, end have you considered actusily
counting the numbers of orgauisms present in the lungs of the iafected
animals at intervals with and without exposure to the unuxiocus geses?
The reason I ssk ias thet I think we can all agree that mortalicy is
really one of the grossest indications we can have of susceptibilicy
to infecrion, and ! think you may be missing such more important and
subtle differences by using mortality as your only parepeter »>f sus-
ceptibility.

Ehrlich: I would like to make two comments. One: in ell exper-
imente the animals exposed to various NOZ or ozxone conditions, and
contrel animsls not exposed to the pollutants, were challenged simul-
tsnecusly with the infectious aerocsol. Thus, ell animals at least
theoretically received the same dose, and I believe direct comparison
can be made. Two: some of the experinental work underway in our lab-
oratories pertains directly tc your comment. We are atudying the ac-
tual distribution of the organisms in the lungs, lmmediately after,

and at various time intervals after, the infectious challenge. Control
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wice 88 well o8 mice exposed to the poliustents sre included in the
experimente. We are also lovking at the ciliary movesment and mucus
excretions to study more thoroughly the mechanisms involved fn tue
phenomenon reported here.

Morton: Did you ever expose the animals to the countasinsnt gases
and to the chsliynge organisms simitanecusliy?

ghrlich: H®o. There are problems relating to possibdle effects of
some of the gases on the crganises.

Morton: | am interested in Dr. Schulman’s guestion, becauss it
did not scocur to me when you were speaking the: probably the differ-
ence bETweewn exposure to ges, befure snd after challenge, might simply
stay thers, as you know, for & long time.

$ilver: What sort of dose response slope did you get for this
type of infection? If you ®ot a very steep sivpe, you might expect to
show guite rapid response with quite small increases in the dose.

Ehrlich: The dose reSponse cuTve i8 not af all steep as far as
the K. pneumonise is concerned.

Silver: This is actuslly che answer to the first guestion. You
are just as well off using this sort of parameter as you would be If
you measured the after-effzct of response that occurred.

Ehriich: 1 don't agree with that,

L. Miller: in our recruit population of many thousands of men,
we had a higher incidence of respiratory disesse in recruits that came
from cities than in those that came from the rural aress. And vhen we
got to the incidence of paneumoniae, there was & fairly large difference.
I just wonder if there might be some prolonged effects ~- that if you
were to do some prolonged exposures, you udhld bave found some
residual effects which made animals more susceptible.

Ehrlich: We are conducting some experimental work on exposures
to low concentrations -~ approximately 0.5 ppm -+ of NO; for prolonged
periods of time up to 12 months. the data available, up-to-date,
indicates that 3 months exposure Lo this concentration of NO; results
in increased susceptibility, again as measured by mortaiity rates »nd
survival time.

Middiebrook: I note that physicists and mineralogists, who
studied air naturally polluted with particles of $0; and ocrone, have
cbserved that a high proportion of the gas is absorbed to the par-
ticies and is almost aiways present, at the same time, in the same
volume of a1ir. For this reason I wondered 1f you planned to use
charcoals exposed to the gases as agents for {nvestigation of the
effect upon susceptibility to infection,

Ehrlich: We have no lmmediate plans in this sces, but I know
of this work, especially as far as S50 is concerned.
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A MATHEMATICAL CRITIQUE FOR SURGICAL WOUND
INFECTION BY AIRBORNE BACTERIAL PARTICLES

T. W. Kethley

Bioengineering Laboratory
Engineering Experiment Station
Georgia lostitute of Technology

Atlanta, Georgla

1 want to present some facts and fancies concerning & phenomenon
which meets almost none of the classical requirements of & problem in
aercbiology. Surgical wound infection initisted by airborne particles
containing Stapbylococcus aureus, if a realivy, is most likely caused

by relatively large particlee. 7Tradit. nally these particles have not
been considered as airborne, and sre generally excluded from conaider-
ation in Aerobiology.

In due deference to the state of mind which rejects the importance
of larger particles in the air, I must confess that in our own work we
entered the field of hospital ventilation with the bias that only par-
ticles of less than 10 u dismeter were worthy of study. We are in-
debted to our British colleagues, notably Dre. Lidwell and Blowerstl),
for pointing out that sirborne microbinl particles in operating suites
were often much greater than 10 u in diameter, and especially that

staphylococci (staph) are most frequently found in particles nearly
20 u diameter.

Subsequently we have assembled further data which support the
British observations. Some of these are shown in Table 1. For those
of you who sre in any small measure disciples of the late William
Firth Wells, it is of interest that his eariier observations compare
favorably with more recent vaiuec. The United States values are
averages of 2 number of current observations, arbitrarily arranged in
three groups. You will notice that only for the cese of good practice,
which unfortunately is relatively rare, is the settling mean dismeter
as small as 10 4.
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TABLE |, Apparent mean dismeters of nsturslly cocurring
microbial serosols emanating from personnel

i : Setiling Equiveient ssttliog
Source of information velocity, fpm diameter, u
o *

Walls :  Boston .04 18
Fittsburgh 1.56 16

1.32 15

iowk Tity £.59 ib

.83 12

1.47 1s

Roble!: England 1.2 14
u,s,<>: Poor practice 2.4 20
Aversge practice 1.0 i3

Good practice 0.6 10

* Wells, W. F. 19553, Airborne Contagion and Air Hygiene.
Harvard University Press, Cambridge.

$ ¥oble, W. C., 0. M, Lidwell, and D, Kingston. 1963 The size
distriburion of airborne particles cerrying micro-
organisms. J. Hyg. Cemb. £1:385.

<> Frowm various pudlished and unpublished data: Compiled on the
basis of three levels of air contamination,
e e ey

It has often been shown rhat such large airborne particles do not
necessarily arise from secondary reservoirs. The results of some of
our own studies illustrate this (Table ). These observations were
made in our simulated operating room, or with a glove box, and are
{1lustretive only, dndicating that fairly large aircorne microbiai
particles can emanate from pecple in the asbmer.e of secondary res~
ervoirs such as dust.

TABLE 2. Apparent mean dismeters of naturally occurring
microbial aeroscls emanating from personnel
A
condit ions §ettling Equivaleat settling
velocity, fpm diameter, u
P
Street clothesa:
Moderate activity, no talking 2.4 20
No activity, much talking 1.4 15
Tight surgice. gowning,
Modersce activity 1.0 13
Sreezing into box 0.21
Talking into box 0.12 4.5

72



Our simulsted operating ream(Z) is & sheet metadi room 12 x 13 x 10
ft high, in which verfous pleces of ventilation spparstus can readily
be instalied or removed. All studies have been of dynsmic seroscls
with continuous operation of ventilation and continuous generation of
& standard bacterial &eroscl which simulated those produced by people.
Sampling was conducted at various locations snd levels throughout the
rook. Particle sires were estimated by determining the sverage rate
of fall, and alsc from plots of the Andersen plate values, employing
log-normal graph paper. We are indebted to Mr. Lee Kelly of Dugway
Proving Ground for providing values for the S50% efficiencies of the
various gtages of the sampler. Estimstes of particle sites greater
than 9.8 u (tne 50% efficiency size of the first plate of the Andersen)
were made from the upper portion of the plotted zurve, which is sn ex-
trapolation. However, this extrapolation is justified because of the
expected distribution of particle sizes produced by the stomizer em-
ployed. Furthermore, size estimates for larger particles were vali~
dated by the settling rate determinations made by comparing numbers

settling per minute toc the serial concentraticn.

In order to determine the distance of transport of larger
particles, the stomizer was poaitioned at one end of the simulated
operating room, giving a distance of travel of 16 fr to the other end
of the room. It was f..ad, in genctal, that the greater the velocity
of the air currents, the grester the distribution of larger particles.
To illustrate the transport capacity, two ventilstion procedures pro-
ducing low a#ir wvelocities in the room have been selected: end-wall
grille at low sir flow, and perforsted ceiling panels at higher air
flows. Both of these produce alr velocities in the room well below
50 ft/min. Table 3 shows that end-wall grille ventilation, which is
by far the most commonly employed, efficiently transports particles sa
grest as 20-30 u diameter at least a distance of 12 fr.  The perfor-
ated ceiling panels transport & much smaller, but significant fraction
of these particles. Unfortunately, this ventilation practice is seldom

spplied in hospitals.

When we first realized that particles greater than 10 u disneter
were worthy of study, we were concerned as to the design of an serosol
chamber for investigating their behavior. For those interested, the
distribution of counts within the simulated operating 1-~m, ventilated

with an end-wall grille, is shown in Table 4. The distribution {s
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definitely not perfect, but is perhaps satisfactory for comparative
studies. At higher flow cates or with the atomizer positioned over.ead
in the center of the room, the distribution i{s somewhat more uniforsm

TABLE 3. Trensport of microbial perticles for & 12 ftr distance
(4-16 ft) in simulated operating roow,
low turbuience ventilation

Particle 4 fr i6 ft Particles
Vantilation procedure size 1 from from transported,
* ¥l gource® | source® 4
e
End~wall grille: 300 CFM: <3 48 45 94
air currents parsilel
te long axis of room 20-30 39 34 R7
Perforated coiling panels: <5 20 17 85
250 CFM, air currents
downward from ceiling 20-30 33 ¢ 3

*
Numbers/unit vol.

TAZLE 4. Distribution of heterogeneous aerosol (12 u CMD) {n
simulated operating room: end-wall grille, 300 CFM;
atomizer at end of room beneath supply air inlet.

Distance from Aerial 3 f;ég:t Aerial 3
; P
source, ft concentration/ ft floor, ft concentration/ft
& 301 2 253
8 259 3.5 296
12 292 7 286
16 272
Overall distribution: Averages 281 + 22

Individually 281 z 68

At this time staphylococci are of special interest, but the rela-
tive {nfrequency of occurrence of airborne staph makes exact quantita-
tion of particle size difficult. However, long~term observations in
3ritain by Noble, Lidwell and others(l), and in Australia by Rountree
and Belrd(3), indicate that the most probable size of airborne par-
ticles containing staph is in the range 10-20 u dismeter.

One final fa.t: surgical wound infection due solely to serially
transported pathogenic staph does occur. There are numercus veports

in the literature which substentiate this, but none more definitive
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then the one dy r. Caril waltcr“). In this instance there occurrad
two postoperative wound infections attridbutable only to & specific sir-
borne staph; the particles vhich carried it originated from an indi~
vidusl who &t ng time had direct physical contact with the patient, or
with anything related to tha patient.

Thus f8r we have prasented factual inforsstion regerding the
origin and distribuiion of airbornc microbial particles greatec thanm
10 ¢ Jiameter, shown that it is probable thaet staph appesr in the air
in parricles 10-20 u diameter, and stated as fsct that the aerial
route has been implicated in surgical wound infection by staph. How-
ever, quantitative information as to the exact importance of airborne
staph is very difficule to obtain -- and even to establish ths prob-

able risks turng us from fact to fancy.

Danger to the respiratory apparstus is actepted a8 a special
province in the field of serobioclogy. If there is & risk to the re-
spiratory spparatus, considering airborne microbial particles greater
than 10 u diameter, it most probably involves the upper portions of
the nasopharynx. Definitive data are lacking, but several authorities
active in hospital-acquired staphylococcal iInfections have recorded
the belief that colonization of the nasopharynx is & significant factor
in the establishment of uew carriers; other have suggested that colon-
ization of the patient ip this manner furnishes the socurce of material
which subsequently infects the patient's own wound. Over 507 of the
hospital perscnnel may be asymptomatic carriers of potentially patho-
genic staphylococcd. 1f they serve as reservoirs for the initistion
of new carriers among themselves wnd among patients, then only the
prtient whose astay in the hospital 1is drief can hope to escape be-

coming infected or a carrier.

Reflecting on other evidence, I believe it is not rash to zssume
that nasopharyngeal colonization can be initiated by & single compe-
tent staphylococcal particle implanted at the right place at the right
time*. On this basis, we cun make some conjectures as to the proba-
bility of a patient's being colonized during pre-operative stay in the
hospital. The pre-surgical patient is rarely exposed to hoapital per-
sonnel within his room for more than 1 hr/day; if 50% of the personnel

* See comments by Eichenwald and Shinefield in discussion following,
which suggests the non-validity of this assumption.
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are asympromatic carriers, we can set the minimum conditfon for risk
at 1 particle/10 f£t7 of sir,

In this field of low-probability statistics, individuai observs-
tions follow t Foisson dlatviburiss. For the exposure of the presur-
$ival patient to the low concentrations of particles assumed sbove,
exsloying the Poleson Jdistribution, it is predicted that the reletive
frequency with which one will find semples of sir of 10 fe3 cach vhich
contain ao particles is numerically ™%, where x is the arithmetic
mean. In this instance the mean has been assuwed to be 1.0, and sbout
37% of the time (e‘1 multiplied by 100} there will be nc perticles in
a given volume of 10 £t3 of air, and sbout 63% of the time we will ob-
tain samples with one or more particles. In Table 5 is j .ven the per~
cent occurrence of samples with zero particles and the occurrence of
samples with one or more particles, for arithoetic means of 1-5. These
same relative frequenciea of occurrence and non-occurrence apply to
the risk of exposure of the patient; if 10 £t3 of air is taken as the
unit volume, vhere the average count is one particle per unit volume,
about 37% of the time no risk will be incurred. The chance vf occcur-
rence of one or more particles per unit of air breathed or sampled in-
creases rapidly as the average count increases; for &n average count
of three particles the risk is 95%, which amour's to statistical
certainty.

TABLE 5. Low number particle counts; % observations
with zero and with > 1.0 counts;
Poisson distribution

Avgi‘gg . % observatious
count/10 fe” With zero count With > 1.0 count
1.0 368 63.2
2.0 13.5 86.5
3.0 5.0 95 0
4.0 1.8 98.2
30 0.7 99.3

Carrying these conjectures one step further, we can estimate the
risk of nasal colonization of the pstient exposed to various aerial
concentrations of infective particles. Table 6 shows these concentra-
tions as mean numbers of particles per 100 frd of air. Counts of this

order for airborne staph have been reported; there is &lso indication
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that the rates of colonization may be thie grest -- but truly defin-
itive information is lacking. it can only be ssid that these vaiues
suggest that the risk of colonizacion of the pre-surgicel patfent by
the serisl routc may pose & real thredt.

TABLE 6. Conjectured risk of nasel coloaization
from dlrborne microbial particles

o AR
Aversge serial cqucen:rgtiw, 4 risk of
infactive particles/100 £t~ of air nassi colonization
10 16
20 18
30 26
40 33
50 46
60 45
76 30
80 35
3¢ 60
100 63

If we assume that & single infective particle can initiste the
disease process, then serial iransport end deposition is actually one
of the most direct routes for the transmission of staph from perscnnel
in the operating rooe to the surgical wound area. The ijndividual
occurrences follow & Polsson distribution, and the probabilities of
occurrences and nom~occurrence are {ndicated in Table 5. However, for
the surgical wound, let us set our unit in terms of the settiing of
one psrticle on 4 wound ares of 1/15 sq ft, exposed for 1 hr. These
are not improbable values, and were chosan becsuse this 1is the ares
and time of sexposure of the ususl settling plate ssaple in the oper-
ating room. It follows that {f we have conditions under which infec-
tive particles settle out at the rate of i.0 per wound area/hour, then
about 631 of the time one Or more particles will deposit on an exposed
wound, or en exposed petri dish {Table 5). Please remember these are
independent probabilities; & positive plate does not guarantee & pos~

itive wound, and vice verss.

More quantitstive evidence was svailable for surgical wound ia-
fection than for nasal colonization. Computations based on the simple
wodel, compared with reported istes of infection ranging from 2-10%,
indicate that the simple model over-estimates the probability by about
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80%. It may be that the infective parricle deposits on & receplive
ares only 20% of the time, for exsmple, an #res thst is partially dry
or lecking full supply of blood; or perhaps the particle is competent
only 0% of the time. The particle may have (o contain more than one
bacterium to be able to initiate infection; or it may be that only 20T
of the patients sre susceptible.

O the basis of & 20% incidence, and employing & 13 . particle,
which settles at 1.0 fpm, our model can be emploved to indicate the
reiative risks of wound infection under conditioans of various mess
concentrations of infective particles per 100 £t of air {Table 7}.
Although I will not strain your eredulity further by sttempting to
document these dats, & few observations can be made to substantiate
the general approach. For example, in this country one group of oper~
ating rooms claiming to have & neglib..le stephylococcel wound infec-
tion rate reports & long-term sampiing average of 1.5 coagulase posi-
tive staph per 100 ft3 of air. The British experiences agree with the
conjecture that between 12 and Z3 infective particles per 100 £ of
air can yield an infection rate of about 10%, and & reduction of the
overail bacterial load of the air in these same surgeries by a factor

of ten reduced the wound infection rate to about 1%.

TABLE 7. (onjectured risk of wound infection from
airborne microbial particles:
Adjusted model for 13 u dismeter particies

Average number of
Average aerial concentration, Risk of
infective particles/100 £e3 of air perticles §ettling infection, %

on wound in 1 hr

1.25 0.05 1

2.50 0.10 2

3.40 0.22 4

8.8 0.35 6

12.5 0.50 8

17.25 0.69 10

22.75 0.91 12

30 1.20 14

40 1.61 16

57 2.30 18

165 4.60 20

When dealing with low-probability events, we have the old, old

problem of obtaining samples of sufficient sigse to demonstrate the
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effact. To refresh our memoriesg, Table B presents the confidence
limite for the averages of zawples of 100 or fewer cases, for true
mean rates of occurrence of 10 and 20%. The distributions hers are
averages that follow & normal or Gausstsn distriburion. Thare asre no
negalive occurrences, for resl events, and the distribution of mesns
is badly skewsd towsrd zero -- that isg, thers will be mn {nordicace
reporting of zerc oceurrences for small sempies, even though the trus
meust Tate of infection is 10 or even 20%. This 1is just to remind us
that in Jdealing with low probebilily ceccurremces, the mesn not-ocour-
rence of an event dogs not prove that the true rate of cceurrente is
zere any more than individusl non~cccurrence in & Polssou distrilkition

proves that the wmean is zero,

TABLE 8. Confidence limits for small samples, ¥ occcurrence

True mean rate of infection of:
Number of csses 10 0%
in gample

Lower Upper Lowey Upper
limit limit 1imit limit

10 4] 40 Q 60

20 0 30 0 45

40 {2 22 2.5 38

60 ¢ 20 6.7 3

80 1.2 19 7.5 32

100 2.0 18 g 31

To pursue this aspect of low-probability ststistics one step
further: there has been & gresat difference in the attitude tosard the
potential of sirborne staphylococcal infection of surgical wounds in
this councry and in Great Britain. it is claimed that the incidance
in this country is no greatsr than 1-2%; the British have confessed to
ss high as 10%. The information in Table 9 helps put these observa-
tions into proper perspactive. Let us sgree that the true rate of in-
fection in the United States is actuslly only lX. Whet chanca have w
of determining this by tmproving our procedures?! If we sssume & 1:1
cause and affect ralationsghip and veduce the causstion by 50X, we would
have to collect 2000 cases before osur probability was great encugh to
be determined with statistical confidence -- taking 5% probabilicy s
our accaptance level. TYor s 9% reduction in causs, the sample would
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have to be 300 cases. 1t should be evident thar if we dre telling the
truth in this rouatry, no improvesent .n our procedures short of 90%
15 going to show & perceptible change in the infection rate However,
feok closely at the situstion for increases in causation. 1f our
presant practices ave vislding & 1% {afection rate, relaxation to per-
mit & doubling of causation will not become evident in samples much
somgller than 500, st a 4-fold increase in causalion will become evi-

gent in samples smalier than 100, & 10-f0id increasse in causatiun

could be readily distinguished -- and this latfer seems to have been
the reigtive position of the British surgeons befovre they isproved

their personnel snd ventilation practices -- they claimed these changes

brought the staph wound infection rate down from 10% to 1%.

TABLE 9. Probabilicy of distinguishing # difference between
a i.9% rate of infection and rates of infection
resulting from an increase or decrease in the

cause of infection; 2 1l:1 cause-and-effect assuwed.

; Probability, in %, of chance ocourrence of &
difference as great or greater than
Number of cases that observed for:

in sanple 50% 50% I-fold 4-fold
reduction reduction increase increass
in cause in céuse in cause in cause

100 61.5 3%.8 3i.7 0.27

20¢ 47.8 20.0 i5.6 0.00

500 26.3 4.3 2.4 0.00

800 15.6 11 §.45 0.00

1,000 i1.2 .42 ¢.15 G.00

2,000 2.4 0.400 0.06 G.00

In conclusion, there exists & sufficient body of facts to prove
that airborne particles grester than 10 u in dismeter containing in-
fective material are shed by personnal, and thet these parcticles can
be transported throughout the room in which they coriginste. Further-
more, the probable size of the airborne particles containing petho-
genic staph is batween 10 and 20 . dismeter, 4and surgical wound in-
fection initisted by sirborne particles has been proven to occur.

It appears possible thet larger airdorne particles containing
staph can pley a significant role in nasopharyngeal cclonixzaticon of

new cerriers. Conjectures as to the probability of rigk of initiating
nav carriers and of surgical wound infection by airborns staph




indicste thest such risks are very veail. tHowever, it appesrs that in
the weil-ordered or perhaps forfunste hospital, these svents bave &
low probadility of occurrence. As 8 result, attempls 0 quantitate
these occurrences under these conditions will almost certainly be
fruitless; only under conditions of mych highar risk will these oceurs

rences bucome evident.

ACKROWLE DGHENTS
Invastigations on the distribution of bacterial sercsols in sim-
uisted cperaring rooms wers supporred im part by Funds from Crant 08-
90019, Division of Occupational Heslth, Bureas of Stste Services,
United States Public Heslth Service.

LITERATURE CITED

1. LIDWELL, ©. M., aiso R. BLOWERS. -- originally privete communica-
tions, subseguently published:

NOBLE, W. C., 0. M. LIDWELL, #nd D, KINGSTOR. 1963, The
size distribution of airborne particles carrying micro-
organisms, J. Hyg. Camb. 61:385.

WILLIAMS, R. E. ©., R. BLOWERS, L. P. GAREARD, and E. A.
SHOOTER. 1%60. Hespital Infectiopn. Yesrbosk Pub~
lishers, Chicago.

4. KETHLEY, T. W., W, B. COWN, aad E. L. PINCHER. 1963. Operating
room ventilation evaluated. Arch. Record 133(3):204.

3. ROUNTREE, P. M. and M. A, BEARD. 1962. Observations on the dis-
tribution of Staphylococcus sureus in the stmospherse of »
surgical ward. J. Hyg. Camb. 60:387.

4. WALTER, C. W., R. B. KUNDSIN, and M. M. BRUBAKER. 1963.
JLAM.A, 186:908.

DISCUSSION

_VLTF__*: what type of ventilation practices seewms to be sost effec-
tive in reducing the numbers of large particles in surgery?

Kethley: The overhead ventilation seems wmost effective, 1 think.
Some of you should be familiar with Dr. Blower's work, whers he
attempted t~ get a piston effect. Unfortunately the most successful
piaton effect obtained wes one that brought in air warmer than
the room. This practice has considerable dravbacks but the iatroduc-

tion of sir from above with minimum turbulences does tend to push the

* VFTF = Voice from the floor.
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latger particles directly sut the exitas.

Shinefield: Your calculations are based on the assumpticn thas
& “hit” means colonization. Thij mey be true for a clean wound. We
have evidence to indicate that this is not alwsys the caze with coloni-
zation of the nessl mgecsa or the umbilical stump of the newborn with
8. aursus. Previous colonigecion of these sites with §. sureus inter-
feres with a "hit" Yy other cosgulese positive staphyioescc!. Frevicus
colenization with 3. sureus probably represests valy one of many host
factors thet are related to & "hit".  These factors meke it difficult
£s interpret the practical sesning of computations that have just besan
presected.

Eethiey: The point is well taken. There was simply no informa-
tion Y could lay my bunds on in the way of quantitation of the prob-
ability of colonixstion. As you noticed, 1 simply used the raw first
model computation for wound infection -~ I have & number of models -~
this is the one ! chose. There was a fair amount of quentitation avail-
able, #rill the model was wrong by & factor of 80%. I am sure if we
had similsr informstion for colonization we would find & similar error
in any such model that we might project only for the purpose of haviug
soese numbers to kick around.

Eichenwald: To elaborate on Dr. Shineficld's comments ~- this was
primarily his work, but by using the newborn infant, where one does not
have the problem of pre-colonization, it can be shown that the naso-
pharynx actively rejects colonization, and that it takes in the range
of 500 organisss or more to produce colomization in more than half the
infants while with the umbilical stump one can achieve & high coloni-
zation rate with as few as three or five staphylococci. The second
point of grest interest to me is this: those of us who have been in-~
terested in aursery epidemiology as compared to opersting room epidemi~
alogy have found it is very difficult to agree on what the importasat
factors are. We went from having extremely poor nursexies, where it
is very sasy to demonstrate airborne infection, to very good nurseries
where it was very difficult to demonstrate sirborne infection. I think
what Prof. Kethley has shown through distribution curves (s precisely
what one would expect; at one end of the scale it is quite easy and at
the other end of the scale it takea hundreds and hundreds of observa-
tions to show the same thing.

Middlebrook: 1 am worried about two points there. One, the con-

cept of your infection efficiency; in your actual experiments relative
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to a single bacterial cell of staphylocogcei -~ does it also give rise
to & cclony and how often? Two, in view of the experimental observa-
tion that staphylococel on dust particles may i(nitiste infection much
sore efficiently than staphylococci not on a piece of dust - then [
wonder what bearing this has on the experimentsi dats you presented
here. Didn't you sctually have staphylococei on pieces of dust or did
you nebelize thew free of dust, in the air? What effect could this
have on the relstionship between numbers of organisms per particle,
where only one colony has been detected? You might have had as many as
40 organisms in that particle. It seems to me that emphasis on these
data is no less {mportant than emphasis on the mathematical aspects
describing vhere you are on 8 distribution curve of probabilicty. Have
you studied any of thess matvters in other experimental conditions avaii-
sbie to you?

Kethley: As far as distribution of colonizetion from staphylo-
coccli is concerned, we encountered varicus test problers.  Ragarding

the matter of infectivity of staph on & dust particle, I assume you are
referring to the 'irritant' cheory -~ that it requires staph to have
some irritant naterial, the suture in the wound or something similer.
We are sctually carrying out studies along this line. Without going
ingo any of the details of the problems of getting sufficient numbers
to make any speculation, the matter of just plain probability of where
& particle lands on & wound arca seems more important. With particles
riding om non-irritant materisls we sre getting infections st lower
numbers than say with a plain euture. This is carrying infectfon by
the sirborne route. As to the growth of micrcorganisms aand sampling
of sir, most of the deta in the hospital ars taken from solid-surface
sanplers. Certainly there are factors of error here as great as i
because of widespread use of selective media. Such medis will not dem-
onstrate all the staphylococci, which makes it very difficult to get
quantitation. The matter of orgénisms per particle: this is merely s
matter of conjecture as 1 see it. The definition of whatr {3 & compe-
tent particle may concern the number of organisms. Again it is ex-
tremely difficuit to get information on the occurrence of these par-
ticles, if vou simply are not fortunate ¢1iough to have a ghedder among
your personnel. The number of bacteria per particle may be the factor
in this 80% over-estimate. It may be that only the very large particles
are carrying & sufficient number to initiate the action. At present
we sre working with one cell per particle as a model. 1t is actually

a2




a4 tremendously time-consuming job. When you are working with animals
you mast identify the strain you go inm with, then you mast identify
all of the straine in the animal, and {f one of these strsins that the
snimal carriex turns out to be the ssme strainm you went in with, well,
then thet animal is no gool.

Goldberg: With respect to selective mydia in hospiral studies, -
we have one test on polymixia, and siaph was compiotely resistant tc the
use of up to 300 ug.  But ageinal an sged &3roaol (n & mixed humidity
range you can demonstrate inhibition as low as 3~10 ug/mi. So you very
definitely must evaluate selective medis against & potentially injured
or aged aerosol snd you can get far greater than s 10~fold chengs in
your estimats.

Harper:  What was the source of these dust particles in 211 of '
your studies? Do you think they are coming frow the nose of the pharynx
of carriers, or heve you considered the skin carriers?

Kethley: I sassume that the majority sre from tho skin cerriers.

VFTF: Y would like ti hesr what Ur, Eichenwald has to say re-
garding nurseries when it comes to skin- and pssal-generated trans-
mission.

Eichenwald: in & regular nursery where one deals with a variety
of different situations as, for instance, infant to infant tranemis-
sion, I think it {s very clear that infection may occcur from organisms
generated from the nose and (s airborne, and that one is dealing with
rather small particles. Then there is ample evidence that there are
carviers who cannot be detected by routine methods of culture. A
nurse can infect an infant while she herself, by the techniques we can
employ, is not a carrier of staphylococci. She carries such small num-
bers that these cannot be picked up. Whether she carries them in her
nasopharynx or on her skin or clothing. I don't know. I would guess
that in the nursery situations, cne deals both with the single organ-
iem, and under other circumstances with very large particles containing
large numbers of organisns.

Shinefield: In attempting to demonstrate the relative role of

airborne staphylococci infection, we reduced the number of §. sureus

in the environment in a controlied observation by 1lrraviolet light

and studied colonizetion rates. We als0 iIncreased the number of §.

aureus in & nursery environment by reducing air changes/hr Although

the numbers of $. #ureus recovered from the environment could be

altused by these techniques the rate of colonization of infants did not



sppreciably change. This would indicate that the role of air trans-
mission in colonizaction of the infant seems to be limited.

YFIR: I might relate an experlence we had as o the role of sir-
borne and skin-contamination where nurses and gradusting students sit
in on the surgical roow of post-operdtive patients to lesrn techuiques,
and we just record breaks in technigqua. It is of interest that the
breaks in technique were I direct proportion to the extent of scsdewic
achievament -- the professors were the ones spreading more organisms,
st lzaest go far as ocur measurements indicated, and right down the
ladder; the resident, the intern and medical students and finally
nurses. The nurses were the ones with the best techniques. These are
things that would bear some qualitative measuring once they get ouvt of
the operaring room.

VFIF: I would like to comment on the five-hospital, ultraviclet
light evaluation study that hes Seen completed by the Mational Academy
of Sciences and Rational Research. This was sau attempt t¢ evaluate the
use ~f full operscing room ultraviclet irradiation to reduce the inci-
dence of post-opel stive wound infection. You may be familiar with Dr.
Hartis ultraviole! set-up at Duke University since around 1935, This
was an atfemp¢ to 4o 4 double-blind study, &8 it were, of five hos-
pitals over roughly & 4-yr period. & totsl of something like 15,000
surgical procedures were performed, and the substance of the study was
*hat with intense ultraviclet irradiation, bacterias sattling on set-
tling plates were definitely reduced, anywhere from 40-60% between the
contrcl and the ultraviciet lighted room, but the over-all wound infec-
tion r&te was not changed at all. There was & slight decrzase in post-
operative infections in the refined clean surgical procedures, some-
ching like 3.8-2.6%, but in all other caregoriez of surgicel operatiocns
thers were no ¢ffects comparative to irradistion. In fsct, (n the ton-
taminated operations (grossly contaminated by cutting scrose alacessed
areas and across bowels) thare was an incrgase in post-operstive wound
infection rate in the UV irrsdiated rooms cver the control rosms. Not
& statistical incressse, but it was & noted trug incresse throughout all
of the hospitals. I suppose the studies of Dr. Mortimsy in Claveland
should also be mentioned, whers in some instuncss the infant evidently
was not the disseminator of an unusual parssite or staphylococel, Byt
where the nurse definitely transmitted che infectiou from newborn in-
fant to nawborn infant. As already mentioned, the definition of &

disseminstor i{s most important when talking sbout methods of ataph



infection spread in hospitals.

VIR What was the incidence of wound infectifon the study
pressnted?

VFIE: Qwer-a1Y incidence?

¥y Ho; you mentioned two groups -~ one with UV and ¢one
without.

VFIE: Something like 7.4-7.57 -~ it was in that particulsr
range .

Eichenwald: I think it should be pointed ocut, however, that
Dr. Mortimer's date ere considered by most people as invalid becsuse,
instead of carrying out & study for 24 hr/day, the controlled obser-
vations were only carried out for .wo of the three nursing shifts.
Any reviewer would have rejected & paper on that bagis. I don't think
any conclusions can be drawu from these datas and they should not be

cited as an example.
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THE ROLE OF AEROBIOLOGY IN DENTISTRY
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Dentistry is performed {n the mouths of humans by humans using
instruments capable of disseminating contents of the oral cavity as
well as organic and inorganic debris produced by dental procedures,
The concept that most human infectious disesse comes from other humen
beings(l} {s one of particulay interest and importance to #1! dentists.
The dental operasting room or clinic represents an environment utiiiged
by two or more humans, who may be either sources or recipients of in-
fectious microorganisms. Dental treatment combines humans with natural
and/or 2rtificial modal capabilities for the transmission of infectious

disease agents.

The incidence of infectious disease resulting from personal con-
tact, fomite, or seroscl exposure in a dental office, clinic or lab-
oratory presently cannot be stated due to the infrequent and often
obscure reporting of such cases in the literature. The professional,
ethical, social, and medical-legal aspects of such reporting are,
perhaps, significant deterrents. Nevertheless, thare have been cases
reported in the open literature or elsevhere where the hesalth of the
dental patient or operator has besn sdversely affected concomitant to

receiving or providing dental health care.

Foley and Cutheim(?) in 1956 reported, '"of 22 cases of serum
hepatitis, 15 (or 68%) were due to exposure at the dentist's.” It must

be added that 3 of the 15 cases died 3 a resulr of their infection.
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Salxzman and Applgton€3> reported 31 dencists and 1 dental hygienist
who contracted non-venereal ayphilis while they were providing dental
health services. For decadea, syphilis has been known as 8 systemic
disease which msv be transmitted by dental ptaﬁeéut£!<&’5)< Hambrick
et ‘1‘(5} reported the presence of primary herpes simplex lesions on
the hands of medical personnel; he cites the case of & dentist who
was infected after contact with an  infected pacient, Cuthbersont’)
reported thet 11.2% of the dentisis included in & survey of 858 den~
tists who died in the United States in 1952 died of sensory organ oy
nervous svatem discases sttributable to peliomyvelicis, in 1952, the
polic mortality rate for the general wale population was 60387,
Cuthberson apeculated that poeliomyelitis may have been an occupational
hazard of den.ists due to their intimacy with the respiratory tract
of their patients, At the University of California Medical Center,
San Francisco(®), a review of student health records for the yedrs
1957-1962 indicated that University of California dental students had
150~190 dispensary visits per 100 students per yesr for treatment of
respiratory infection, whereas medical and pharmacy students of the
same campus had 40-140 visits per 100 students per vear. With the ex-
ception of 2 included years, the dental students had a higher rate of
conversions tou positive tuberculin skin test than did medical and phar-
macy students. In one class, 42.8% of the dental students who were
tuberculin negative at the beginning of their dental education con-
verted to tuberculin positive when tested in their sgenior vyear.
Thompson et ala(g} reported the occurrence of patient-to-parient
trangmission of wviral hepatitis and upon further investigation of
hospital records found three more cases of hepatitis where the probable
modes of {nfection were dental procedures. California State Department
of Public Btllth(lo) records list separate instances of an oral surgeon
and a dental assistant who contracted viral hepatitis while performing
dental surgery for patients having this disease.

The dentist works directly with the hard and soft oral tissues of
several patients esch dly(llrlz). In the mouth, he contacts saliva
and debris,which have high microbisl content{13,14) conpr ised of the
common oral flora and sny pathogenic organisms shed to the mouth in
diseases involving the salivary glands, oropharyngeal lymphatic tissues
and respiratory system, i.e., wmumps, streptococcus infections and

tubsrculosis. Blood- or tissue-borne microorgsnisms can be shed to the
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mourh a8 & resslt of the surgical traums caused by dental instrumentca~
tion in addition to the "natural” shedding of organisms into the mouth.
The significance of introducing infecticus ageuts intc az operating

site can hardly be gquestioned, but the significence of the shedding of
infectious agents from s dental surgicsl wound or operative site has

been virtually unexplored.

The dentist iz seldom required to trest a patient during the
acute phase of an infectious disedse. However, dental care may be
provided for the asymptomatic pstient who has & viremia or respira-
tory infection, with neither the patient nor the dentist bdelng sware
of the potentisl hazard of infection. There is increasing concern for
the fact that several virsl disesses have viremic phases in rtheir

pathogenesi;(ls). Viremias may exist in the  ymptomatic ccr:inr(iﬁ}

]

during the prodromal state, during frank cliinical {llness, snd for pro
longed periods of time after the sbatement of oymptoms.

Few people would choose to manipulate the contents of the oral
cavity #s a dentisc usually does without the use of protective
clothing or equipment, i.e., gloves, gowns, tongue blades and masks.
Few 2erobiologists would take i random sample of saliva, hemorrhage,
and tissue debris of any description and atomize it 6-18" from his
nose and mouth with an air syringe, rotary, or vibrating instrument
without taking specisl precautions to prevent the inhalation of this
materisl and the contamination of his person snd environment. The
dentist ususlly steps back when the patient sneezes or coughs, then
bends over his patient ~« air syringe in hand -- blows the operating
ares dry sgain and resumes his work. The association of oral cavity
contents with aercosol production is not frequently recognized by the
dentist as anything more than a nuisance requiring the operator to
clear his glasses fraguently while operating.

The thorough dental examination of an oral cavity with iust a
mouth mirror and explorer frequently includes the puncture or lacer-
ation of the gingiva. When a caricvus tooth ls being prepared for a
restoration, there are particles of sound tooth structure, decsyed
tooth debris, end frequently old filling material atomized by rotating
cutting instruments and/or air and water sprays. Concomitantly, soft
tissue laceration and traums occur, resulting in hemorrhage and tissue
fluid seepags at the ocpersting site. The resultant slurry comprised
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of saliva, tooth structure, decaved matavis!, filling and Ddase mster-
ials, hemorrhage and tissue freagments is often mixed snd thinned with
whter &ndé blown or flushed from the field by air, water, or mist spravys.
1€ this material is evecusted from the mouth, the suction device often
exhausts divectly into the operating rocm sir. If & reasonably dry
fieid of operation 15 meintained by the use of a rubber dasm or intras
oral suction device, the debris is roultinely blown from the opersting
field by & blast of air. Besides the haesrds of infection from viable
particles, some indlicstior of the possible effect of acn-viable par-
ricles upon the health of the dentist has vecently been published in
the Journal of the American Dental Asgsociation wherein one dentist
{vho wished to remain anonymous) reported that he had contracted stli-
cosis due to inhaling particles over many years while performing dentsl
and technical procedures(17}. There slso has been reported a case of
mércury peisoning requiring hospitalizstion and treatment for 8 Havy
dentist, an illness resulring from his inhaling silver amalgam dust
generated by the air turbine handpiece during removal of old amalgam
restorations from the teeth of patieﬁ:s(isj.

In oral surgery, high spesd rotating cutting instruments are some-
times used to resect a tooth preparatory Lo its removal. Freguently,
after reflecting the mucoperiosteum, high-speed cutting instruments
are also used to disect bone for removal of roor tips, foreign bodles,
and various types of pathelogical tissue from the mandible and max-
illae. The splattering of the enviromment by blood and tissue Jdebris
is 8 common oecurrence in such operations, as is attested by the
gpotting of clothing and glasses worn by the operator and his
assisctant. If hemorrhage and tissue debris from the surgical wounds
that contain infectious agents is splattered or atomized, such debris

could infect members of the dental hesith team.

As of 1959, there were 6,688 dental laboratories inm the United
Stntas(lg). Dental laboratories are additional locations where en-
vironmental and personal contamination may cccur because of the act
of wanipulating impressions, prosthetic appliances, and other tech-
nical components frequently utilized in providing dentsl care. These
components often are sent directly from the mouths of patients in
the dental operating room to the dental laboratorv. Decontaminstion
procedures are not universally employed to prevent the transfer of

infectious agents to the dental laboratory via these fomites. In the
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laboratory, the technical component or prothesis is frequently inter-
mixed with those 2180 being proceased from the mouths of other patients.
when labovatory  procesaing is completed, components areé returned to
the variousg dental facilities from which they sriginasted. Again, de-
contamination procedures are not universally used to prevent potentisl
infectious material on these objects when they lesve the dental labora-
tury, end presumably present when they arrive in the dental operating
room or climie, from being transferred to the patient’s wouth.

There has been much consideration given to microbial air contam-
ination and the airborne mode of disedse transmission among hospital
patients and staff. Perhaps equal consideration should be given to
microbisl air contamination and the sirborne wmode of disedse transmis-
sion in a dental facility and its effect upon demtal patients - d the
dental health team. There might well be the same, or greater, rela-
tionship of asir contamination in the environment used to provide
dental care to the health and well-being of dental patieats and staff
as the established relationship of microbial air contaminaticn in hoe-
pitals to the health and well-being of hospital patients snd staff.

It is not uncommon to find dental care and dental educational
facilities physically linked to, or located within, medical facili-
ties. Both advantsges and disadvantages of uncontrolled or inadvertent
interwixing of the air in such single struciuzres of combined purpose

might well be reviewed and evaluated.

A rxcent survey has shown that 34.50 of .nhe hogpitals in the
United States have dental facilities(20), There is ar increasing
demand being placed up.n the dencal profession to provide more dental
health care for the aged(ZK), the chronically {il or 6ebilitated(223
and the institutiocnalized or home-bound patient(23). The problems of
contrelling aercosol production or sarosol distribution and exposure in
such unigque environmental situations may present even gredter potential
difficulties than those found in the more usual dental office or clin-

cal situation,

Dentistry is more commonly provided {n private, self-contained
dental offices and clinics on an out-patient basis. At present, there
are some 91,000 dentists prtcticing(ZL) with the #id of some 100,000

(25}

auxiliary personnel including dentsl assistants laboratory tech-

nician:(26), and dental hygienists(zs) in several thousand different

21




locations, providing for the dental health demands of wmore than 1§59
willion peocple in the United Sta:es{Z?). An estimated 238.5 miliiom
dental treatments were provided anpually in  the United States from
July 1957-June 1939028

The prospects for incressing the unumber of dentisis yradusted
annually are noi great. To compenskte for the incresssd services to
be demanded of ths dentel profession in the future, it has been pro-
posed(zi} thet the number 5f ancillary perzonnmel utilized be increased
and their duties expanded to permit the dentist to provide more dental
caYE per ;atiaﬁ:€2§>. Possibly wore than 200,000 wmore extensgively
trained dentsl assistants will be reguired in the foreseesble future
to help the dental professioun fulfill the needs of fts services. Cor-
respondingly, an lacrease in total number and expansion of individual
duties for both dental hygienists and laborstory techaicians wsay be

anticipated.

The roral and legal obligation o provide all reasonable pro-
tection for his emploved auxiliary personnel rests with the dentist.
&8 he employs wmore paradental persounel, his responsibilities and
lisbilities will als~ lncrease. One may safely predict that in the
foreseeable future movre than 300,000 people, both professional and
auxiliary personnel, will be involved in provigding dental health ser~
vices, directly or indirectly, for our ever-growing population.

Considering the magnitude of present and futurs demands upon
the entire dental profession to provide dental health care, both the
dentists and his suxiliary personnel will benefit from & better under-
standing of the role of aevobiology in dentistry. They may then better
protect their health and well-being ag weil as rhat of their patients.
To assist the dental profession and dental education in achieving this
objective, heavy reliance must be placed upon the knowledge and exper~
ience ©of gerobiclogists as well as other medical and public healch
specialities. is will provide dentistyy with a better definition of
the risks of exposure to infectious and toxic aerosois produced in the

dental cperating room, teaching clinic and laborstory environments.
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DISCUSSION

L. Miller: A studv was performed by Naval Medical Research Unit
K. 4 at Great Lakes concerning the incidence of acute vespiratory
diseass in Zentists and their techmicians in velation t. the tvpes of
patients they were taking care of. Dentists and the assistants taking
care of recruirvs in their first 4 weeks of training had a rather high
percentage of respiratory infection compared to thuse taking care of
the older recruits. It certainliy illustrates the problem involved in
protecting dentists and techuicians when thev are caring for patients
whio have acute regpiratory digease. Further, assistants caring for

recruits had fewer instances of respiratory disease than  dental

s

fiicers.
Mazzarella: [Ii assistants have less discase than denta! officers,
15 that because thev are less ciose to the patient’

Burt.n: Perhans. als> perhaps {t s bevause o Jontist is always
present i the Jmmediate area of operation, whaite freguently the as-
ststant will be awav {rom the chair for varying per:ods ot time. Per-
haps there 1s a time factor dinvoived with exposore and resultant
infect 0.

Mazzare :la: Periraps another teason might be that the dental as-

si1srant fas been through boot camp for some Cimes, whereads dentists are
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relatively new to the cssip, [ know of instances where all the dental
officers for a asection of the camp were {11 with respiratory disease
at the same time.

VETE®: 1 wonder If any thought has been giver :. the wearing of
sny kind of mask? Has this thought been proposed or considered?

Burton: Yes; however, other approaches might be as effective
and mwore e .thetically satisfactory. We have conducted preliminary
tests on only one type of mask, g0 I can only give you limited infor-
mation. The mask happened to be of the type issued to the dental
studants at the U. €. School of Uentistry in San Francisco. It was
found to be ineffective in filtering out 1-5 4 pariicles vhen it was
placed over the intake corifice of the Andersen Sampler.

Kniazeff: Alr screening, and other things, I am sure, would be
applicable.

Burton: Yes; perhaps the study of means of preventing the dis-
tribution of air within and from environments used for dental diagnostis
and treatment would fall in the realm of micrometerorology.

Kethley: I think it would be interesting to note that even with
the aerosolization problem, as vou presented it, the incidence of disg-
ease i§ not great. Apparently humans are a highly resistant population.
1t is therefore difficult to understand or to study mechanisms of infec-
tion when you have these high levels of exposure.

Burton: This i{s true. I think cvne of the problems of under-
standing what is going on may be related to & scarcity of reports. A
great deal of effort and time is required ro publish snd distribute in
the open literature. Then someone wmust tabulate the several reports.
It is interesting to unote, however, that in the days when communication
was not as efficient as today, more informiation of this type was pub-
lished. As communication has improved, and our social and legal re-
sponsibilities have changed, we find fewer instances reported.

Harper: 1 want to ask a very simple question. Has any air sam-~
pling been carried cut during dental operations to show that there is
an increase in microbial bearing particle counts over normal counts
during dental opevations?

Burton: Yes, there has. In the next paper to be presented, Bob

Mil’er will report what we have done to date.

Morton: The associated fact strikes me as gquite odd. I am in-
terested here from the medical viewpoint, Not only dental lesions,

but lesions generally in the mouth, seem to cause very little trouble.
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Way is this? Is it the asuth snvironment ~~ you can't really glesn it
up, ¥ou Kitow =~  you cen’t bandage it -~ sad you normslly get awey
without an fnfaection; why is this?

reon:  These are good questione, The difficulty asmociased
with recognising intra-oral signs of pathology may be relsted co the
dilution, abrasion, and removal of debrig. This could alzer the gross
clinical expression of pathology observable in or on sthey tissues of
the body. The hactericidal effect of saliva hasg been checked, and ac-~
cording ¢ some reports In the literature, has besn found to 1= Insig-
nificant, Whether & composite colony of microorgenisma resides, is
nourished, and multiplies inm the oral cavity, but is not recognized as
sim.lar in form tc pathological situations seen in or on other tissues,
is not reaily known, Whether other ewyents occar that might mesk or
alter the expression of signs or symprome -~ these are things that
one wmay only spreculate upon, for iittle is known. Why several spscies
of microorganisms that enter the body through the oral cavi.y or its
tissues do not produce sympeoms  at the gite of inoculation is +lso
unknown . Greater vresearch activity fg obviously needed to improve

our understanding of the several factors involvad,



Proc. First Intern. Symp. Aarobio}l., Berkeley, Calif., 1963

AEROSOLS PRODUCED BY DENTAL INSTRUMENTATION

8. L, Miller, W. E. Bsrton, snd R. W, Spore

School of Dentistry
University of California
San Francisco

Occupational hazards form an  integral part of the practice of
dentistry. Examples of such hazards are the cardiovascular sequellae,
postura! maladies, vadiation and traumatic injuries, allergies, poison~
ings, end infections sulfered by the members of the dentel heslth

)

team Our interest has been in hazevrds of infection.

Primarilv, the dentist's risk of infection manifescs itself by
two routes. The first is by contact, best {liustrated by the cases of
non-venereal syphilis(l) and viral hepatitis(Z) contracted by dentistcse
and their ancillary personnel as & result of digital manipulation of
the oral tissues of an infected patiant. The second is by the airborne
route. Becsuse of his proximity to the patient's face while operating,
the dentist is exposed to any respiratory pathogens disseminated by
the patient. We speculate that he is further jeopsrdigzed by exposure
to microbial aerosols generated by the use of his [nstruments :in the

patient ‘¢ mourh.

In the practice of dentistry, the dentist often applies rotating
instruments, and air a&nd water sprays, to the contents of the patient's
mouth. As & result of these applications, microorganismns, tissue frag-
ments, dental restorative materials and oral fluids sre di iven into an
airborne state. Similarly, prosthetic applisnces removed from the
acuth and leden with oral debriz may serve d8 sources of microbial

aeroscls when subjectedto rotating instrumentor air acd water sprays.
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This paper is & report of two surveys: Pirst, a quantitstive
wtudy of sercésis praduced in the mouths of dental patients during
treatment for ¢imple caries; second, 8 study of microbisl aeroscls

produced by the dantal lathe when a denture wes polished.

SECTION I. IHE CLINICAL PROCEDURE SURVEY

Kaznnc:ia(3) reported the finding of bacteria in aserusols pro-
duced during the use of dental handpieces in the mouths of patients.
Scevens(a) presented semi-quantitative evidence of the production
of microbial aeroscls by the air turbine handpiece during use in a
patfant’'s mouth and mede a plea  for further study of the production
of these aerosols. Thils section describes the quantitation of the aer-
oscls generated in the wmouths of dental pstients during & typical

dental procedure.
METHODS ARD MATERIALS

The six-stage Andersen ::mpler(53 was used o gample @&erocscls
genersted in and emanating from the mouths of dental patients during
dencsal operations performed in the clinics of the University of Cali-
fornia School of Dentistry, San Francisco. The dental clinics con-
sisted of two large baye, each contsining 50 dental chalrs and units.
When used to maximum capacity, the c¢livics each sccommudated approxi-
mately 120 pecple; patients, dental students, dental assistants,and

instructor~dentists.

Anderaen samplers were operated at an asir flow r-ce of 1 ft3/min,
impinging airborne particles un 3% blood agar held in plastic petri
dishes, For each operation, &ir samples were taken about 2 inches
from the mouths of 6-10 patients, with cthe exception of the polishing
of restorations. We found that the polishing operations had to be
sampled at an 8-10 inch distance for 15 sec to prevent exceeding the
maximum capacity of the Andersen samplers. After sampling, agar
plates were incubated serobically for 72 hr at 35 C. The resultant
colonies were counted and the numbers of colony forming units per cubic
foot [cfu/ftB) of air wera calculated, using the methods and correction
factors of Andersen{). The median perticle diemeter (mpd)} of the
aeroscls was estimated by use of probit transformations and the mpd
values aseigned to various stages of the Andersen samp]er(s), viz.,
stage one, 7.5 u; stage two, 5.5 i; stage three, 2.5 u; stage fuur,

2.0 u;, stage five, 1.0 u; stage six 0.8 4,
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RESULTS OF THE CLINIC BTUDY

We found that mizrobial serosols were genevated in and discharged
from the mouths of dental pavients during performance of dental proced-
ures lovolving reotating instruments sad eir and water sprays, Tsble i
sumnarizes the data accumelated during the sampling of aerosols dis-
charged Irom mouths of dental patients. These aerosols ranged in cone
cencration from 12.5-140,000 cfu/fe?d with mpd ranging from 1.3-7.0 u.
All cfu recovered from the aercsols were of # slize capable of impinging
on or in the bhuman respiratory system, including the conjunctiva,
Thirty to 9U% of these visble particles were 5 p or less in dlameter
and thereby would hsve been capable of penetrating the human respira-

tory system to the level of the terminai bronchioles and alvenli(6),

While no gqualitative study of the organisms recovered was con-
ducted, we observed that the environmental air sarples taken in the
clinic were compesed primarily of colonial types commonly associated
with air saprophytes. The alpha and gamma hemolytic streptogocci that
comprised the majority of colonisl forms recovered from aerosola dis~
charged from the mouths of dental patients were found in the environ-
mental air samples in low incidence. The environmental air of the
clinics had an average of 15.5 cfu/ft? (range of 7.3-29.4} with & mpd
of 5.8 u. We found nc correlation between rhe concentration of bac-
teria and fungi In the clinic air and the number of people cccupylng
the clinic; however, we did not attewmpt a complete survey of the envi-
ronmental air in the clinics., As indicated by the deta contzined in
Table 1, operations performed under conditions of & clinically wet
iield (saliva, blood, and water pregsui; roneistently produced aeroc-
scls of higher microbial content than did the same cperations performed
under dry field conditions. The use of cotton rolls or the rubber dam
to maintain a dry opersting field was correlatzd with lower concentra-
tions of microorganigms in aserosols producing during the operations,
f.e. 18-226 vs. 11,000-140,000 cfu/ft> observed for polishing & restora-

tion with and without the use of the rubber dam, respectively.

With but one exceptfon, the polishing of & restoration, the mpd
of the aervsols was “msller for operations performed under wet field
condit{ons than it was for the same operation performed under dry

fleld conditions.
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TARLE 1. Summary of concentration and particle size distriburion of
colony forming units {¢fu) {n aeroscls generated in mouths
of patients during selected phases of dental trestment
fepd Pereentage
Yleld cfu/ft Median jof particles
Operation fk? particiel less than
condition .
Low High diameter 3 L in
[:$8:1 - 3514
;t -~
Rong {eavirom- None 7.3 29.4 | 5.9 40
mental &ir)
Palishing teeth
using prophy Wet 35.0 1 1,488.0 4.9 45
cup and pumice
Drying of teeth
using air Wet 98.0 344.0 1.3 9G
syringe
Cutting of
preparation
in ootk using:
Air turbine pry 12.3 42.5 7.0 35
with sir spray Wet 16.2 85.3 | 6.7 13
Air turbine
and wsater spray Wet 40.0 212.0 5.8 52
557 bur
Contra-angle Variable N -
557 bur wet and dry 23.0 184.0 5.5 &2
"Finishing"
testeration B =
using the Dry 32.0 86.0 3.1 &40
contra-#éngle - 537 ~
with 5/8" Wet 4,679 6,337.0 2.7 83
cuttle disk
Polishing
restoration
using the
straight Dry 18.0 226 4.2 55
handpiece with | o . 1.1 x 1041 o x 165} 6.5 30
& Robinson
bristle brush
and pumice

Wheress the use of the water spray with the afir turbine handpiece

has bean considered advantageous in reducing rhe obwvious flow of eir-

borne tooth structure and dental maerials from the pacient's mouzn(),
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we found that when the water spray was used, the microbial content of
the aercseols produced was gctually incressed. While the difference
wan small, significance lies in the faect thet the water spray fuailed

to reduce the content of viable particles in the aeroscis. Furcher,
there wae a decrease in the mpd of seroscls generated when using the
water spray, L.e. 4.8 u for the water spray and 6.7-7.0 ¢ for air
spray, which would not serve to advantage in terms of an irhaslatory

hagard.

When using rotary instruments, the sir turbine did nct produce
larger guantities of microbial aeroscls thaa the conventional engine-
driven handpiece. The higher operating speeds, 200,000-300,000 rpm for
the turbine compared to 6,000-8,000 rpm for the engine-driven hand-
piece, and the exhaust of about 1/2 ft3/min vl air by the turbine in~
side the patient's wouth, apparently made little contribution to aero-
sol productien. Data in Table 1 indicate that the use of polishing
brushes, digks, and prophylaxias polishing cups congistently produced
microbial aercsols of greater concentration than did the #5357 carbide

dental bur used in all the cutting operations.

The air syringe, used tc dry the teeth or clear the operating
field of blood and debris, generated aerosols containing up to 944
i3
cfu/fic” with & mpd of 1.3 4. Ninety per ceat of these viable par-

ticles were 5 u Or legs in diameter.

The reported values for microbial content of serosols disseminaced
by & human being during gquiet breathing range from a low of 0.03(7 o
& high of 0.53(8) otglninms/ft3. For talking, the reported values range
from 2.0(8 40,01 organisms/ft3. Bourdillon, Lidwell and Lovelock(”’
established the micrebial content of the sneeze at 77,000-200,000 or-
ganisms. Comparisons of these values for natural humen activity with
our findings in the dental clinic (Table 1) indicated that the "low"
concentrations of cfu observed for many of the dantal operations ware
comparable to the act of speaking. The "high" concentrations of cfu
observed for the dental operations consistently excesded the 'high"
vialue reported for speaking. In the inastence of the polishing of s
restoration using & Robinson brush in & wet operating fisld, che dental

operation produced micrcbial seroscls equivalent to s sneese.

At the present time {t {s impossible to assign e risk rate to the
inhalation of the aercsols producad by dental instrumentation. We
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have found no published reports that definitely link ¢linical cases of
respiratory disesses of dentists with those of thelr patients. With
noe standasrds of air hyglene ro act upon, one can be gulded only by com=
wonk sense. Intuitively, one could speculate that a2 polential health
hazard exists for a person exposed to wmicrobial aercsols emanating
from # patient's mouth when these dercscls exceed the microbiel disses
jaation normally asgocisced with breathing and speaking, and which, on

wccaslon, reach the proportion of &4 snecge directed inte his face.

SECTION I1I. THE LABORATORY PROCEDURE SURVEY

Dentures tsken from the mouths of patients asre frequently noi-
ished by the dentist as an exXpedient method of removing oral debris
and smoothing areas ground or cut during denture adjustments., The
dental lathe iz the eguivalsnt of a machinisc's bench grinder, fitted
with musliac buffing wheels that serve as carriers For a slurry of
pumice held im a pumice rYeservoir pan. The pumice serves to polish

the plastic, metal and porcelain components of prosthetic appiiances.

In a preliminary study of denture polishing procedures we found
that the pclishing of a set of dentures taken from a patient's mouth
cor:teminated the polishing pumice in excess of 1 x 107 cfu‘ml of
pumice siurry. Microbial 4dercsols prodused during these polishing
operations contained about 1 x 10% bacterial cfufftB as determined by
use of Andersen sampiers positioned at chest level of the lathe
uperator., Samples of pumice tawen from the pumice reservoir pans of
commercial and private dental laberatories had bacterial contents

rvanging from 1.4 x 10° 1o 3.0 x 108 cfu/ml.

The following exveriment was designed to determine the extent of
airborne contamination occurring in a dental suite wheun a denture was
polished on the dental lathe using tracer organisms in coucentrations
approximating those found on patient's dentures or in the pumice of

dental laboratories.

METHODS AND MATERIALS

This survey was conducted in a private dental suite consisting of
a waiting room, an office area, three denta' operating rooms, a labor-

atory, a dark room and a lavatory. Figure | is the tloor plan of the

suite.




WAL TING
ROGM

OPERATING
ROOM
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LABORATORY
OPERATING
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FI{. 1. Floor plan of the private dental suite used in the

laboratory study; dental lathe located at position 7X".

The suite was served by a 100 air recirculstion type "air conditioning"
system,which wés a simple blower fitted with a heat pump that tempered
the air by addition or removal of heat. Fresh air was supplied to the
office by vperipheral leakage and drafts through the openings of doors
and windows. The air flow patterns of the suite were determined by the
uge of smoke and & hot-wire anemometer. Tempered zir was supplied

through a grate near the c¢eiling of each room at velocities ranging

from 250-1,100 linear ft/min. The air fanned out and moved diagonally
across the upper part of the room, spread down the walls, reversed di-
rection near the floor to pass &cross the lower aspect of the room and

oyt the door to the hall. In the hall the air was drawn up to & single
ceiling-mounted exhaust duct to be tempered and redistributed to the
various rooms of the suite. Air moved along the walls at a rate of
10-20 ft min with drafts occasionally reaching veiocitiea of 50 ft/min.
The centers of the rooms were characterized by confused rurbulence and

low air velocities.
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The tracer organmisme, Sgrrscia marcescens, scrain § UK, were

grown in Bunting's broth at 31 € for ¢4 hy on & rotary-type shaker-
incubator. Dilutiong of freshly harvested cultures were used to
“sewd” the test” denturss and pollishing pumice used in the experi-

mentE . No S, marcescans was recoverad from the environmental azir of

o

the dental suite during Fhage ! {(zee below) of the experiment. It was
therefore spsumed that $. mercesceng recovered during the experiment
wag the rezulz of cur expetimenczal procedure and, unlges noted herein-
afrer, concepts of recovery, concentration, numbers, coloniesg, bacteris,

ete. refer to §. marcascens.

Recovary of airborne bacteris wss made by mouthwesh of human
volunteers and by the use o»f various types of mechanical air samplars.
Mouthwash sampiesig) were paken of all human volunteere iomediately
before and 15 wmin after commencing the test polishing operstions,
Twenty-five ml of Bunting's proth(10)  yag gargled and rinsed about
in the mouth of each wvolunteer for 1 min. Expectorated samples were
then treated with 5 ml of saliva ligquifying enzys\:ma(“n and serial
dilutions of the “digested" sample plated out on Bunting's egar. The
plates were incubated 48 hr at 35 € and the colonies counted.

Settling plates used in all rooms of the suite were plastic,
having a 1553 em® surface area of Bunting's agar exposed during each
of the polishing operations. Six-stage Andersen samplers, fitted with
plastic petri dishes containing Bunting's agar were used in all rooms
except the dark room and lavatory. Additiondlly, Decker Samplerssz)
were used in the waiting room and opersting room II, and & Naval Bio-
logicel Laborstory slit sampler(g) in the laboratory. In each room,
sampling stat{ons were set up with alr samplers in positions normaliy
associated with the heads of patients or members of the dental heslth
teanm; i{.e. near the headrest of rhe dental! chairs, and &t head [evel
for perscns seated in the office or waiting room. Mechanicol samplers
were operated for 1-3 min at & flow rate of 1 fr3/min. Sample plates
were incubeted 48 hr at 35 . The concentration and the mpd of aero-

scls were calculated by methods described in Section 1 of this paper.

To simulate conditions of bacterial contamination cbserved during
polishing of dentures in the private dental laboratory, and to corre-
lace aercecl production with various polishing procedures, we divided

our testing procedures into six phases:
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Phage 1. Controls.

We monitored the sir, uwing settling plates and Decker and Ander-
sen gamplers, to determine the incidence of contamination in the envi-

ronmenial air of cthe dental suite.

Fhase 2. The polisbing of denturss after “disinfecrion’ of the den~

Lures was sttempted.

A get of steam-sterilized scrylic dentures, the “test” dentures,
wag dipped into & broth eulture giving them 3 iotsl surféce contamina-
tion of about 1 x 1016 cfu {whizh approximated the levels of microbial
contaminstion found Ffor dentuces of clinic patients). After “seading”,
the "test” dentures were “disinfected” by fmmersing them intc a solu-
tion of sodium hypochlorite, 100 ppm avsilable chlorine, for 1 min.
Pollowing the “disinfection” step, the “test” dentures were polished
on the dental jsthe for 5 min, using & stesm-sterilized poiishing “set-
up”. The "test"” dentures were then get aside. Dentures taken from the
mouth of a volunteer, J.B. Sr., were then "diginfected" and polished in
# similar manner. After they were polished, J.B. Sr’s dentures were
again “disinfected”, rinsed under running tap water and returned to his
mouth. A mouthwash sample from J.B. Sr. was taken and assayed immedi-
ately afer receipt of his dentures. Mouthwash samples were taken of the
other volunteers stationed in the varlous rooms of the sulte before and
1% min after the polishing of the dentures was started. A4ir in the
various rooms of the dental suite wias sempled for 30 =min comemencing

with the polishing operations.

Phase 3. The polishing of dentures with no disinfection attempted.
The experiments]l situstion was identical to that of Phiase 2, ex~

cept that the “disinfection” step was omitted.

Phase 4. The polishing of dentures simulating the use of contaminated
pumice, no disiafection procedures attempted.

The experimental situaticn was the same as Phase 3, except rhat

§. marcescens was added to sterile polishing pumice at & coucentration

equivalent to the average level of bacterial contamination found in the
pumice pans of private and commercial dental laboretories (1.7 x 107

cfu/ml.

Phase 5. The polishing of a denture with "seeded” pumice to character-
izse the seroscls produced, no disinfection procedurss attesmpted.

The procedures wers identical to those used in Phase 4, sexcapt

= A e IR 5 AR da S n Wbt 720
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that the pumlue waz ‘geeded” to levels sbour 10-fold higher than the
maximur ievels of bacterial contaminalion of pumice we obszerved in

commercial and private dental laboratories (2.9 x 0% ¢ u'ml . Thig

I
roo

gh cCopsenlrstion was used (o gensréte sercsvls contsining suffi-

cient viable becleria to permit estime~ion of mpd and half-life walues.

Phrge 6. Pulishing of dentures while uzing digsinfection procedures

and a ventilated protective hood mountod over ths luthe.

& conirsl test wes vonducted comparshie to Phasge 51 however, the
number of sampling statione waz reduced, The volunteer 'z dentures were

ot polished to prevent massive contamination of his wmouth.

Polishing cof dentures uging the disinfection stepg and protective
hood was 8s follows: "Test” dentures and volunteer J.B. 85r.'s den-
tures were scaked in & solution of scdium hypochlorite, 1,000 ppm
available chlorine, for 1 min before and sfter being polished. The
"seeded" polishing pumice contained 3 x 10% cfu/ml. The lathe wag
isolated by & negative-pressure, ventlla-ed, protective hood that had
s face velocity of 300 linear ft/min air flow, with the &ir wash dis-
charged through a Mine Safery &ppliance abhsolute filter (rated at
95,997, efficiency at 0.3 u mpd). After polishing and "disinfection”™,
J.B. Sr.'s denturss werwe iinsed for 1 min under flowing tap water and
returned to his mouth. Mouthwash sampies were taken of J. B, Sr., the
lathe cperator, snd two other human velunteers stationed in the ladbor-

atory and office area.

The concentration of bacteria im the polishing pumice was deter-
mined for all phaseg of the experiment. During some of the polishing
operations, petri dishes were taped to the face, hands, and clothing
of the 1lathe operator to determine the effect of splatter of miecro-

crganisms by the lathe.

RESULTS OF THE LABORATORY PROCEDURE SURVEY

In all phases of our experiment involving the pelishing of den-
tures using "seeded"” dentures of polishing pumice, serosols wvere gen~
erated by the dental lathe and distributed to the various rooms of the
dental suite. Tables 2 sand 3 summarize the machanicsl and human re-

coveries of airborne §. marcescens made during the six phases of the

exper iment .
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_§der f decragsing epvkia f nHTABINRY e By LNk &PYoRGIE,
the tghoretory had - e highest content, folliowed by the office ares,
opgr#ting Tom 3, waiting roce operAling rodd 2, uperating room 1,
lavstory and darkroos. The concentration of 1he sercsscls was propor-
ticns. "o the concsniration ia the pelishing pumics, ind tng di18tribu-
tion of the seroscls w&& ¢ongistent with the afr flw petferns main-

tained by the "siv conditioning” systes

In Phase 7 of the experiment, where "disinfaction” of the “seaded”
dentuyre was stiewpred prior to pelishing, the lathe-produced asroscis
resched & maximge concentrstion in the laboratory of 1312 cfuif23.
With the exception of operating room [, alrborne §. marcescens wae re-

covered from every room served by the “air conditioner.”

Phase 3 (eguivalent 2o Phase 2 with the omission of the “disin~
fection” procedures) simulated the conditions olserved for the pelishing
of a patient's dentures when using sterile pumice. Here, the sercscls
generated by the iathe reeched a maximum concentration of 239.2 efufft3
in the laboratory and were distributed to every room served by the
Yair conditioner.” In & comparison of the results of experimentsal
Phage 2 and 3, we found the use of godium hypochlorite, 100 ppm avail-~
able chlorine, to have some value in reducing the numbers of bacterias
introduced to the pumice by the '"sesded' denture. This reducrics in
concentration was about 1,000-fold for the pumice and bacteria trans-
ferred to tte volunteer 's mouth by his denture, but oaly 20-fold f{or

the aerosols produced,

In Phase 4 where the levels of Dbacterial contamination of
polishing pumice of private dental laboratories were simylated, the
polishing of the dentures with “seeded" pumice produced aercscls having
up to 717 cfufft3 in the laboratory. Ageia, all vooms served by the
"gir conditicner” contdined airborne §. marcescens. The lavatory, #l-
though nor servec by the “air conditioner”, also received airborne §.

marcescens.

During Phase 5, where we simulated pumice pan contsmination cour-
ditions, but used a 10-fold higher bacterial level than "normal', aser-
ogols were generated by the lathe exceeding 2,615 ctu/ft? in the lavor-

atory, with all rooms of the suite receiving the sirborne tracer.

when the same test procedures were used as the contruls for Phase

6, the lathe-produced serosols reached 3,540 cfu/ft3 in the laboratory.
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whier we 18ed "he py fteutl:ive hood &nd a-dy.m by 70, rite  difac -

fecti.n” pruvcgdures during the denture poitghiing  Peraty na ‘pumics

gesded with 3.0 2z 107 (tu'e’), we recovered -nly lwo cfu from the en-
tirte suits {- each of the three teste {160 £y si7t sawple? per test}
Brged on rthe seonvers f twe cfu 1n one S irj @1y sample, the megimum

concentraticn Hhgerved during use ~f the hhod was 0.4 cfu f?,, without

the hood, the maximum concentratiion wags 3,540 cfu e’ Theref .re. the
protective hood énd disinfection procedures scoounted for betier than

an B,M"N0-fsld decrease in the Jdigsemination of m'crourganiams by the
g k

dental dentel sulte withoui the
tsge of : od i o 4,310 ciu settling plate; however, when
ih%’ TERIRE a ¥R x 3 E® 3 i1 & = i Trer 3 AT CERTEN® way

A compariaon of the Andersen sampler dsts and the setrling plate
date in Table Z indicated rhat a geneval agrsement existed beiween the
two wethods of sampling airborne microorganisma. The settling plates
proved that surface contamination in the verious rooms of the suite

resulted {rom the dissemination of §. marcescens 1in serssols genevated

by the dentg&l! lathe {n the laborsrtory.

Twentv-~one of the 35 mouthwash samples tsken from humsn volun-
teers starioned in the variocus roows of the dental suite during FPhuages
Z, 3, 4. 5 and the control test for Fhase & contained ithe tracer. OCb-
viougly., the viable particles i{n aervogols genersred by the lathe were
disseminated £ the various rooms in concentrations sufficient to  be
inhaled and deposited lu the respirgtory svstem of man, volunteers
J.P.§. and L. T, were ocur most consistent “samplers’; they were also
the oaly habitusl mouth-breathers in the groups ot volunteers. The
romber of §. marcescens recovered frow the mouthwashes of the lathe
cperator and che human volunteer J.5. $r. who had his dentures polished
on the lathe, were directly proportional to the number in the polishing
pumice. This relationship is illustrated ir Fig. 2. The difference
in dose levels observed was due to the lathe operator receiving an in-
haled dose, and volunteer J.B. Sr. receiving an inhsled dose plus an

-

oral dose carried to hi. bv his freghly Py SV A N
the three trials of the hood-and-hypochliorite “disirfection’ procedures
we recovered §. marcescens by mouthwash of the lathe operator. Later
we retslized that for rhese two trials the lathe operator had sm. ked

cigarettes immediately after polisning the dentures. It was therefore




\

Toatal orgamisms recgyersd
L

>
1 b ’//fféu‘lh w3sh - operaier
: i
1 1b 10® 10°0
Jrganasims i pumide
FIG, 2. Recovery of JSerratia mércescens from hutan

sublects exposed to aeroscls and contaminated dentures.
Source of crntaminaiion: pumice and dentsl lathe

possitle thar he had manually transferred §. marcescens o his wmouth
from the pusice pan. In each of the three testz of the hood and “dis~
infection' procedures, more than 1 x 10& cfu were transfesced o the
volunteer J.B. Sz. by mesns of his freghly polished dentures, despize
the dentures having had 8 1 min "disinfectant” treatment in sodium
hypochlorite solution (1,000 ppe svailable chlorine) and & thorough
rinsing under runwing ta) water before being returned to his aouth.

No 5. mércescens was recovered from the wruths of the other human sub-
jects occupying the office ares and laborstory during the three testy

of the hood and hypochlorite treatment.

Thus far, we have fepurted the magnitude and distribution of ser-
csuls generated by the dental lathe. These 2evosola had common cherac-
teristics, varying only slightly from one another. Data from Decker
an! NBL azlit samplers indicated that aerosola travelied at velocities

eqQuai to thouse providad by the “sir conditicning” system; i.e&. aeroscls
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gErersTEr UV B Jérhe oy geRd fre .@DUTALavy 1T @Dvul 1Y wgl, @rrived

{n the weitlng e~ in 7 min 4nd in perating toom & 1n 2-1 2 aln

Figures ', - &nd P ogrg prabit Lisasforastion piots of ofu recov-
gred on the $1& «222x4 vt "2 Andersen samplers opereted in the lebor-
story, office #ves, end whiting voom. From these picte, the mpd for
the aercsocls were eatimeted o be berwesn 2 &nd 3.5 .. Seventy-five
to WP of the visble partlcies recovered fvom the asrcsols were 5 . or
jess 19 Slamutar aad were capable of penetriéfion of the humen respive-

tor; systes to the level of rhe alveoli®®).

G0.99
Viahle particie drstribution as coliected by the Anderson
sampler for laboratory ares, phases 2, 3, 4and 5
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Fic 3 Viable particle dystribution as oollected by the

Andersen saopler tor laboratury ares, Phases 2, 3, o and 5.
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Lotony forming unids-cuimulabive percentage on probit sca

99,95

1.0

Vighte pariicie disirulion as collected Dy the Angerson
sampler for office ares, phases 3, dand 5

PHASE 4
\,\‘
]
L PHASE 3 s/
/
|
- [
PHASRE 5
A
/./
/i
E/.
e i 1 A
1 2 3 4 5 &
Stage of Anderson sampler
FiG. 4. Viable particle distribution ss collected by the
Andersen sampler for office area, Phases 3, & and 5.
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Calony forming units-cumulative percentage on probit scate
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Viable particle distribution as collectsd by tne Andersen
sampler for waiting room, phases 4and s
w prar
90 L
J
P
5{} =
PHASE 4 p &
N
3¢ b
2 PHASE 5
1.0 ft . 1 i L
} 2 3 4 5
Stage of Anderson sampler
FIg. S.

Andersen sampler for waiting room, Phases 4 and 5.

Viable particle distribution as collected by the
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FIG., &. Numbers of sirborne Sgrratia recovered from

office, operating rocm 2 and operating room 3,

The time-course of sercscl build-up and decay in three rooms is
illustrated in Fig. 6 where the similarity of the &erosocls distributed
te the various rooms can be seen, The conCentration of the aeroscls
increased and reached & peak in about 12 min; i.e. 10 min of polishing
and 2 min travel time from the lasboratory. The viable content of the
seroscis then decreased, exhibiting half-life values of about 3-1/2 min.
Although particle size did infiuence the die-away of the aeroscla, the
rates observed were probably due to loss of viability by the airborne
bacteria. In Fig. 7, where the individual slopes of the turves were
plotted as a function of the mpd established for the corresponding stage
of the Andersen sampler, there was a direct relationship between par-
ticle size and die-sway rate. However, if one compares physical half-

(i3 for aerosols

life values taken from the nomograms of Bourdillon
having mpd of 2-3.5 u; viez. 1-1/2 to 3-1/2 hr, to our observed half-
1ife values of 2-5 min, 1t is reasonsble to sssume that physical decay
played s small role in total die-away rates; organisme less sensitive

than §. marcescens would have remained airborne for extended periods.
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FIG, 7. HRelationship of "decay” of sevoscls generated
in & dental sulte by & dental lathe to particle size
88 collected by the Andersen sampler.

Anciliary to the generation of sercsols, large psrticles of
“geeded” pumice were splattered by the lathe during polishing opera-
tions. Plates attached to the face, neck, arms, back, and legs of
operators became literally overcrowded with colonies as a result of
polishing & "seeded” denture or & denture using "seeded” pumice. when
the protective hood-and-hypochlorite-solution treatment was used during
polishing operations, no §. marcescens wAs recovered on petri dishes

taped to the operstor.

CONCLUSIONS

We found that microbial aercsols were generated in and discharged
from the mouths of dental patients during dental instrumentstion in con-
centrations exceeding those reported for the norms!l humun activities
of breathing and speaking. We also demorstrated that bacteris con-
tained in polishing pumice or c¢linging to the surface of & denture could
be atomized by the dental lathe, cerried to all roomsof a dencal suite
by an "air conditioning’ system, sand deposited ir the respiratory
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system of human belngs cccupying the various rooms of the suite.

We hold the opinion rhat a hesleh hasazd <ould beg creeted by such
serasois if the denture or pumice were t¢ contain pathogenie microor-
ganisms. We know that the normal mechanisms of lwmunity, innate and
&cquired, serve fo profect man against the vast sdjority c: the micro-
organisme he (rhales. However, we must alwsys keep in mind that the
grester proportion of humen infsctious disesse :8 derived f{rom Dthey
human beings(6) and that the donors of microorganisms shed to the air
may be clinical csees, sub-clinical cases or carriers of infectious
disesse. 1t is the psthogen of extrsordinary virulence ishaled by the
reciplent, of the ome previcwdly unencouniersd, which serves &5 a

hszard, e.g., Myveobacteriws tuberculonis and the viruses sssociated

with reapiratory diseascs.

We are confident that the correct and approprismte relationship of
these potencial health hazards to man can be esrablished with adequate

study.
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DISCUSSION

Morton: What does [t take to identify rthe actual bacteris gener-
ated in the denture operation? 1 know you have got Serratis, but pre-
sumably these entirely alarming figures of yours must relate primarily
to non-pathogens or all of our dentists would be sick wost of the time.

R, Miller: Our studies have been essentiaily a quantitation of
bacteria in gerocsols generated from the patient’'s wouth by dental _n-
struments. In the few instances where classification of the recovered
hacteria was attempted, we noted that the majority were Gram-positive
cocci, vsually streptococci, Str. mitis or Str. salivarius. To attempt
to clasgify even a small portion of the organiams recuvered would be
an astronomical job,

Kethley: I believe about the time I beionged to the Boy Scouts,

(my father was s dentist), there was considerable asgitation on that
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subject in the journails. I think there were also sowe statisticel
studies about X yr ago. Some bagic resesrih work was belng donsg in
dental schools -~ some crivical studies. I imagine they bogged down
bhecause there was no supporting seroblology to lead them, But thers
were coupiderable discussions &t that time, together with discussious
of gaure masks, which were beginning o scare pecple.

E . Millgz: While you ére on the subjects of mdekié: In the
diffevent stages of the Andorses saspler, vhers & mask was used over
the saapler, there vere ao identifiable diffsvences belwesn bacterisl
counts or number of tooth particles seen during the gross sserch of
petri dishes. In terms of hesith hazard, these figures are almost
wholly non-existent. We know of a case vherein a dentist finally
admitted that he had contracted silicosis using the dentsl lathe and
that serosoclized pumice, blowing into his face constantly, reached a
point where it affected hias lungs. We have & case of & dentist hers
in this area vho has mercury polecning as & result of bresthing sers-
sols from the air turbine. 1 can’r speak for the dental profession
as a whole but only as & student. iowever, in studenr health records
ve find that if you compare the records for respiratory disesse {this
is a dispensary type of thing), you find that the dental student has a
mean figure something like 150-190 visits per 100 studente per vear to
the dispensary for reapiratory disease, wheresas the pharmacy and med-
ical student, on the same campus, living in the same dore (an appar-
ently aquivalent situation), starts at 40 and goes te 140 visits. oOur
tates are in a different bracket. Our TB conversion rate has varied
from 6-43%. Some pharmacy student groups came up to 253% conversiom,
but ordinarily we have the highest TB conversion rates on the campus.

_VF__’H;*: Did you give your resulte in terms of numbers of organ~
isms or organimi'particle?

R. Millex: The data were presented as colony forming units; ac-
tually i{f one considered the numbers of orgsnisms, the figures undoubt-
edly would have been higher, for each cfu may have consisted of more
than one viable organism.

VFIF: Aren't most of these air turbines operated with a small
vacuum cieaner slongside of them? My dentist has a technician standing

there with a small vacuum clesner and whenever he turns the air turbine

* VFTF = Voice from the floor.
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o0, he turns the vacuyum on, I ae wondering -~ in your flguces the air
turbine does nor look sc bad -~ what happens to the air? Where deoes
it go?

B o Eiller: Alr evacuated from & patient’s mouth by use of an
oral svecustor is generally carried through 8 hose to & trsp where
iiquids and large pileces of debris sre remcved. After passags through
the trapg, the sir is sither d scharged intv the youm or ig cervied 1o
a sewer liné where it i3 dizchatped through & rocf vent. We do not use
an orsl avscustor st the University of California Clinics, ao 1 have
not had an opportunity to evalusate its eftivacy i reducing #irborne
contamination.

YPTF: Somecne at Fort Detrick was interasted in personal protec-
tion of people in hospital work. 1 just want to peint out {(to empha-
size that few people are aware of it) that there ave currently some
masks avallable which are resily guite effective, These devices are
now commerciallvy available; they are being tested and are really quite
teliable and comfortable. They ave plastic devices; you £it thes
around your nose and they do pe-{orm & really agceptable job of fil-
tering. I would vecommend them highly te your dental students.

Rewton: We ¢an imagine the hazard to the dentist, but would you
care to comment aboul the hazar.! to the lirrle boy sitting out there
in the waiting room, waiting to be treated!?

R. Miller: As ! say in the paper, the lathe study was strictly
a tracer experiment, demonstrating the mechanical dissemination of aer~
osels produced by a dental lathe. We need a "clean room™, or comparable
environment, to make a test of spread of organisms from a patient'’s
mouth to other rooms of & dentai suite. At the present time, we can
not  readily distinguish between orsl bacteria snd the common air
saprophytes.

=3pt. L. Miller: Your work was all done with bacteria, wheresas
earlier, in the first paper, viruses were mentioned. [ think that
oftentimes in aerobiology one forgets that the respiratory system must
inciude the conjunctiva, especislly with viruses, so a mask is not
going to be the complete answer.

R. Miller: I tend to agree. It has been offered as & strictly
clinical observation that dentists stationed 2c¢ a local Navy base have
had an unusually high incidence of eye infections, primarily viral, in-

cluding a herpes simplex dendritic ulcer of the cornea.
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ECOLOGY SECTION

Elwoog K. Wnife, Moderator

sLuGies 2F the Sosi-prasitesobuvirsmment reiationshia
in snimals may reveal equivalent relationships in men's en-

vircnment. This section reports studier of natural and

experimentally-induced raspirstory infecltions in animals.

¥

‘ I told tjou ahJ fou LjoU"—- Hoc'r(..
get 4o lose Fen qrams iF Yeu

expect to 3e+ YJour Ndme &nu +his Pdpfh.“
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Proc. First Intern Svep. Aerobici., Barkeley, Calif., 1563

LATENCY OF WESTERN EQUINE
ENCEPHALOMYELITIS VIRUS

E. Paul Adams

Depar toent of Bacterinlogy
Norin Dewois Btate University, Fargs

Encephalitis symptows have been noted {n man snd animals for meny
years. ¥arl Kgyer“:’ in 1932 first dascribed the cases [n can snd
notsd that these infections often followed those found in horses in
the same ates. Howtet$?? (n 1938 firs: isclated the Western Equine
Encephsis . ,alitis (WEE) virus from the brain of & child., Since that
time it has been sscertained that the WEE virus smay periodicaliy be
widely distributed emong the snimal population with wild birds ap-
pearing to be the primary hosts for the disesase. Man and the horse
are believed to be secondary terminal hosts. The disssase is srthropod-
borne, and slthough mites and ticks have been shown to be capable of
transmitting the virus, they a&re not believed to be important in trsas-
migsion. Several species of mosguitoes have been showm 1o be capable
of carrying the virus, but the principsl vector &t present sppears to
be Culex tarasiis,

The typical transmission cycle sppears to be s follows:
1. A mosquito takes a blood mesl from an infected bird.
2. The mosquito maturates the virus in {ts body for several
dnysu""} depending on the temperature and ingested viral dose.

3. The mosquito bites & suceptible bird #nd injects some of
the virus, (nitisting s new infaction.

* Supported in part by & USPHS Grant Ne. EF 12-828, and completed st
th.e University of Uteh during leave from North Dakota State University.
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+. The new Liust develops a8 viremia after several hours of in-
cubation and this persist for 2-4 davs.

5. Follywing the period of viremia, antibodies that appear
i the blooed stream are believed respunsible fur auto-sterilizing the
blood.

6. The antit y titer rises in the blood stream and there is
some evidence that it remains ata high level for the rest of the bird's
life.

The only time the bird may serve as a link in the chain of trans-
missiuvn 15 during the time that it Jdemonstrates a viremia in it blood
stream. Thus, public health surveys that demonstrate a large popula-
tion of infected or recently infected birds and the presence of large

numders «f suitable vectors give occasion for alarm.

The problem in studying the epidemiology of WEE is to deterr.:re
its reservoir of infection when the discase is not apparent among the
bird or aaimal populaticns. Where does the virus find sanctuary during
the winter. It is obvious that it must have living tissue to survive.
Many theuries have been advanced to explain the overwintering of the
WEE virus, but none have been completely satisfactory. Let us list

some uf the more prominent theories:

The virus may be harbored over winter in hibernating mosquiioes.

With the advent of cold weather, mosquitoes retreat to such placec as
rock piles, unimal burrows, cld cellars, mine shafts, etc. The temper-
atures in these areas are apparently near freezing and a small per-
centage of the insects are able to survive, W. C. Reeves and co-
workers{3) have been able to isolate WEE virus from mosquitoes every
month in the year except December. It should be remembered, however,
that the mosquitoes appasrently had intermittent blood meals through
the winter. Each time that WEE virus was isolated from mosquitoes,
nucleated red cells were also found in the gut contents of the mosquito,

indicating that it had recently fed on either birds or reptiles.

If C. tarsalis is to serve as an overwintering reservoir for
encephalitis viruses, it must have an 1infective blood meal before
goirg into hibernation. There is, however, & strong indication that
C. tarsalis does not take s blood meal before hibernation, but feeds
on carbohyvdrates sucked from plant juices(s). Hammcn, Reeves, and
Gol1nda{6) have even gather evidence which indicates that a prehiber-
nation bdlood mezl {s not compatible with the successful hibernation of
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an vprwintering of £,

ravsaiis.

Atrempts to igolate WEE virus from hibernating mosquitoss 1n the
more Northern latitudes have, in genersl, not proven succegsful. Oaly
one exception to thia finding has appesred in the literature: Blackmore
and winn'’? found WEE wirus in ome of 50 pools .f female £. tarsalis
takern from mineahafts Lo Colorado. These potls were coliected December
through February. In gny event., wwost Buthorilies feei that over-
wintering of the WEL virus in hiberusting mosquitves is noi the snswer

te the problem.

The second theory for overwintering ig that zthe infection chain

&
may be continued through mipratosy flighre of birdw. The occssional

prusence of sncephalivis viruses in che bird populations in migratory
areas South of the U.S.A,(a) indicates that suitable vectors for isnfec~
tion chaing may exisl there. On the other hand, the feilure tc isclate
virus or detect & high antibody titer in birds enroute from the over-
wintering areas, or to f[ind it in wigratory birds wintering in the
Southern ﬁ<&élqg}, argues sgaingt this explanacion for winter survival

and the reintroduction of wirus into Northern 4dreas.

Yectors sugh as ticks and mites trapsmitbing khe virus from hogt

to host duriog the winter. Transovas lan passdge (n ticks is recogrnized

88 3 mechanism for the perpetuation of the louping ill virus and of
(3

Russian aspring~suamer encephalitis virus. The work of Grundmann et a&l.

hovever, showed thar permacentor variabilis 4and Triatoma sanguisugs

would not trensfer virus from infected animals to susceptible animals
a few days after feeding on infected animals. Thus, apparently these
ticks do not maturste the virus but only transeit it mechanically. This
finding sceewhat limits their importsnce as possible winter-tiome

vectors, although more experimental work should be done con this approach.

WEE virus has been fgolated from bird mites(ﬁh by Miles et al. in
1951, and for a time it was Dbelieved chat they might be sn jmportant
vectar. Later investigations by Chamberlain et al.{ll}, working with
Saint Louis Encephalomyelitis (SLE) virus, and Winn and !ennington(lz)
using WEE virus, indicate that detectable virus persisted less than
2 days in mites and no transmiasions could be demonstrated after that
time. They concluded, therefore, that mites were not an important

vector in the transmission of these viral encephalitides.

Reeves ;tnl.(13). in & study of 6! captured wild birds held under
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carefully controlled conditiong, noted five conversions from a negative
to & positive WEE neutralization index during & 4~ to 7-ponth holding
peviod. The only arthropods observed in the aviary were uasal mites

and bird mites Qrnithonyssus sylvisrum. This may indicate that ander

certain conditions these mites could serve as Lmportent vectors and ex-

piain the overwintering cof the WEE virus.

The fourth hypothesis iz that hiberunating reptiles might harbor

the virus through the winter months and restore it to sctivity in the

spring. Cebharde and #111¢34) gng Thomes and Exlwnd{1%} {n 1960 were

able to demonstrate that WEE virus could be carried through the winter
by garter snakes under laborvatory conditions. In the autumn they in-
jected snakes with virus and allowed them to hibernate under simulated
natural conditions. In the gpring. when the suakes came out of hiber~
nation, they were shown to develop & viremis as the temperature warmed
up. Virus levels in the snakes during the hibernation period were very
low or non-detectable but increased with the increase in body temper-

ature that developed during the warm spring months.

ersta&izé), workicg in Georgiz, collected snakes, turtles, for-
toises, skunks, anocles, and alligators and tested them for virus and
antibody titer. Of the 99 vepti{.ea tested, he found seven (five snakes,
one turtle, and one alligator) to possess significant titers of Eastern
Equine Encephalomyelitin (EEE) virus-neutralizing antibody at the time

of cepture. He wes, however, unable to isolate any virus.

The possibility that reptiles may serve a2 overwintering hosts
presents 4 ver; interesting approsch to the problem, Several investi-
gstors have studied hundreds of snakes and have failed to find any
demonstrable virus, Gebhardr and Hill{lé), however, have recentiy
claimed to have found live WEE virus in the bloocd of a garter snake
following hibernation. The {mportance of this discovery will require
further verificati.n but may well be of considerable importance in ex-

plain'ng overvintering.

The fifth hypothesis for overwintering iv that bird or animal
hosts wmay harbor the virus ss & latent infection .vhich would remanifest

itself at & later date duye to some external or internil stimulation.

e it

Several instances have been noted in the litersture where birds or
cammaia have beeri shown to harbor virus several weeks or months after
the tnittel infection. Reeves et al.(!d injected 28B4 birds with WEE
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virus and was able to re-~isclate the virus from various organs snd the
blood 1-I0 months later. 31av1a{l?} injected Z-week-old mice borm to
hyper imsune mothers snd isolated SLE virus in 3 of 14 pairs 71-162 days
leter. Using en electrophoresis procedure, Oliteky aad Laagﬁg} were
sble to recover vaceinia virus 123 days after {ts inlection into a rab-
bit. Olitsky et 81. 039 ere alec able to recover the policwyelitis
viruz 23 days #fter it had been injected into & monzey, which subse-
quently exhibited all the aymprots of polioc, folluwed by an &pparent
full recovery. Heve again, «lecirophoresis wis used to separate the
virus from the impune serumz in which it wes suspended. These experi-
menta would tend to indicate that virus can persist in s macwiisn
host for lomg periods of time. In many instances detection of virus
is apparently masked by the preaence of neutralizing antibodies. In
other cases the v & apparently resches some sort of equilibrium with
the immune defenses of the body and may appear in & free stste after
the paasage of a period of time. One would think, howsver, that the
latter situstion would be the exception rather than the rule.

it has been known for some time thet there are several means by
which & virus can be dissociatel from its combining santibody. The
method of electrophoresis has already been cited. Rubin and Prmklin(m3
Teported that ¢ small percentags of comined Newcastile Disesse Virus
can ba dissociated from its antibody by dilution. Other workers have
uoted this ssme phenomenon with meny of the viruses. This mechanism
could explain the appearance of virus in an animal system if the snimal
were passively lmminiged and produced enough new tissue and body fluids
to dilute out the virus-antibody mixtuyre.

Mande1?!) has shown thet s chenge tn pH will lead to almost &
100% dissocistion of poliowirus; perhaps conditions exist for such a
phenomencn in the msspalian system.

Hm(zz), working with the peliovirus, was able to recover the
virus from feces during the pericd of late convslescence. This re-
covery wvas effected by extracting the feces with Freon 113, which is a
protein extractant. No virus wes recovered without the use of Preon
113. The success of the Freon in saiding the recovery of the virus wes
believed to be caused by the removal of satibody rhat wes mssking re-

covery by conventional mmans.

Sonvc(n) performed 4 very interesting experiment using rabies
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virus. He injected a group of 24 guines pigs with rabies virus and 11

of thex subsequently died with the symptoms of rables. Seven and one-

half wmonths later, 12 surviving animals from this group were started

on & regimen of ACTH trestments. Three of these 17 guines pigs subse~

quently died with the symptoms of rabies. Rabies virus was positively

identified from one of these three by sub-passage in mice. This finding
indicates that combindtion of virus-antibody can sctuslly be shifted

towards the iiberstion of free vitus by sppropriate hermone treatments.

The dissociation of virus from sntibody by digestion with proteo-
iytic enzymes cffers some very lateresting possibilitigs, €hea:sr(2a}
was able to demonatrate the dissociation of tobacco mossaic virus from
antibedy combination by pepsin digestion, Kalmanson and Bronfenbrenner (%3
in 1943 were able to dissociate coliphage frow anti-coliphage using
either pepsin or papaint digestion. The pepsin digestion was much slower
and had to be performed at a rather low pH, which is often detrimental
to many viruses. The papain digestion, however, proved to be very af-
fective and would liberate phage in & short period of time. They fur-
ther noted that if the phege were over-neutralized with a large amount
of antiphage and allowed to sit for a long period of time, the phage
could not be recovered. On the other hand, i{f the phage was just com-
bined with enough antibody to neutralize i{t, then it could readily be
recovered by papain digestion.

These Btudies prompted this investigator to wonder whet the ef-
fect of papain digestion would be on WEE virus combined with antibody.
The litersture indicated that EEE virus was sensitive to chymotrypsin
but not to trypsin. Since Kalmanson and Bronfenbrenner had such good
success with papain on the coliphage. an experiment was thus set up to
determine the sensitivity of WEE virus to papain. A concentration of
papsin of 1:10, 1:100, and 1:1000 was set up and WEE virus introduced
into these enzyme preparationa. The mixture was then digesced for
2-1/2 hr at 37 C. The results of this experiment showed that the 1:10
and 1:100 concentration of papain were apparently toxic to the virus
but that the 1:1000 dilution yilelded as good a recovery of the virus

as the untreated control.

Subsequently, an experiment was set up to determine if virus could
be recovered from neutralizing antibody. Virus and antibody were com-
bined and allowed to equilibrate for | hr at 37 C, then the mixture was

subjected to papain digestion for 2-1/2 hr. About a 507 recovery of
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virus was cbtained using a 1:1000 and 1:3000 dilutivm when compared with
the contrcl. Further experiments have shows thae about a 1:600 dilu-
tion of papain is optimal for recovery of the virus from the antibady.
It has also been noted that the ratio of weutralizing antibody to
virus appesrs to be important. Overnewiralized” vivus is more diffi-
cult to recover. Further resedrch is required in thie aresa to clarify
this problem. In any event, it has been proven thaet the WEE virus can
be digsociated from its newtralizing sntibedy and recovered in an

infective state.

The fact that a4 proteolytic snzyme can relesse WEE frow its
neutralizing antibody and that virus can persiast in the presence of
antibody for prolonged periods of time, opens up a whole new fieid of
epidemiological posaibilities as far as the study of the latency of

arthropod-borne viruses are concerned.

let us reconstruct a hypothetical cese of infection from & latent
source. Assume that & mosquitc takes a blood meal from & bird that has
recently returned from & migratory flight (resulcting in its having an
excess of adrenccorticotropic hormone). This bird has been infected
the previous year with WEE virus and still has combined virus-antibody
circulating in its blood stream. The hormonal stimulation effected by
the stress of the migratory flight has shifted the virus-sntibody equi-
librium to the point where the virus is just neutraslized. The mosquito
ingests this "just neutralized” blood and subjects it to proteolytis
enzyme digestion in its gut. Thir digestion dastroys the sutibody and
liberates the virus. {Scrivani, Reeves, and Btoohnn(%) showed that
C. tarsalis could destroy the antibody in 24 hr or lsss.} The virus
then undergces multiplication during the intrinsic incubstion period
{see the work of Merrill and Ten Broeck(z” denoting 4 10,000-fold in-
crease), The mosquito then bites another susceptible bird host and
the chain of infection is continued through the winter. All the pileces
of the puzzle appear to be present, Efforts to recomstruct this entire
picture by experimentsl evidence have not yet met with success but ef-
forts will be continued along this line.
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THE PERSISTENCE OF PASTEURELLA TULARENSIS

IN SOILS UNDER A VARIETY OF

CLIMATIC SITUATIONS

D. §. Thorne

Biological Division, Dugwsy Provisg Grouad

Dugwey, Utah

Contaminated water has been implicacad in  several cutbreaks of

wWhile the exact means by which the water becuame con-
taminated i3 net known,

(1

tularemia in man,

several possibilicies exist. These

iaclude
the presence of dead, infected animals in the water,

{2) the dig-

charge into the water of contaminated animal excratory weterlals, and

during runcff with soil containing
Pagteurella tularensis orgarisms from dead animals or excrement.

{3) the contamination of water

That

has been
some in our laboratory who will

anjmal discharges can contain large numbers of P. tularensis
shown by several workers, including

present data at these meetings. In considering the third pessibility,

it became of interest to determine the length of time P. tulsrensis

can persist in soil under 2 variety of climate and scil conditions.

The persistence of 2. tularensis in the goll is the gubject sf the

present report.

To investigate this problem, three different

s0il types were
selected.

They were all taken from the Dugway, Utah ares and were of
the geners! ssaline-alkaline rtype.

The first, designated as “sandy
knoll soil",

wad a very fine wind-blown sand.
content of about 0.57 and
debris.

It had & soluble salt
contained a very small smount

of plant
The pH of the saturated soil waa 7.5.

The second type called
It contsined sbour 1% salc and a
small amount of plant debris. Its pH was 7.9. The third type designated

“clay flat soil’ was a silty ssnd.
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“aalt Flat sofl” wis 8 ailt whick contsined aboul 6% sait and was nil
{n organic macter. Itz pH wes 7.5.

The variables considered in this study were (1} soil type, (D)
surface vs. subsurface contamination, {3} acil moisture, (&) exposure

te sunlight vs. shading, (3} depth in the soil, and {8} seasonal chinges.

The acil s contained in trays which were sunk into the ground,
These treys were covered with hoods to protec: the soil from extrsneous
factors such as wind and rain and access by sniwsis. Mersl hooda cov-
ered (s ghaded plols and pléstic hoods <covered the plots expoged to
suniighe. Otker plots were covered with screens &8 & check sgsicst any
deleteriovs afiecie of the metal o1 plastic hoods. The pissitc’ used
transmitted sbour §7% of the germicidally effective energy of summber
daylight. This figure was determined by weighing the transsitied in-
tengilies of several spectral Hands in rerms of Luckiesh’'s {1946} curve

for the relative germicidel effectivensss of radiant energy.

The hoods were ventilated Uy means of louvers in the sides and
top of the hoods, and surface and subsurface soil temperatures outside
and benesth the hoods were recorded during the experiments, & typicai
summertise maximum tempersture for the gurfasce of the ground was 40 F
a8 compared to 145 F under the plastic hood and 110 F under the metal
hood. Subsurface temperatures during the same period were 115, 125,
end 100 F
The ground tempers&ture got very high dering susmmer days and was only
slightly higher under the plastic hood than outside the hood; either
temperature, however, would reem o be incompatible with the survivasl

for the sutside, plastic hood, and metal hood, respectively.

of the orgsnism. Ground temperature under the metal hood remained
cooler than the outside, as would be expected. Typical winitertime
maxisas surface temperatures were 30, 110 and 65 ¥ for the cutside,
plastic hood, and metal hood, respectively. Here the temperature was
considerably incresased by the presence of the plastic hood. Subsur~
face temperatures during thiis period were 70, 8%, and 60 F for the out-

side, plastic hood, and metal hood, respectively.

Surfsce inocculation wae sffected by serosolizing & suspension of

the virulent Schu strain of P. rularensis with a Chicego atomizer

* '"Flex-O-(lass' plastic film. Thickness 4 mils. Warp Brothers,
Chicago, Illinois.
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over the filled trays contsined 14 & special inocculating houd. The
sixed inoculstion was eccamplished by ssrosoliging the materisl with
a Chicago atomizer inlu a moedified concrete mixer contsining the soil
and then placing the ineculsted scil into the trays. Plots which were
watared were spraved wirh distilied water pericdically o maintain &
wcist cvondition of the soil.

In order to study all coobinations of the fscters: soil twyps,
type of inoculation, soil moisture, sunlight exposurs ind shadiasg, #
split plot type of aexperiments! design was chosen. Beil plote were
st up in two rveplicstes, Bsch replicate nontained five whole-piors
or “envirouments”. Esxch Tenviromment” consisted of a perciculsr hood
and soisture combination. Whole~plots were divided into two gplit-

plots, one being the surfece inoculation and the other the mixed in-

cruidtion, E#ch spliteplot in turs wesy divided into thres split-split
plots corresponding te the three sofl types. Each s0il was divided
into eight compariments. fme of the comperiments of 2ach soil was
sampled each time. All units wers randomly arranged. In this setup
gich goil was represented in each type of incculation for each eaviron-

ment and each environment had two replicetions.

Sampling was done by taking @ 3/4 inch diameter core of the soil.
The surface lsver down €o & depth of 1/4 inch and the layer between
1 and 1-1/4 inch from the core vere sssayed. A 20% suspension of the
s0ii vas made in gelstin phosphate diluring fluild containing 0.2%
gelatin and {0 4% Na,HPO, . Appropriste dilutions were made and plated
on  Peptic Digest Starch medium (Levin, Trupin, snd Cabelli, 1982).
The plating medium contained 500 units of peniecillis/ml, 500 ug of
streptomycin/ml and 300 ug of actidione/ml to inhibit the normal seil

microflors.

In the firat expeciment, which was conducted in June 1962, the
maximm temperatures ranged from 9%4-99 F and the relative humidity (RH)
ranged between 5 and 45%. In this experiment it became tmmediately
evident that P. tularensis would not survive longer than 1 dey in soils
exposed to sunlight under these hot, dry conditiona. This was true
down to a depth of at lesst i-1/4 inch which was the deepeat that the
s0il was sampled and it did not matter if the scil was watered. How-
ever, when the s0il plot was shaded by the metsl hood, no recovery wan

obtained from the surface sumple after 24 hr, but viable P. tularensip
was recovered up to 72 hr in the subsurfece samples.
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Since Ltf was spparent that the only recovary of the organiss
after 26 By in eoils exposed to these harsh conditions would be con-
fined ro the subsurfsce layerT of sotis shaded from suniight, all other
summer -time oxperiments were limited to soiis inoculaved by wmixing and
shaded from sunlight by setal hoods. Five hoods were employed, each
nood being 8 replicate, and the split-plots were thé watered and non-
waterad treatments. Experiments conducted in the wintertime Inciuded

surfsce incculation and sunlight exposure as previously desceribed.

The second experibent was initiasted o August I7, 1962, it was
conciuded on August 3. The weather was sgain hot and dry. Tempers~
ture & the timms of setup was 60 ¥ and RH wag 27%. Maximum fempera~

tutes during the experiment ranged between 74 a0d 88 F with lows down
to 48 F. RH during the experiment rauged between 7 snd 48%, The soils
were imitially dry. All piots were shaded with metal hoods and the
scil was inoculated by mixisg omly. FPorey-five ml of a suspension cone
training 17 x 1010 organisms/ml was inoculsted into 38.5 kg of each

soil, giving an initial concentration of 30 x 10? ﬁrganimsfg of sail.

The sverage perSistence Uime of the organiss in sait flat soll
of 1% hr wes significantly longer than in the other two soils., The
persistence time of 26 hy for clay flat mcil was alse significantly
ionger than that for sandy knoll soil which was caly 12 hr. wWatering
had a significant effect, the persistence time being longer for soils
which werez watered than for soils which were not watered. There was
a watering-by-level interaction, in thet watering increased the per-
sistence time in the surface layer move than it did in the subsurface
layer. The persistence time for the iadividual soiis is the average
between watered and non-wateved piots, since there was no interaction
of watering with soil type; in other words, all scils responded to
watering in a similar wmanner. Likewise, the persistence times for

watered and non-watered soils is the average for all three soil types.

The third experiment was initiated on November 13, 1962, and lasted
gntil February 18, 1963. During this prolonged period much freezing
weather was encountered. The temperature at the time of getup was
46 F and the KH was 447%. Temperature and humidity varied considerably
over thisg long period. Temperature in November ranged from 15-63 F,
in December from -3 to 37F, and in January and Februery from -16 to
50 F. Soils were initially moist. All plots were shaded bv metal

hoods and the soil was inoculsated by mixing only. Forty~five ml of a
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suapension containing 28 x 1910 organisms /sl was inoculated Into 8.4
kg of goil, giviag an inizial concentration of 33 x 107 organismae’g of
goil. The persistence time for ssndy knoll soil wag 210 hr or about 9
days. That for salt flat soil was 280 hr or about 12 days. Thege
s0ils were not significantly different. However, for clay flat socil

the persistence time extended to 2200 hr or abour %% days.

Water caused a significant difference but, strangely, in thiy ex-
periment the persistence ime was decredsed in svils which were watered.
This phenomenon might be explained by the fact that cortinued walering
over ar extended perivd might leech the goluble salis frow the soil,
decreasing the osmotic pressure of the soil sslutien. Leaching of
these saline-alkaline sotils slac couges 8 rise in the soil pH  which
might be harmful t¢ the organism. Levels were significantly different;
the organism persizted longer at the lower level. Again, there was a
watering by level interaction. When the soil was watered, the persist-
ence tie was about the same in both layvers, Wit when the goil wag not

watered, the persistence time was less in the top layer.

It is my opinion that ths fnitially moist condition of the soil
in this experiment iz the predominant facior which led to the long
persistence time of the organism. Another experiment which was con-
ducted during September and Qerober 1962, when conditions were con-
siderably more hostile, supports this impression. In tha. experiment
the organism persisted in moist salt flat soil for 33 days as compered

to less than 1 day in dry clay flat soil.

In an experiment conducted in December 1962, when plastic hoods
and surface inoculation were again employed, there was no gignificant
effect of sunlight exposure at the deeper soil level, but there was
some evidence that sunlight exposure decreased the persistence time
of the organism on the surface. in the wintertime the temperature of
the subsurfsce scil does not «ttain the lechal degree that it does
in the summertime. Sunlight exposure in the summer definitely has @
deleterious effect on the microorganism in the soil. On the surface,
the proportion of this effect due to heat and that due to germicidal
radiation would be difficult to ascertain. Certainiy the soil (n the
summertime reaches tamperatures that are incompatible v ths organism.
Any lethal effect of sunlight at the subsurface level is most certainly

due to heat slone, since any germicidal radiation cennot penetrate soil
to this depth.
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Differences botween soil types are ifaconcluaive in Chese experi-
ments., Lt is guite likely that each woil has its own oplimum range of
moisture for the survival! of the crganism. Since the initial moisture
content of the golliz varied betwean experiments, the resson Chat one
goil gave 2 longer peraigiente tfilme thes anciher may simply be because
the @oisture level of the soils in thet particular experiment wes

nearey the optimum for the [avored solil.

Watering, in general, had the effect of prodicing higher recov-
eries st ipasr in the esrlisr ssmpling tives, but in one experiment in
which the persistence time was considerably extended, continmued watering
caused a significant decrease in the recovery. this phenomeoon might
be explained by the fact that prolenged watering leaches the soil of
its soluble salt and decreases [ts osmotle preasure and also that

leaching of these saline-~alkaline soils cauges & rise in the soil pH.

There was & consistent watering-by-level interaction in these ex-
periments, in that recovery in the surface layer of dry seils was much
less than in the subsurface layer, wheveas in soils which were watered
the vecovery was mure nearly equal in the two levels. This effect was
perhaps more pronounced in the coarser sandy knoll soil which tends te
dry out faster then the other two soil types. This effect is probably
due 0 the rapid drying of the surfasce of the soil. Applyiug water
keeps the surface in & moist condition more nearly equal to that at the
subsurface level.

In sumemdry: P. tularensie, when inoculated by the aerosolization
of @ concentrated suspension onto the surface of dry soil, whather
or not the #0il was subsequently watered, would not survive longer
than 1 day under hot, summertime conditions, and when it wes mixed iato
the soil it would not survive longer than | day down to a depth of
1-1/4 inrches if the soil was exposed to sunlight; however, if the soil
was shadad from sunlight, the crganism could pergist up to 72 hr at
this lower depth. Whet. the soil was (nitially moist and protected
from eunlight and the organisms were mixed into the soil, F. tularensis
could persist in the subsurface s0il under hot, summertime conditions

for at lesst 35 days and under wintertime conditions for at leaat 92
days.

Subsequent watering of the soil tended to prolong the persistence

of the organism in the gurface layer of the scil more than it did at
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the deeper level. The initial moisture condlition of the soil appeared

te be an i{mportant factor influencing the persistence of the org#nism,
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DISCUSSION

Derx: As most of you probably know, a number of years ago it was

feund, I think, that streptocogei lying in the dust or on the floor of
the barracks, though they retained their visbility for prolonged per-
inds of time, rapidly lost theiy ability to infect men. A number of
people have since been inmvolived in studies wherein the association of
viability and infectivity of P. tularensis is rarely demonstrable
within relatively brief periods of time in the airdborne atate for both
experimental anima! and man. The question that I think is crucial
about your studies on viability {s, what do we know about the relation-
ship of viable P. tulsrensis under these storsge condirions, if you
will, to the scoil and tieir infectivity?

Ihorne: The recovered organisms in these experiments were spot-
checked for virulence by guinea pig inoculation sa well aa being iden-
tified by slide agglutinstion. Virulence was demonatrated in svery
case; however, no titration of virulence was attemptad.

Hatch:  Are you awvare of the fact that P, tularsnsis has deen
isolated from the Bitter Root Valley, Montans, 1in soil siamples con-
taining cystine? Did you attempt to add cystine to your soil samples?
Did you use other media to determine viability?

Thorne: No, we have done neither of these. The only nedium we
used was Peptic-Digest-Starch.
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EXPERIMENTAL INFLUENZA VIRUS INFECTION OF MICE

J. L. Schulman
E. D. Kilbourne

Department of Public Health
Cornell University Medical College
Kew York, N, Y.

For a long time it has been recogniged that mice are susceptible

to infection with influenza viruses. Straing of virus that have never

been previously passaged in mice readily multiply to high titer in the
mouse respiratory tract, and strains adapted to mice by serial passage

produce typical areas of pulmonary consolidation that frequently lead

to death of infected animals. Nevertheless, it has proven experimen-

tally difficult to induce mice to transmit influenga virus infectiom

from one to the other with reproducible results. A number of yesrs

ago, Eaton observed transmission of influenza virus infection when he
housed infected and uninfected mice together in smalil jars. The spresd

of infection was determined by the presence of pulmonary lesions in the

contact animals. Since that time, however, other investigators have

encountered difficulty in obtaining similar results,

For the past 3 vyr we have been working with an experimental model

to study transmission of influenza virus infection in mice. In the

course of these investigations we have defined a number of factors

which significantly influyence the rate at which infection is trans-
mitted - factors that may in part explain the difficulty that other in-
vestigators have found in the past.

Mice were infected with influenza virus by exposure to an aercsol

mist of virus in a closed chamber. The chamber was simply an cld auto-

clave that had been modified so that a nebulizer could be introduced
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at right angles to a room air inlet, and an exiiaust opening could be
artached to a vacuum source. Twenty-five liters/min of air were evacu~
eted from the chasber; 20 liters/win entered the chamber as room air
and § litere/min were iatroduced through the nebuliger. During a 40~
min period mice were expesed to approximetaly 100 moute infective doses

of Influenzs A2 (Asian} virus.

Contact between iInfector mice and previously unimfected animais
was established sccording is ame of two experimental designs. In the
first of these, infector mice were placed, two each, in small gtainless
steel cages shortly after infaction. Twenty-four hr later, contacl was
initiated by adding two previously uninfected mice to each cage. A 24~
hr period of contact was permitted, after which contact mice were re-
moved and isclated in individual cages for 48 hr. {round lung Buspen-
sions from contact animals were then prepared and inoculated inte chick
embryos to demonstrate the presence or absence of virus. This partic~
ular time period for contact was chosen for specific reasons. Te de-
termine the period of maximum infectiousness, four successive groups of
contact mice were exposed to the same group of infector mice for 24-br
periods beinning immediately after iniriation of infection. Virtually
all transmitted infections occurred among mice exposed to infector mice
during the period from 24-48 hr after the infection of the infector

mice.

This selective peried cannot be related directly to virus titers
in the tissues of infector mice at vaerious periods during the course
of infections. Peak titers of wvirus were not attained in the lungs
until 48-72 hr after initilation of infection, and titerg were not appre-
ciably lower at 96 hr. Titers of virus in the traches were likewise
still at peak levels at 96 hr, and appreciable titers of virus in the
nose did not appear until long after transmission ceased. In addicion,
we obtained throat swabs from infector mice at 24-hr intervals fol-
lowing infection. The percentage of swabs from which influenza virus
could be isciated was as high (607) 96 hr after infection as after
either 24 or 48 hr.

If 1 may digress for a moment, I think that these observations pin-
point a fraquent conceptual ervor. We tend to equate infectiousness
with the ability to isolate organisms from an appropriste site in a
potential infector. Obviously, the presence of such organisms in sites

from which the infection can be effectively transmitted is essential
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to such transmission. However, the smre presence of the microorganism
does not prove that the subject o capable of effectively introducing
that microorgsnism into the envirooment and (nfecting other subjecte.
We have observed that, in fact, some animals In our experimental model
cransmit jafiuenza virus infection much more effectively than othery.
i have aiready explained that in the firet of our experimentsl models,
two contact animals are housed vith two infector mice during the con~
zact pariocd. In 28 individuel experiments, we have sxamined 51! pairs
of contact mice to determine the freguency with which both, neither, or
one of & pair acquired infeetion. UWe found that there were more paive
in which both mice, or neither, became infeclfed than was predicted. fon~
versely, fewer pairs than predicted were found i which one snimal ac~
quired infection and the other did not. Our interpretation of these
results is that the infector mice vary in their ebility to transmit in-
fection., In cages where there was a good trsnsmitier, both contact
mice tended to scquire infection, vhereas in those cages where neither
infector mouse was a8 gooc transmitter, neither exposed contact animsl
acquired infection. In some of these experiments we examined the tis-
sues of infector mice for influensze wirus st the end of the contact
period. Infector mice from cages in which one or both contact animals
acquired infection did not have higher titers of virus in the nose,
trachea or lungs than infector mice that did not tranmsmit infection.
The varying ability to transmit infect:on is not, therefore, eimply a
consequence of varying titers of microorganisms in the tissues of po-

tential infectors.

I mentioned earlier that we employed 2 mouse-adapted strain of
influenza A2 (Aslan) virus. We chose this wvirus after comparing it
to the CAM strain of influenze Al, & strain of virus which has been
extensively passgaged in mice but even on inirial isolation was found
to be quite virulent for mice. We found that the CAM strain mglti-
plied to greater peak pulmonary virus titers {72 hr after infection),
that it produced more extensive pulmonsry lesions and caused & higher
mortzlity rate than the AZ virus. Nevertheless, the A2 5 .rain proved
to be more recdily transmitted from one animal to another and vaa
therefore chosen on that bagis. I believe that these results point to
the need t~ digsociate transmissibility from other parameters of viru-

lence such as leaion production and mortality.

The second type of experimental design was employed toc study the
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mechaniam of apread of infection, whether by large droplets fntroduced
into the immediate snviromment of the infectors or by tiny droplet
nuclel which are more freely dispersed. In thia model, contact was in-
iristed in a large cage inside & closed chamber through which the eir
fiow could be controlled. In esch experiment we maintained a constant
ventilation vate {raie of sir flow through the chamber) during the en-
tire 24-hr period of contact. As we incrassed the agir fi-ow from one
experiment to ancther from 213-230 liters/min, the réte of transmitled
infection declined. We feel that this inverse relationship between
ventilation snd transmission sirongly suggests that infection iy spread
by droplet nucled. One would not expect spread by larger droplets to
be influenced appreciably by ventilation, since the particles are air-
borne for oaly very brief pericds. In Addition, the cage was divided
by & double mesh wire screen. On one side we placed all the iInfectors
and half of the contacts and on the other side the other contscts, In
this srrangement, some of the coatact mice were a&llowed to mingle freely
with infecrors, whereas the other group of contacts were physically
separated. The actual amount of physical separation was not sufficient
to absolutely preclude spread of infection by large dropiers, but it
did insure & significant difference in the mean distance between infec~
tors and contscts on one side of the cage as compared to the other. If
infection were spread by droplets, this should have produced sn appre-
ciarle difference in infection rates in the two groups of contacts,
In ect, no such difference was found - an observation that we believe
supports the hypothesis that infection is spread by droplet nuclel
freely dispersed in the enviromsent.

In the course of these latter experiments, we were able to measure
the relative humidity (RH) inside the chamber during the contact period,
and found that the mean RH varied from 40-70% in different experiments.
We found that as the RH incressed the crransmission rate tended to
decrease. These cobservations are in accord with these of Harper and
Hemmes et al. who showed that aizborne influenza virus survived less
well at higher RH.

In the course of experiments in which contact was initiated in
small cages, we found wide scasonal variastions in the rates of trans-
mitted infection. During the first summer we found that only one of
120 animals exposed to transmitted infection acquired the infection

in experiments carried out between July and September. This was in
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contrast to the preceding Decewber and Janudry, when 227 of the ex-
poged contgcts becawe infected. These differences were not sssociatad
with geasona’ diffsrences in peak virus titers or pulmonsry lesions.
Part of this striking Jdifference seemed steributable to the influsnce
of RH. Thess eariy experimenis wevre sonducted in snimal rooms eguipped
with ordinsry asir conditioning snd with steam and elecirical hesting
during the winter. in the next vear, however, we egquipped two of the
anlmal reoms suo thet & vear-roung temperdture of 72 F and 50% RHE was
mgintained. inder these conditions, seagonal variations in transwis-
sicn were far lesz striking. Wewertheless, even with year-round con-
trols of temperature and RH, tronsmission still cocurred apprecisbly

more freguently dJuring winter 8s compared to summer wonths.

Iin this experimental model we have excluded the effects of varia-
tion in crowding and §tress as @ result of exposure to coid, factors
which are so often incriminated in the seasonsl variations in human
respiratory infection. Ounly part of the sessonal fluctustions in our
experimental model seem to be related to the effect of humidity, snd
we are left with varlations for which we have no resdy explanation.
One theorstical possibility, however, is that the relesse of virus
from the infectoxr mice is influemced by thelr respiratory tract secre-
tion, and that thess secretions are, in turn, influenced (during the

course of influenza virus infection; by the bacterial flora.
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DISCUSSION

gggg‘: I the older literature, with regard ¢o plagwe, reference

iy made to the individual who had pneumonic plagie with & very frothy-

type aputuem. 1 wonder {f re is &ay chanye in the charscter of the
mucus secraticn in the transmitiers wg. Cthe non-transwitters. Perhaps

it is the bacterial flora that might be imvolved In thepse wice in the

winter-tiac - i{ way be & lot difterveat than in the summer-time.
Setyulman: ¥e have not zade asy observaiions relative to the

changes in mucus secretion; that iz a precey difficull thing oo etudy
in the mouse sther than by crude methods. We also think thar sucus

gecreticre might be very important. We heve observed, bhowever
pulmonary lesions [n the good transm:rtters ave no greater than i
povr transmitters. What we did wes to kill all of the infector

8t the end of the contact pericd, sssey the virus in their lungs, and

, thatr

r the
mice

make estimations as to the extent of pulwonary legions. There was no

difference in the two groups. As 1o bacterial flore, we also Isel that

this may play a significant role, st least with regerd to the seasounal
variations. The mice were not born in ouyr laboratory; they were pur-

chased on the gutside at & weeks of age, go that &1l zorts of seasonal

variations were possible before they wers scrually delivered to

us .

We have not, thus far, been able to demonstrate any difference ia bac~

kerial flors, although we naver't studiled it very extensively.

One

sbhserver has shown in the pagt that the bacterial flora in the respir-

atory tract of mice does vary seasonally. In some experiments we have

infected the infector mice with 8 gram-negative rod, Bordetslias bronchi-

septica, an organism which wmuitiplied yuite well in the mouse's re pir-
atory tract without killimg the animal. [t produces small pulmonary

lesions which subside. Three days later, we infected those gnimals
with influenszs and found that the doubly infected animals were much

poorer transmirtsrs of influenzs than animals that had not previocusly

been infected with the bacteri{al orgsnism. This i. in agreement with

chservations made years ago by Glover, thar animals infected doubly

with grreptococct and influenza, ctranmsmitted the streptococcus
better, but were poovrer transmitfers of the influenza infectcion.

Shinefield: Did you hsve an opportunity to study factors

tive to age and susceptibiiity of transmission; the capacity to
mit vs. susceptibility of che mice?

Schulman: Yes; I haven't presenced those data. We found
older mice were more susceptible to acquiring the transmitted in
tion than younger mite. There was no difference with regard t
and the abiiity to transmit the infection, but there was in th_
ceptibility to acquiring the infection.

much

rels~

transg-

that
fec-
c age

Lo

* VFTF = Voice from the floor.
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STUDIES ON EXPERIMENTAL RESPIRATORY
INFECTIONS IN MONKEYS

Samuel Saslaw

eparisent of Medicine
Ohic 3tate University College of Medicine
Coluwbus, CGhie

One principle 1 lesrned 45 a gradusate student from Dr. K. Paul
fludsen was that if you ever talk to 8 group, remember there {8 some-
body in the audience who knows more than you do about the subject. 1
have slways respected this, even when talking to & swell county medical
society or to students. It is obvicus thst I am now addressing a group
highly skilled and accomplished in the field of aerchiclogy.

Our work with monkeys for some 25 yr has included atudies of in-
fluenza and streptococcal infections, singly and in sequenca(1‘3),
nutritional studies with Vitamin H(&Rnd folic acid deficieaciea(s’é},
effects of total body irudutioa(?'&}_ tolersnce of chlaruphmicot{”

and studies of histoplassa infection:(m),

Whre recently, we have
bedn impressed with the coTrelation between what we found in tulsremia
infections in humens as compared to what we observed in -onkey:(11'£2>.
We like to work with monkeys because the clinical observations simulate
pretty closely what cne sees in & patient., Monkeys alsc lend thew-

selves well to hematologic and serologic studies,

Studies we did some 25 yr ago on infliuenzs in monkeys were done
by intranasal instillation under so-called "light ether” anesthesia,
and we lost s few monkeys to that “light anesthesia”. The threshold
was & bit precsrious., They coughed and gagged if not adequately anes-
thetized and one wasn't certain of dose abasorbed. Under these con-

ditions we found that the PR8 strain of i{nfluenza virus did not produce
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obvious illness, We did get a lewkopenis and Servlogic evidence that
we had Introducsd the agents, When we gave thew 3 type C sireplo-
coceus, they likewlse exhibited no obvious illness, bul bad & leuke-
cytesis and serologic evidence of infection. When we gave both agents
together, nothing unusual hdappened. Influeazs vicus followed by the
streptococcus -3 weeks later, however, cccagionally resulted in
streprococcal septicemis, Since these studiea were done by rather
erude wethods, we f2lt that now, vith newer welhuds, we had the chance
to re-evaluite some of these deta as well 85 working with other organs
toms in anticipsation of doing some work in moonkeys on mixed 1afectiocuns.
The studies we sre going to describe today are of a4 preliminary mature
wherein aercsol chsllenge wis conducted in a Model 2 Henderson appar-

atul,

Firsc of all, after giving them & hewolytic sirepiococcus gerosol
containing sbout 4.3 x 106 organisms, we found really nothing ¢lini-
cally héppening in the animals. No illoess, no fever, uc positive
blood cultuve, slthough there was & significant rise in antistrepto-

Iysin titer and a modest leukocytosis.

Golng over Lo the pn amwcoccus with the aerosol, again we drew &
blank glving 1.0 x 10° with 8 Type 3} pneumococcus., Ne i{llness was ob-
served and everything slse way negative; blood cultures and even naso-

pharyngeal cultures were negarive,

Then, using an 80/81 staphylococcus aeroscl, 1.5 x 107 organisms,
again, clinically the animels looked well. No blood cultures were
positive, but nasopharyngeal cultures were positive from 1-3 days.
Thus, the gram-positive ¢occi studied did nov produce any appreciable
dizsease following aercsel challenge.

In preliminary studies with influenz4, & mouse lung aercsel con-
taining 1.7 x 10° wouse Lﬂsa's of the PRB strain was used. A very
mild iilness was observed in tw¢ of seven wonkeys., All developed
antibodies and showed the leukopenia observed when intranasal inscil-

lation was used.

Next, preliminary studies with Ricketisis rickatsii were per-
formed, employing yolk sac material and containing 6-67 yolk sac

LDSO's per liter, These moukeys were exposed for 3 win, 8o potentially
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they rad an eaposure of thres times this smwount. With the swallest
dose, twoe of eight became lii and died. As the dese wag incressed,
inverigbly most of them develieoped clinical {iiness comparable to

what you see in # human as far a5 Rocky Mountain Spotted Fever {3 cone

cerned, with sbour & 757 mortalicy.

To date vaccinstion of monkeys prior to chellienge afferded golid
prowection. Therapy with broad spectirum antibiotics uswaliy resulted

ir complere recovery,

In summary, ssrogenic challenge of wmonkeys with staphyiococce],
preumeiuce s and sireptocecci produced no obvious clinical gymptoms,
The influenzg virus chellenge resulted lu singr symptoms of anorexis
snd irstiessness four 2-4 days in two of weven monkeys, The aervsel
chalienge with R, rickettsii produced severe, often fatal disscase
similar to that observed following naturally-scquired disease, Viac-
cine afforded complete protection, Terracycline therapy, started

48 hr after symptons, was usually followed by couplete recovery,
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THE SUSCEPTIBILITY OF BIRDS TO TULAREMIA

V. 2. Cabelli, F, A, Hedapp, E. ¥. Ferguson, and B, C, McElmury

Dugway Proving Cround
Dugway, Utah

Raturally-occurring infections with Pasteursila tulerensis have

been observed in several species of gallinaceous birds. These include

the bob-white quail(l}, the ringneck pheasant“z), several species of

grousem‘{’} and probably the sage henﬁ}. Several of these sameé species

have been reported ss being relatively susceptible to infections with
P. tularensis from experiments in which the organisms either were in-

jected into the birds or were fed to them in contaminated grain or in-

fected :issue(6’7‘8) . However, the ringneck pheasant and the sage hen,

which were shown to be naturally infected and were impliceted in the

)

fransmigsion of tularemia fo man have veen reported &8 being rela-

tively registant to infection with P. tularensis(s’?), Most of these

early veports do not contain information on the dossge used to infect
the animals or the number of crganisus which were recovered from the
blocd and excreta of the infected bivds. In the studies to be described

with the mourning dove, Zenaidura macruora, the above information was

obtained in order to define the susceptibility of this species to in-
fection with P. tularensis ani to obtsin preliminary irformation con»

cerning the potentisl of this species to tranemit the disesss.

The doves used in this study were trapped in tie sveas in snd
around Dugway, Utah. The ten doves svaiiable for experimentation
were divided into two groups, ome of which was to receive a respiratory

dose of spproximately 105 viable P. tularensis, strain Schu, cells and
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the second group of !Qi orgsnisms. The sers from en additional twe.ve
unexposed birds were alsc fested for the presence of antibodies
against this organiax. Prior to seruveol fxposure, the ten birda were
bied, and sntibody titers wsgainet F. gtuldrensis were determined uging
2 tube sgglutination test. Spray suspensions of the organism were pre-
pared from 14-16 hy eultures grown in modified cesein partial hydro-
lyaste (MCPH) medium. Eespiratory exposure was sccomplished with ser~
asols contingpusly genscrsted from these suspensions into & modified
Reynier chamber by & University of Chicagoe .echnicai Laboratory
{Chicago) atomizer. The numbers of organisms in the servscis, and
thereby the numbers of organisms inspired, were determined from &ir
sampies collected in the sii-glass impinger and plated on peptic-digest
starch (PDS) medium(gj. The day following aerosol exposure, and peri-
odically thereafter, blood and cloacal swab samples were taken and
processed to determine the numbers of P. tularensis organisms present.
Samplies of the cloacal contents were rvemoved using cotton-tipped
applicator sticks, The swabs containing the c¢loacal material then
were placed in tubes of collecting £1utd 1) which were shaken to sus-
pend the organisms, serial 10-fold dilutions were preparsd, and ali-
quots of these dilutiong were plated on PDS medium to which strepto-
mycin had been added. By using 8 streptomycin-resistant strain of P.
tularensis and adding peni¢illin, streptomycin and actidicne to the
medium, the quantitative recovery of the organism was obtained in the
presence of the indigencus wmicrobisl flora of the cloaca. Blood sam-
ples, removed by intravenous or intracardial puncture, were diluted

and plated in a simiiar manner. Upon autopsy of the birds, the numbers
of orgsnisms in their tissues were quantitatively dutermined. The sen-
sitivity of the sssay aystem for the recovery of the P. tulerensis
cells from the blood was 50 orgs/ml, from the cloacal swab 20/swab,

and from the tissues between 25-2500/g of tissue.

The seguence of events, in terms of bacteremia, excretion of or-
ganisms intoc the cloaca, mortality and serological vesponse, during
the first 14 days subsequent tc a respiratory challenge dose of 105'18
organisms is shown graphically in Fig. 1. Dats s&re not presented for
birds exposed to the low dose (101 organisms) since no nignc‘cf infec-
tion were obtained. Of the three birds tested prior to aeroscl expo-
sure, none showed & serum titer of 1:20 or greater; furthermore, titers

of 1:20 or greater were not obtained from the other 18 dove serum
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samples examined. However, P. fularensis agglutination titers of 1:40
or greatar wete seen in all the infected birds that survived to the
8th day post-axposure. Two of the doves excreted relatively large num-
bers of crgsnisms {nio their cloacee and died between the 4th and 8th
days. A detecteble Dbacteremis was demonsctrated in one of these two
birds. The three remsining birds showed transient low levels of P.
tularensis in the civecae and gurvived thae 14-day observation pericd.
The recoveries of P. tulsrensis from the tissues of the birds which

died of the disemse are shown in Table 1.

TABLE 1. Recovery of Pasteurella tularensis
from tissues of aeroscl-exposed
mourning doves

Tissue Log Tecovery/mg tissue
Lung 2.06
Spleen 3.63
Liver 2.86
Kidney 1.32
Proventriculus 2.53
Intestine 3.22
Cloaca 3.17

* Geometric means of recoveries from two
birds; dose 10018,

Thus, it appears toc be guite certain that the mourning dove is

relatively insusceptible to disease but not infection with P. tulsren-

8is, even vhen large numbers of organismé sre introduced via the

respiratory route. This relative insusceptibility does not appear to
be acquired during the lifetime of the bird but rather is innate to

the gpecies. Thus, the mourning dove is similar to the pigeon, to
which it is closely related taxonomically, in being relatively re-
sistant to tularemit(7).

The existence of the mourning dove for many generations in areas
endemic for tularemis vaised the possibility thet the relative resist-
ance of this species to infaction with P. tularensis msy have arisen

through & proceds of selection ir populations initially susceptible to
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this disease. In this regavd, informstion concerning the suscapli-
bility of species having little, if any, contact with P. Lularensis wes
considered of interest., Furthermore, the mowrs frequent recrwerv <% p
tularengis from the closcal contents chan from the blood of doves ex-
posed to seroscl suggested that feesl transmission Qouid be significant
in the dissemination of tularsmiz by birds. The presence of F. fular-
ensis has been veported in the feces and urine of ssturally and experi-
mentally infected mammais, frogs and curtles I8 However, thers is
fittle i{nformation coumgerning the levels of thiy organizm in the feces
of jufected birds and nc data on the numbers of P. tularensis Jdischarged
by highly susceptible avian species. The widespread distribution of
tularemia made the investigation of land birds for these purposes some-
what less than desirable. However, the speciles of terns and noddies
used in the following experiments were considered sppropriete test sub-
jects, on the assumption that these sea birds have had little, if any,
contact with tularemia for numercus generations, and they could be

gathered in large numbers at their nesting sites.

Preliminary investigations with the white-cap noddy, Anous tenui-
rostris, revesled this bird to be exquisitely susceptible to the lethal
effects of tularemis when the birds were infected via the respiratory
route. Of aven greater significance was the obgervation that, in con-
tragt to the situstion with the mourning dove, extremely iarge numbers

of viable P. tularengis organisms could be isolated from the blood,

tissues and, especially, ithe cioacal contents of the Infected birds.
The possibility that in highly susceptible birds such &s these fecal
tranamission, as well as arthropod vectors,could be significant in the
dissemination of tularemia was studied further usming two species of
noddies, the comwmon noddy (Anocus stolidus) and the white-cap noddy
{(A. tenuirostris), and two species of terns, the white tern (Gygis
Alba) and the sooty tern (§terna fuscata). These birds were examined
for their susceptibility to respirarory exposure with varying doses of
P. tularensis and to rechallenge with & relatively high respirastory
dose. Information also was obtained concerning the sequence of events
followiug challenge and rechallenge in terms of the levels of organisms
in the blood, cloacs and various tissues, the immune response following
challenge, the susceptibility of the birds to subcutaneous and oral
infection and the transmission of the dissase fros respiratory-infectad

birds to susceptibles housed with them.
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Following their capture and transport to these laboratoriew, the
birda ware waintsined in wire cages, the floors of which wete covered
with send. They were fod & dier of ground gquid. With the sxception
of the vhite tern, which did very poorly im captivity and whoge death
foliowing exposure to aerosols of P, tulsrensis could net be atiributed
definitely to the disease, the remaining species of birds did reason-
sbly well during all but the terminal stagea of their captivity (up to
& months). During this latier period the hirds were iu poor rondition,
and some of the resulting deaths could not be strtvibuted divectl s ro
tularemia During this pericd, the experiments on the susceptibility
of the birds to subgutanecus and oral infection and the invesiigation

of transmission efficienciss were perfurmed.

Respivatory infection was accomplished as described previously.
Rechallenge of the surviving birds was performed between the 13th-15th
days afrer the initial exposure. Subcutaneocus inceulation of appro-
priste dilutions of the suspensions referred to previously was accom-
plished by the injection of the material into the breasts of the birds.
A tube was used to introduce suspeusions of the organigm instc the

egophagi of the birds when oral infection was belng studied.

Te investigate secondary cransmission of tularemis from infected

to susceptible birds, two birds were exposed to appropriate numbers

of P. tularensis wvia the reapivatory route. These birds previousiy
had been brushed to remove ectoparasiles. Pollowing respiratory ex-
posure, the birds either were air washed in clean air or were placed
in the sunshine for 1-2 hr tec reduce the number of viable organisms
which wmight Bave contaminated thair feathers. On the 2nd day post-
exposure, the susceptible birds were introduced into the room housing
the two birds exposed to aervscl, The room was approximately 10 ft
loag by 8 £t wide by 8 ft high and was ventilated along its wells.
In the first trial, the floor was left bare; in the second trial,

the floor was covered with sand to & thickness of about 1/4 inch.

Blood samplies for seroiogical anslysis were rtaken prior to
challenge of the birds and agsain about the 17th and/or 14th .ay post~
sxposure . In those instances when rechallenge experiments were per-
formed, surviving birds again were bled on the 7th and/or l4th day
post-exposure. In general, the day fcllowing aerosol exposure and
periodically thereafter bloow and cloacal swab ssmples were taken and
asssyed as described previcusly.
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In the firat experiment on the respirstory gxposure of white terns
to varying doses of P. fularen , no definitive inforuation on thelr
susceptibility could be obtdined due to the insbility 1o maintsin the
bivds in & healthy condition while in captivity. However, viable or-
genizms were resoverad from the biood swd/or the pooled closcal swabs
téken from birds which had received & challenge dose of as fev as 200-
250 organisme via the respiratory route. Furthermore, P. tularensis
was vecovered in the lérge majority of instsnces from the brailas,
kearts, kidreys, livers, lungs and spleens of the birds which 3ied sub-
sequent to the 3rd day post-challenge. Further experimentstion with
this apecies was discontinued because of the questicnable nature of the
results obtained.

Since gignificant numbers of viable P. tulsyensis cells were re-
covered from the closcal contents of the vhite-cap noddy terns in the
preliminary experiment referred to previously, asssys were performed
on the {ndividual cloacal swabs. Alse, there were indications, cone~
firmed in later experviments, that the levels achieved on a given day
were dependent on the nusber of organisme o which the bdird had been
exposed. The LDUgg estimate of 246 organisms with 33% confidence limits
of 25-2130 ls somevhat questionable since, even with the white-cap
noddy which survived in captivity much betrer than the white tern,
constant handling required to obtain the necessary samples may have
contributed to their deaths. However, Table 2 shows & strong indica-

tion that che day 2f death of the birds was dose-dependent.

TABLY 2. Death of white~cap noddies following respiratory
infection with Pasteurells tularensis s
& fuaction of dose and time

Resp i ; Numbfr d?sd én da? pos?-exp?surgw ‘ Dead/Total
doge " g i g7 8.9 10 i1 12 113 »3!
o T —— ,
103 -4t REEERE P j 33
: ' ; | i : H f ] : .
R
PEIRLTE A B IHE TS T E TN B SN N
} : : ; i i |
[ 00 % | IR I B T NP7
[l S H ! , :
10104 A 20 1 373
i e e arnch i cheryze it -

LDsy - 246 viable cells.
g9s% -CL -25 -~ 2130
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To clarify the extent to which the white-cap noddy excretes P,
tuldrensis into the closcs, &n additionsl experiment was performed in
which the cicdcsl swebe wers ssssyed i(ndi{viduaily. in viesw of the
high dagree of susceptibility of this specien to resplratory exposure
shown 1n the previous experiment, oaaly twe groups of birds ware
ueed and they both received relativeiy small vespiratory doses of F.
tularensis. The vesults of this experiment in terwms of lethaliey and
the recovery of ocrganis#s from the blood and the cloaca ars  shown iun
Table 3. Beginning #bout the Ivrd day posi-exposurs and extgading
through the 1lth day, extremmiy large numbers of organisme could be
Tecoveted frow the closcal contents of the individual birds. In some
of the blrds, the recovery of P. tularensis from the clioacal contents
preceded, or was greater than, that from the bloed. The estimaled Lbgy,
was %.92 organisms with confidence limits of 0.393-387. The organisms
were recaversd from the brains, kidneys, livers, lungs and apleens of
atmost ail che birds which died from the 3rd through the 13th day. As
described previously, because of the wide varistion in response from
one bird to snother, the geomstric vtather than the srithmetic means
of the recoveries from the blocd and closcal contents were used to de-
fine the response of the species to & given respivatory dose. Five
birds survived the 13th day post-exposure observation peclod; data on
the rechallenge of these Pirds will be presented later in this paper.
The susceptibility of & common noddy to respiratory exposure with F.
tulsrensis was investigsced in the next experviment. Six groups of s$ix
birds each were exposed to graded domes, ranging from iQO‘SZ - 103'9
organisms. The estimated LDey wag 10.8 viable ceils with 957 confi-
dence liwmits of 6.8-17.3. The time of appearance of the organisms in
the bisod and the cloacal contents and the levels achieved (Table &)
a3 well as the time of death (Table 3) appearsd to be dose dependant.
The geometric means of the numbers of organisms recovered from the
clvoacal contents and the blood >f the birds as & functicn of time and

respiratory dose are shown in Fiy. 2 and 3 Pasteutreila tulareunsis

was isslated {rom almost all the tissues of those birds which died

between the 5th and 13th day post-exposures {Table 6).



TABLE 3. Lethal effects end biood and cloazel levels of

Pasteurells fularepsis foliowing respivatory
sxposura of white-cap noddies

BLOOD | CLOACAL CONTENTS
B I e v Sl | tew, Ore/med
+/total|Mean| vange (+/tcraliMesn] range
10230 15 1 0/10 0/10
3 10 6/10 1/7* lo.63ls.38
4 g 779 13.7514.23-3.42] 7/9% 13.2612. 38-6.34
7 6 6/6 16.1811.88-7.640] 6/6 (4 2812 20-6.78
] 5 3/3* 14.17013.59-4.78] 5/5 |4.8814.08-6.04
11 2 2/% 16.67146.36-5.041 272 13.317.53-4.13
13 i 1/1 13.58!3 .58 1/ 14.3214.%82
w3 1z | o/iz 0/12
3 12 0/12 /1™ jo.19i1.30
5 i1 3710 11.1711.70-6.46) 3711 [0.4311.30-1.85
7 g 3/8% 115812 76-5.611 &/% [1.93013 36-5.60
9 7 5/7 12.86|2.00-6.81) 2/7 11.74]5.72-8.45%
1i 3 2/5 11.13i2.81-2.83) 2/% 11.23312.53-6.19
13 A /4 11.9312.47-3.25] 2/4 [2.18]1.96-4.18

Unussble samples due to assay plates overgrown by normal flora
or contaminancs accounts for difference between the number of
surviving birds and the “total" samples taken.

95% CL = .393-387.
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TABLE 5. Death of comson noddies following respiratory
infection with Pasteurells ftularensis
as & function of dose and time

R Humbar dead on day post-exposure

ewp . ,

Dose T twead; Total

z 4 | 6 8 10 12 >12
10790 R PR 8/5
N

103778 3 z 1 6/8
106?88 Z i ; 1 3/3
1930 9 2 3 1 576
lgt,éq 2 3 1 576
1% 32 : 3 1/4

TABLE 6. The isolation of Pasteurella tularensis from
the tissues of common noddies exposed to
aerosuls of the organisms

Days to | Sacrificed* P. tularensis recovered fgnm
death or Died Brain | Kidney | Liver | lung $pleen
1 Sacrificed G/2 0/ u/2 1/2 1/2
2 Sacrificed g/2 1/2 ¢/2 2/2 2/2
3 Sacrificed 0,2 1/2 1°2 2/2 1/2
4 Sncriiicedﬁ'* 0/2 2/2 1/2 2/2 272
5-13 Died 23/29 | 28/89 29/29 | 29719 | 29715

* Data from a separate experiment in which the birds were ex-
posed to 1050 organisms.

% Closcal swabs and blood sampies assayed on sacrifice dav were
negative.

! Log recovery from one cloacsl swab was 2.08.
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Two sooty terna were available for experimentation. These were
exposed to approximately iﬁs organisms via the respiratery voute. One
of thes two bivrds did not have an antibody titer against P. tularensis
at the time of exposure. It develvped exiremely high levels of the
organism in both the blood and the cleacal contents and died within 3
days after resplratory rhalienge. The szecond bird, which hed & signif-
icant snti-tularense titer, did not develop a bacterewmia, discharged
only a few organisms iatc the cloacsa and survived the pomt-sxposurs

observation pericd (Fig. 4}.

In ovder to obtain &n inaight into the sequence of eventis in the

various tissues following respiratory exposure of the birds to P. tular-

gnsis. to obtain infermation as to the means by which the organisms are
excreted intc the cloaca and to esplore the hazard te other birds or
mampals upop the ingestion of the tissues of birds which have died of
tularemia, #u additiconal experiment was performed with six white-~cap
noddies exposed to approximately io! organisms via the respiratory
route. Upon the desth of the birds, or at sacrifice, rissue homogen=
ates were quantiva®ively examined for the number of P. tularensis or~
ganisms present. The gquantitative recovery of the crganisas from the
various tissues as & function of time is shown in Fig. 5. It can be
seen that massive involvement of the lung, liver and apleen occurred
early in the disesse process. This was followed by the isolation of
large numbers of P. tularensis from the gall bladder and thon the in-
testine. Organisms were recovered from the pancreas, kidney and fin-
ally the clescal contents in large numbers subseguent to theiv iscla-
tion from the liver. Thus. it appesred that with small doses of .

tylarensis introduced vis the respiratory route, massive involvement

of the liver and kidney occurred during the :ntermediate stages of the
disease process and was probably the source for organisms which were
discharged into the intestine and cloaca. Furthermcre, from the re-
suits with white-cap noddy #176 (Takle £) chronic, persistent infec-
tions of the liver and kidney with concurvent discharge into and ex-
sretion from the closca is8 &8 distinct possibility.

As the first step towards determining the potential for veccor

transmission by rthe single species of soft-shelled ticks (Ornithodoros

capensis} remnved from i{erns and noddies, & triai was performed in
. 4.6 )
which approximately 10 organisms were injected inte common noddies

vig the subcutaneous rwute. The numbers of 2. tularensis organisms
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Levels of Pasteurella tylarensis re-

Fig. 5.
covered from the tissues of white-cap noddies ex-

i .
posed to 107 organisms via the respiratory route.

recovered Irom botl the blood and the cloacal contents between the 4th

and 7th days were comparable to those obtained from the birds infected
On autepsy, la. ge numbers of P,

vis the respirstory route (Fig. 6}.

tularensis organisme were recovered from the lungs, [ivers, kidneys,
the in jecred birds.

gall bladders, intescines and cloacae of a&il
The posaibility of transmission from bird to bird by che ingestion
of contaminated feces was examined init ally by an experiment in which
approximately 103‘3 organisms were fed by tube to five common noddies.
In oniy one instance were viable :zel.s recoversd from any of the birds;

on the 10cth day posl-exposure a cloecal swsb from one 0f the birds
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yielded P. tularensis No increase in antibody titer was observed in

any of the birds vhich gurvived to the 8ch day, nor could the orgsnigms
be vecovered from the tissues of the blrds when they digd -- presumably
due to causes other than tuléremia. This subject was pursued further
in two secondary transmission experiments in which “gusceptridble” birds
were pleced with sgrosol-infectr pirds vnder the conditions described
previocugly. In the first experuiment the floor wes bare; in the second,
it was covered with sand. Alchough P. gularensis ecould nor be recow-
ered from the blood, ¢loacal contents or Lissues of the two birds ex-
posed to & respiratory dose of approxima ely len organisms, evidence
for secondary transmizsion to the susceptible birds housed with them
wag obtained on the 10th day post exposure when both the blood and
cloacal contents of one bird and the blood sample from a second bird
yielded gignificant numbers of P. tularensis organisms. The sporadic
appearance ¢f the organisms in the bloed and cloacal content of the two
susceptibles d4id not manifestc itseilf further, either by 8 rise im anti-
body titer or in the persgistence of the organisms in the Ulssues of the
birds as seen from the autopsy data. Comversely, in the gecond experi-~

ment F. tulmrensis was recovered from the blecd, cloacal contents and

rissues of two birds exposed to approximately 195 organisms via the
aerosol route. However, the organisms were not isolated from the blood
or cloacal contents of the susceptible birds during the 15th day post-
exposure observation period, nor was there any rise in aniibody titer
in either the susceptibles or the birds exposed via the respiratory

route.

As noted previcusly, serolcogicael analysis and rechallenge proced-
ures were performed to determine the imwmune status of the surviviag
birds. In the preliminary experiment with the white-cap noddies,
those birds which had survived through the l4th day again were bled
for sers and then were re-exposed tc & challenge dose of 10370 organ-~
isms. Data on individual birds treated in this manner (Table 7} indi-
cate that some of the birds had demonstrable titers by the 8th day
post-exposure, and thet all the surviving birds had antibody ctiters
against P. tulsrensis by the lbth day With the exception of bird
#174, these birds were relatively Insusceptible to rechallenge irn the
sense that the orgenisms could not be recovered from the bicod and,
with one exception, fr~m the ciaaca} conttents. Two birds which developed
trangient bacteremiss to the initial challenge, which develiped anti-

body +iters by the 15tk day, and from which the organ:sms could not be
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recovered from the blood or cloecal contents, asurvived the entire re-
vhallenge obmervation pertod. When they died on the 83rd and 102nd days
post-challenge (presumably due to prolonged captivity), their tissues
were negative for the presence of the organism. Bird #176 also showed
a transient bacteremia between the 8th and 10th day post-exposure and
developed significant antibody titers by the 15th day. It was {nsus-
ceptible to rechallenge both in terms cf surviving the 18th day pest-
rechallenge observation period and had no detectable bacteremia during
that period. However, bith this bird and bird #165 excreted P. tula-
rensis into the closca On the 35th day post-exposure, when bird 2176
was sacrificed, significant numbers of the organisms were recovered
from the liver, gall bladder, kidneys, intestine and cloaca. The brain
was negative and very few organisms could be recovered from the lungs,
heart and spleen. From these resulty it would appear that this bird
was suffering from chronic infections of the liver and the kidnew be-
cause P. tularensis was being discharged into the GI tract from these

organs.

Large numbers of P. tularensis were recovered from the bloocd and

cloacal contents of bird #3684 which survived the second experiment
with the white-cap noddies ard vhich had a significant aniibody titer
by the 13th day (Table 8). The organisms persisted in the blood and
the cloacal content following rechtallenge at the 1l4th day post-
exposure, and the bird expired the following week, at which time P.
tularensis was isolated from all the tissues tested. P. tularensis
was recovered from the blood and cloacal contents of birds #3946 and
#395 late in the post-exposure observation perfod. They died before
any data could‘be'obtnineﬁ“éahcefning the presence of the organisms in
both these areas following respiratory rechallenge with 103-40 4.
ganism. Neither could the orgenisms be recovered from the blood or
the cloacal contents of the remsining two birds during the 13th day
post-exposure observation period, nor did these birds develop signif-
{cant antibody titers by the 13th day. One 2f these birds (#J5) did
develcp a significant bacteremia following rechallenge ‘fhe organisms
could be isolated from the tissues of both these birds when th-: died

following respiratory rechallengas.

Dats from five common noddies which survived the 13th day post-
exposure observation period are showvn in Table 9. Three of the birds,
#344, #340 and #357, exhibited only transient or no bacteremias, or

1%
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discharge ¢ the srganivms infe the Tlodcs during the period and did

nit have @gignificant antibody ti1ters by the 13th day folicwing expo-

¢

sure When they wole rechaiienged wizh 10498 orgAnts~i, E. rula

rengls® wis vecovered from the blood and ciomc#l contents of &1 thres
birds #nd from all thelr fissues on aurnpey Twe *iri,, £337 ane #32%,
had significant anti-tularenge antibody tizery priov tc {nitiai expo-
sure. She Organism wes absent or appeared 2poradicelly {r the blood
and or clokce during the 13th day post-expesure observetion period; it
was not recovered from either bird following rechallenge. 1In contrast
to those of the remaining three birds, the cissues from birds #352 end
#35% were nor unifovwly positive for the presence of £. gularensis.

In fact, 4§t would appesr that o:genises were being ¢ledred from the

tissues when the birds died ~- presumably due to natural causes.

The sooty tern {#461), which had a prechallenge antibody citer
and survived a high challenges dose (Fig. 4}, subseguently wvas rechai-
lenged with spproximately three organisms. P. tularenais was nov re-
coverzd from the blood of this bird but was isolsted from the cloacal
conients on ong occasion. A white-cap noddy (#5095, which had 2 ques-
tionable pre-exposure antibody titer against P. tularensis, al8c was
exposed at this time. 7+ too survived the cbservaiiou period; on only
one opccasion were the orgsanismg recovered from the blood and cloaca.
Ho rise in antibody titew .a8 detected in either bird. These two bhirig
again were challenged with a respiractory dose of 1658 organisms.
Bird #503 was infe-ted and died of the disease. The suoty tern (#461)
survived the challenge dose, did not excrete srganisms ince the blood
cr cleoacal contents, and showed a rise in antibody titer when tested
on the 7th post-exposire day. It was again challenged with a subecu-
tanecus dose of 10° P. tularensis cells. The results of this and
previous challenge experiments with birds #4661 and #505 aré shown 1in

Table 0.

The relative insusceptibiiity of the mourning dove t¢ tularemia
referred ro previously can be seen more clesrly in the light of the
later observarions with tho highly susceptible rerns and noddies.
While these findings do lend some weight to the hvpothesis that pro-
tonged habditation in areas endemic for tularemia selects for avien
spevies and or pooulations move innsecly Tlsisiaene LU TN18 dise8se,
other factors such as diet mav be more determiniing Mahy more species

of land birds, especially gallinaceous game birds and sea birds, wiil

175

- ey et w7 G s RV g A S Ak 18R



TABLE 10, Respiratory and subcutaneous rechallenge of immune birds

—
Log recovery or agglutination titer in
Days !
Post-exposure | DO%¢ |Route | Bird #505 Bird #61
B1= |cl ¥ |sers Bl |cCl1 Sera
2 10941 | Resg . f1:10* 1:80
3 - - -
4 - - -
S - - - -
6 NS - NS -
7 - - - -
8 - - - -
10 4.05 14.58 2.8 | -
12 - - 1:20 - - 1:80
106'58 Resp
1 1:20 1:80
2 - - - -
3 - - > -
4 2.88 |2.70 - -
5 - - - -
6 3.30_1]3.32 - -
7 deaak - -
14 - - |>1:320
1059 | subcut ALL
1 samples > 1:320
14 negative |> 1:320
1-14 days

* UWeak reaction
¥ On aulopsy large numbers of P. tularensis isolated from lung,
liver, kidney, spleen, cloaca and gall bladder.

<> Bl = biood/ml
- 8% Cl = ¢cloacal swadb.

have to be studied similarly before any judgement can be made on this
subject. Investigations with the bob-white quail are now in progress;
and, from preliminary data, it appears that they resemble the doves
by being relatively resistant to tularemis. It is not inconceivable
tuat the accumulation of quantitative data on the comparative sus-
ceptibiiities of avian species to tularemis when correlated to their
phylogenetic histories would give an insight into the history of this
disease

The excretion of the organisms into the cloacal contents 1s not

surprising because organisms have been {solated from the feces and/or
urine of hares, rabbits, guinea pigs, buffaloes, turtles, and frogs
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experimentally o' naturally infected with P. tulatennis; But the llfge
numbers of organisms regularly recovered from terns and noddies was un-
ususgl. Even in the relatively resistant mourning dove exposed tc 1.:3:
numbers of organisms via the respiratory route, P. tulatensii vis ‘e~

covered from the blood tin only one i(nstsnce, but was rizovered from the

cloacal contents of all five of the birds tested.

Although thevpotential for fecal transmission of tdlnremti was
reaiized in one of the three transmissioi. experiments ﬁerformed. fur-
ther experimentation will be nccessary to establish the probabilities
for these events. In these studies, the ratios of infective to suscep-
»1ble birds will be varied. The successful transmission of tularemia
in unly one of three attempts s understandable, since :ﬁe ratin» of im-
fective to susceptible birds was low in these expefiments‘hnd since the
two methods by which fecal transmission could have been accomplished
from bird go bird, inhalacion and ingestion probably asre marginally ef-
fective  Kven though large numbers of orgnﬁkxmi ﬁeré present in the
fecal material, as demonstrated kn these studies, and despite the fact
that terns and noddies were susceptible to artifically induced infec-
tion when P. tularensis was {ntroduced via tha aerosol route, before
respiratory infection could have taken place in nature, the dry fecal
material mus. have been dispersed in some way as particulates small
enough to permit penetration to the lower reaches of the respiratory
tree. In addition, the efficiency of fecal transmission would depend
upon the length of time P. tularensis survived in bird feces. Prelim-
inary information indicates that, in contrast to the long (26 days)
survival times of this organism in tick feces(ll). P. tularensis can-
not be recovered from bird feces after ) days. Infection of suscep~
tible birds by the ingestion of fecal material containing viable P.
tularensis organisms is iimited by the number of organisms required.
saval'evafl7), working with mammals, demonstrated that rather large
numbers of cells (10“-106) are required to produce tularemia when the
organisms are introduced into the gastro-intestinal tract by the in-
gestion of tissue from animals dead of this disease or by tube into
the stomach  The results described herein with the highly susceptible

noddies are in agreement with these findings.

Although arthropod vectors must be considered the major means by
which tularemia is maintained within a given geographic area and spread
peripherally to adjacent locales, it is interesting to speculate on the
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cole fecal ctransmissjion by blrdq may have pllyed in the world-wide
distribution of this di{sease. Compared to the direct transmission of
disease by arthropod vectors becasuse of the drive of the af:hropod to
obtain a blood meal, fecal transmission must be considered inefficient.
However, with ‘'virgin" populations of highly susceptible migratory
birds from vhich large numbers of P, tulirenilg organisms could be in-
termittently dtlchnrged over a wide gengraphic area, thcvptobability
5f transmission and dissemination should increase appreciably. Further-
more, with fecal transmission, problems of host-vector-parasite speci-
ficity and the requirement for "lighting" of the birds are eliminated.

While a correlation of antibody titer to immune status is beyond
the scope of the present investigation, it does appear'thn; in general,
recovery from an infection, as demonstrated by ﬁhc presence of an
antibody titer against P. tularensis, renders the bird at least par-
tially resistant to subsequent challenge either by the respiratory or
the subcutaneous route. In this case, there may or may not be a tem-
porary carrier state, not unlike that in typhoid fever, in which the

organisms are discharged into the feces.
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DISCUSSION
VFTF*: Did you take any second swabs from dirds after they were
exposed?
Cabelli: Following exposure, the birds were "afr-washed”. 1In
the first series of experiment, concurrent with the taking of the

blood and cloacal samples, the birds were placed in & ~hamber and
"air-washed"” for some 30 min. We could not recover P. tularensis from

anv of the impinger and Andersen samples collected fira the effluent
»%c during this period. Maybe our technique was not good enough.

Maybe we didn't sample long enough.
VPIF: Did you use feather swabs?

Cadeili: No.

VFTF = Volice from the floor.
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EXPERIMENTAL AND TECHNICAL SECTION

John D. Morion, Moderator

Without id2as leading to the creation, proper uader-

standing and application of new tools, progress in research

diminishes to only speculative endeavor. In this section

new apparatus, new techniques and new approaches are dis-

cussed and veviewed.

We built this one cuvrselves, It worke 'Fl'ne,
but there’s 4 techniciasn lost im it — Somewhere.
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Froc. First Intera. Symp. Aerobicl., Berkeley, Calif., 1963

REMARKS FROM THE CHAIR,
A CRITIQUE

John D. Horton

Meipar, inc.
Falls Chuyrch, Virginis

1 should like to start by saying how very pleased [ am to be here.
when 1 started Chinking about the invitation, I decided this was the
perfect upportunity to give you the benefit of my critics] comments on
all sorts of things! Afrer what Mr. Wolle said this morning, however,
I shall have fo cut it short. T dare no! go into more than 10 minutes

or I shan't hesr the last of it for yesrs.

It is time, I believe, to stand back from the sercbiclogy scene,
to take @ coritical look at ocur efforts and to consslidate our gAins.
This is particulariy apropos because at Melpar we are discussing ex~
tending cur aerobiology facilities; in particular we are considering
the use of apparetus and techniques developed by many of you learned
gentlemen now in the sudience. You méy be able to tell us vhether we
are right. Parhaps we should re-evaluate the technigues and methods
now being used. I would like to review briefiy the sort of thoughts

going through my mind regarding such an evaluar.on.

In & typicel experiment as vou commonly do {t, you take a stock
culture, mainteined pernaps for yvears on artificisl medium, grow it in
an sriif..1a]l medium, and harvest the bscterial suspension. You take
this resting suspension, and spray it from something like a Coilison
atomizer, which gives you a substantially single-celied aeroscl. You
then proceed to hold the cloud -- in something ke Coldberg's bril-

iiant {nvention of the rotating drum -- 4in the darx, and probadbly in
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very closely contrelled constant temperature and relative humiditsy won-
ditions; guite ltkely it stays there for many hours. wen vne take g
sampie from this by sontc impingemeat into an ertificisl fluid, which
is probadbly at room lemperature or below, and is unlikely to be of

3

“physiologieal’ tonicity. Finally, you teke this impinger asmule and

place it on en ariificisl wedium; vou count the colonfes and vou call

this 8 viability or visble count.

Well, nowi vyou &now very weii what I am about to sav here -- this
i act & "natural® grate. Bub we might 43 well remind ourselves of i
in relationship both to normal transmisgsion of airborne dissase zn

alsc to what one might call "defense" aapeacis.

Congider first artificisl maintenance and culture wmedium: these
are relevant to the laboratory picture but not to natural transmission,
and they are important because both can affect the regponse to environ-

ment and the calculated infectivity of viruleunce of a2 bacterium.

Consider the resting suspension: ohis is  interesting {rom Iwo
points of view. Firetly, it nag teen shown ({severs! peocple in this
room have done it} that actively dividing log-phase cells are far more
susceptible tc environmental stress than resting zells,; and, secondly,
there ig some evidence -- [ think this ig perhaps more doubtfuli -- thar
cells {n an actively dividing $tate may be more capabie of restin,
cells of initiating growtn in the host animal: i.e. they have a shorter
lag-phase, aud are 1likely thevefore to display higher infecrivity.
Here =gain, the "standardized” experiment is relevant only to the 'de-

fenge" picture and not fo racural transmission from an infected host.

The single-cell clcud is typical of neither side. As for constant
temperdture and humidity =-- 1 am looking forward very much indeed to
hearing Drs. Hatch and Dimmick on the subject later because, of course,
there is <conflicting evidence about what happens when you play about
with environmental conditions cf an &erosol. But, whatever we find in
experiments, the condition of constant temperatyre and humidity is

typical neither of natural transmission nor of the field.

Now we cume v the most critical phase -~ the sampling. In normal
impinger sampling you give your aerosol a considerable badgering. You
accelerate it to gonic velocity «~ even that process is violent enocugh
to make, as some people know, an audible noise with a particle s

few microns {n size =-- §0 there must be some stress on it. You
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instantly stop it again with a4 most horrid bash, &nd vou drench 1t with
fluid which is of the "wenng' tgoperatuze and probably the wrang ionies
ity; snd thig is &ll pretiy itough on it. And this, I think, makes the
results remarkably {rrevelant tc either ofF the above circumsiances we

were conslidering, especially when you are really interested in what will
happen to & bactervius thaet is deposited gently onto the body-wsrm sur-

face of the lung snd into 8 “physiclogical” enmvironment.

Finally, viebility -- well, we know that can catch un sicher way.
We have had reference already today to expariments with aged tularensis
clouds -~* .ing that the count can give you an exaggerated idea of
their infeciive cspacities: in othev words, you vrequire wore viabie
cells to produce the same effect than you do with the unaged aexogol.
Kow, you can also cbserve the ~ther effect, the viable count giviag
vou an apparently increased iInfeciivicy. Possibly George Harvper is
the only one here to remember work we did about U years age vhen we
were disgeminating & culture, and we gave it a very vicleat sghock.
Animale and impingers were exposed to the same cloud, and the count in
the impingers indicated an effective dose about 1/10 of that ever oh-
served anywhere clge. Bat  obvicusly there was gomerhing wrong with
thig; it seemed perfectly plain that the brutel treatment in the im-
pinger was kflling off about 9 out of 10 of the cells (which could not
have been more infective than they ever were before). 5¢ we see that
plating of impinger samples may give viable counts that are irrelevant

to either ‘‘defense’ or natural transmission.

in summary, & typical aeroscli experiment of the kind I outlined
gets aboyt kalf wmarks for relevance tro defense problems and faeils

misevably with respect t2 ngtural transmission of digease ({Table 1).

Now I'11 leave it at that and touch on just ome other thing that
1 particuiar.. wanted tc say. Here I am a }Jittle more diffident be-
cause I am nor {n any sense claiming the competence of a medical man.
In studies on the airborne transmission of disease, I would like ro
gee @ little more direct evidence that airborne organisms are involved.
We keep heasring indirect evidence of sirborne transmission, for example,
that bacteria survive better in the cold when airborne ~-- that there
if more transmission of disease in the cold -- therefore they are air-
borne. All kinds of inferential and indirect evidence is there. I
wouild like to see more direct evidence, and I think that we need some

body =~- in fact, a body like this -- to lay down something rather
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snalogous to Koch's postulates for demonstration of alrborne trensmis-
sion of dimease. TFor example™: (a) you must Jewonstrate the preszace
cf airborne vidble infective organisms; {b} you mus! Medsure concen-
trations and particle sizea: (¢} you must demonstrate experimentalily
that concentrations and particles of this sort can cause infection,
and {(d) I think we finally ought to show directly, end act by infer-
ence, where they have gome from, whether from the respiratery frace,

or skin, or feces, or what have you.

In designing future expevimsnts I believe we should pive these

problems our utmosgt sthention.

TARBLE 1. Relatizaship of aerobidlogical techniques
to usefyl situdtions.

Conditlon B Relevance to
Medicine Defense Theory
Transmitted on artificial medium in vifre Neo Yes Yar
Grown on artificial medium No Yes Yes
Stored in resting suspension No Yes Yes
Sprayed from artificial senstruum Ko Yes Yes
Held in the dark 1/2 1/2 Yes
Held at controlied temperature and No No ves
relative humidity )
Held in monodispersed cloud No Ko Yes
Samples {mpinged violently Ho No Mo
In fluid of "unostursl’ osmotic strength No No Yes
At “unnatural” temperature No No Tes
Saﬁples placﬁd on .r:ific%al medium for No No Yes
'viability" (not infective power)

* Editor’'s Note: Thege proofs later became known as "Morton's
Postulates' during numerous spirited, off-the-floor discusaions.
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PHYSICOCHEMICAL PROPERTIES OF BACTERIAL
CELL WALLS

R. A. Heihct

Chemistyry Division
U.5, Naval Research Laborstory

~

Washington, D.C.

The ability of 8 bacterium te survive drastic environmental
changes, such as drying in the gercosolized staie and rehydracing age:s
in a collection liquid, 1is likely ro be determined in part by the pe-
ripheral permesbilit, barriers which 1t possesses. The crucial struc-
ture in this regsrd is the thio cytoplasmic membrane enclosing, and in
intimate contact with, the cyroplasm of the cell. By exercising a
highly selective control on the passage of materials (nte and out of
the cytoplasm, this membrane maintains the internal environment neces-
sary for the iife of the cell; damage to it by mechanicsl or chemical
means allows internal diffusible materials te escape and the cell dies.
Distinct from the cytoplasmic membrane, but necessary under normal cir-
cumgstances to its integricy, is the overlying, thicker, more robust
cell wall. This relatively rigid structure maintains the character-
istic shape of the cell #nd prevents lysis which would ordinarily vccur
as the result of osmotic influx of water (Mitchell and Movle, 1956).
In addition to its mechanical role the cell wall may alsoc have selec-
tive permeatility properties which crle (ato play under conditions of
tnterest to aerchiologists (Record, Taylor, and Miller, 1962). It is
the purpose of this paper to sumoarize some of the physical and chem-
ical information availabie on bdacterisl cell walls whicn may be useful

in discussions of the survival of airborne microorganisms,
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PHYSICAL DEZCRIPTION
The cell wall can be differentiated {rom the underliying cyto-
plasmic membranc snd rTom externally adhering slime snd capsular com-
ponents by biclogical stains, plasmolysis  {Knaysi, 1931), differences
in chemical composition, by electronm microscope examination, and by
its isolation ag & coherent structure {Salton, 1961). The wall consti-
tuteg about 207 of the dry weight of the cell but the percentage de-
pends on the growth phase and the nutritional state of the cell {Shonk-
man, Kolb, and Toennies, 19538}, The thickness of the bacterial cell

wall s abrut 207m. {or Gram-pusilive crganisms and sumewhial iess,

-
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u for those which are Gram-negative {Salton, 1961}. These es-
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clecirun micTographs gir-dried and  shadowed,
igolated ceil walls or from thin sectiong of fixed, dehvdrated, em-
bedded intact bacrerig. In view of the shrinking and deformation which
are likely during the preparstion of either of these kinds uf specimens
for electron microscopy, it would not be surprising i{ the functional
thickness of normal hydrared cell walls esceeded these estimates bv a

gignificant amount (Murray, 1960).

Convincing evidence for macromoleculsr heterogeneity in bacterial
cell walls comes from electron microscope investigations. In general
the wally of Gram-positive bacteria have appeared less cowmpiex than
those . Gram-negative bacteris. Alr-dried, shadowed preparaticns fre-
quently appear homogenecus in structure, but it is wunjustifiable ¢to
conclude that this is the case without employing other techniques of
specimen preparation. Thus Lsoclated walls of the Gram-positive organ-

ismg, Staphylococcus aurgus and Bacillus megaterium, may appesr nesérly

structureless in shadowed preparaticns {Dawson, 1949; Salton, Kolb,
and Teennies, 1958}, but i{n thick sections the cell walls of both
crganisme show obvious layers (Pieksrski and Gilesbrecht, 1936; Sugsnuma,
1961). The 'negative staining” technique, developed by Bresner and
Horne (19359}, appears to have great value in revealing fine structure,
judging from the complex hexagonal array of interconnected aggregates
shown in a recent electron micrograph of the cell wall of & micro-

cotcus organism (Horne, 1961).

In Gram-negative bacteris & variety of fine structure has been
seazn. In shadowed specimens a vegular srray of spherical particies,

o
roughly 100 A in diameter, has been reported by Houwink (1953}, and
by Salton and his co-workers (1961, 19354). Layered structures are
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evident in some cases and pilctures of thin sectjong confirm this
Kellenberger and Ryter (1958) concludes from their work that the cell

wall of Egcherichia coll and possibly other Gram-negalive organismg

iz composed of three lavers, an electroa-trangparent laver sandwiched
between two electron~dense layers, woch being 20-30 2 thick, dgure
{196 33, using high-resclution techoiques, chserved that the cuter layer
nf the cell wall of £. cali is really a network of interwoven fibers

embedded in the same matrix material that constitubes the middle layer.

CHEMICAL COMPOSITION

The i1avestigation of the chemical composition and the binsynthesis -
of bacterial ceii walls has been very actively pursued im a number of
laboratories in recent years. Severdl excellent reviews of thig agpect
of cell wall proverties have appeared and no wore than ! cursoery treat-

ment ig attempted here (Perkins, 1963; Saliom, 1981},

The chemistry of bacterisl cell walls was placed ona golid fooling
by the development of mechanical methods of preparing isclated walls
and by the use of the eleciron microgpcope Yo demonstrale homogeneous
preparations free of cytoplasmic or other contaminants {(Daveon, 1949;
Szlton and Horae, 1951). Cell walle are now vsually prepared by dis-
integrating cells in suspension by vigorous agitation with smaell glaes
beads, followed by filtration to remove the beads, snd repeated differ~
ential or density-gradient gentrifugstion to remove unbroken cells and
cytoplasmic constituents. Lfrer additional washings, the cell wall
preparation is checked for homogeneity by examining preparations with
the electron microscope.  Although such preparations sre usually con-
sidered representative of the structure and composition of the wall of
the intact cell, it is apparent from 3 recent paper of Weidel, Frank,
and Leutged (1963) that auielytic enzymes DAy remove certain comaponents
of the wall during the preparative procedure unless precautions sre

taken to inactivate them.

Hydrolysis products of the walls of Cram-positive bacteris invari-
ably include three or four principal aminc acids and two amino sugars,
glucosamine and muramic acid. These building blocks are combined (n

an ingoluble peptide-substituted amino polysaccharide and the resulcing

1 v

"mucopeptide'’ or "mucopolymere' appears to constitute the rigid com-
ponent comeon to all Gram-positive bacteris. The mucopolymer makes up

aimost the entire wallof some arganisms such as Micrococcus lysodeikticus
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but most Gram-positive specles 2iso contaln polysaccharides and teichoic
scids in thelr walis. The work of Baddiley and his collesgues has es-
tablished the teichole acids to be ribitol or glyceroi phesphodiester

polymers with slanine and hexosez or amino sugsrs &8 substituentas

{Baddiiey, 1962). These compounds are extractable from cell wails by
wild procedures, which guggested to Raddiley that they dre held by
ionic and hvdrogen bonde to the smucopeptide framework: but recent work
by Ghuysen aad Strominger {1963} ghows that In §. sureus, &t leasr,

the bonds are covalent The polysaccharide constituent is  #iso  ex-
tractabie from cell walls but its 2ode of attachment to the mucepolveer

or other compongnt is not known with Céptainty.

In accord with thelr more (ntricate physical structure the cell
wellz of Jric- negafive bacreria are markedly more complex in chemical
composition than those of Cram-positive organisms. Hydrolysates of
the cell walls yield & variety of sugars and amine sugars and the full
range or aminc aclids usually encountered in typicsi proteins. In addi-
tion, substantiel amounts of lipid (as much a2s 217) are also present.
Ample wvidence iz now available fto show that & mucopoliymer similar in
compogition o thst found in Gram-positive bacteriaz is present also in
all Cram-negative bacteris but in reduced amounts (Mandelstam, 1962,
Work, 1961). It is remarkeble that the saeme type of macromolecule,
unique to bacreria, should be present in a wide variety of bacterial
species and that it should serve the common function of providing the

cell wall with @ rigid structural component (Work, 1337).

Saiton (1960) has found several non-nitrogensus sugars in the cell
wallg of various species of Cram-negative bacteria and concludes that
they are present as polysaccharides constituting &n  integral part of
the wall., Although they &re at least partially extractable from the
walls by gentle procedures, the extent and manner of the association
is not Jdefined. Notr is the composition and anatomical status of the

lipid in bacrerial celi walls weil understood.

In view of the <cell wall structure visible in electron micro-
graphs, 1! is a»propriate to inguire whether particular chemical com-
positions can be assigned to thege structures. Apart from the elegant
work uf Weidel and his co-workers (1958, 1960) on E. coli (strain B)
very little definitive informaticn seems to be available. These in-
vestigators nsed the specific adsorption properties of the T-series of

bacteriophage in combination with solvent extraction and electron
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wicroscope cbsgrvation to arvive at rheir conception 0f the wmacromsier-
vlar siructure of the cell wall., They interpref their rescils to nedn
thet underzneath this le & laver of lipepolysscchiride. Hesrest the
cytopissmic membrane s atill another laver cooposed of mucopeptide
{f-laver}. The latter conszifutes the main rigid stzuciural component
of the cell wall. In order to #count for the adsorpiion of bagierio-
phages which have sites {5 the lipopolyamccharide laver, they postu-
iste the existesce of discontinuitias in the lipoprotesn laver This
triple-leyer ptructure thus has 8 counterpart in the elecvron micro-
graphs of thin sections of %. gol' obteinad by Eellesberger and Hyfsr
{1958}, However, considersticns of the electron scatlering pover of
mécromolgcular constituents likely o be in the cell walls of their
bacterium ied these workers to duggest that polysacchsride formed the
middie Jayer and protein or lipeprotein cocated this inside and out.
Ogurs {1963} suggests that his high-resolution slectron awicrographs
of thin sections of E. ¢oli show only two cell wall lavers, an inner,
electrondense, lipoprotein leyer and & less dense ocuter layer probebly
composed of mucopeptide and wucopolysaccharide conltaining smbedded
fine fibers which might be polysmccharide or scleroprotein. Additional
work with & greater variety of tools is obeiously aecessary to resclve

the discrepancieg in these different concepts.

The problem of locating the mecromeleculer components of the cell
wglls of Cram-positive bacteria has not received such attention. Hay,
Wicken, and Baddiley (1%83) have noted In the case of a B. megaterium
organise that, although the isclated cell walls contalned no teichoic
acid, depradation of the walls of the intact orgsnise by lvscayme ra-
lemsed substantial smounts of telchoic acid which zould ast heve come
from the cytoplasm. This guggested to these workers that the "iatrae
celiular fractlon" of teichoic acid must be locsted between the wall

and the cytoplasmic membrane.

ELECTROPHORETIC RESULTS

The electrophoretic wmobility of 3 particle in an electric field
is @ function cf the charge carried on the surface of the parzicle.
The cherge may arise from dissocisble chemical groups which are part
of the surface structure of the particle or from the adsorption of ion-
ized solutes present in the suspending medium. The microscope method

of electrophoresis has been used extensively over the last 40 yr to
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explore the ueture cf the surface of mavny kinds of single cells, some-
tines with conaypicuous success. Reviews of the resulrs of electropho-
retic wtudies of bacteris have been given by James (1957) sud by Brinten
and lauffar (1934}

in spite of the complex &nd variable asture of the surfaces of
bactarta, axperience has gshown that the wmobility of & paritculay bac-
¢arium i2 charactevistic of that si1rsin &nd la, sreproducible  through
many subtultures i{ no genetic changes #ffecting mobil -ty oceur and if
growth sonditivas &nd suspending medis remdin the smwe (Lerche, 1%33:
towick and James, 19527, The surfsace chérge of nearly sil wicroorgens
ismg studied has proved to be negalive uander physiclegicel conditions,
The ifscelactivic polnts drve generally lower than thoge of most ordinary
peoteing but thay do not give useful distinguishing criteria becsuse
the mobilities are fregquently slcvered irreversibly by seposure fo agidic
media. There 2ppears to be no clear-gyr difference in che mobility
behavior of Gram-negative and Grem-posivive or-,anisus, & rather sur-
prising finding in view of the marked differences in chemical coupeo-

gition of theilr cell walls.

It is of interest to compsre the concepis of rthe composition of
vacterisl surfaces derived from electvophoreris investigstions with
those obtained by other methods. This is possible in the case of .
enit. The resuits of & thorough electreophoretic study by Navies,
Havydon, and Rideal (1958) led to the view that the external surface
is dowinated by polysaccharide which carrics carboryl groups. On the
bazis of an entirely different experimental approach, Weidel and his
coilaborateors (1958, 1960) coacluded that the exterior surface must
pe lipoprotein. This marked discrepancy may be due to the use of dif-
ferent strsins of £. cold in the {wo Investigations. However, slectro-
phoretic obgervalivns or other strains of this bacterium by Alexander
and Medullan (1949, Dyar and Ordal (i1946), and by the suthor (unpub-
lished} support the picture of the gurface given by Davies et al. (1956)
and are inconcistent with either 8 lipidic or protein surface. A more
likely explandgtion for he disagreement is that during the preparation
of the cell walls »f We.del et al., a thin layver of perchaps loosely
held polvsaccharide was removed. Some glectron micrographs of thick
sections of L. coly, in particular the high-resolution illustrations
of Ogura (1963}, show a diffuse material of irregular thickness on the

surface with onlv siightiy more eiectron deusity than the embedding
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vlastic. Unfortunately, no cowpanion pictures ¢f favlsted cell wulls
sgem to exist so one cennot determine whether the cell wall preparative
procedures remove this materisl. Another approsch {8 to study the
electrophoretic mobility of isnlated cell walls. Such work haz bheen
started by the author and will be reported in the near future.

Eiectrophoresis has an  advaniage over other methods of ilnvestii-
geuiog the surfece properiles of batleria in that 1t permits study
under conditiens closely approaching the natursl environment of the
cell. However, it yislds information only about ¢cherged groupe and
this is often not spacific envugh to enable one easily to decide what
species of ilong are present or whether they sve pért of the structure
of cthe particle or adsorbed from the suspending wmedium. Ilacharged
groups of moleties &fe revesdled only through the adsorption of ionized
additives in the suspending medium which have known affinities for them;
¢.8. the adsorption of surfsce active agents on lipidic constituents.
Such information is useful but it is neither very specific nor quanti-
tative. A difficulty of another sort entérs in when attempts are made
te caleulate the surfsce charge density on a bacterium from electro-
phoretic dares and conventional electrokinetic theory. As Havdon {1%6la,
1961b} polints cut in & recent treatment of this malter, a major psct of
the difficulty arises because bacleris! surfaces do not have their
charges distributed on & swcooth, impenetrable surface ss the theoret-

ical model reguires.

The value of electirephoresis as a tool for investigating the sur-
fece properties of bacteria would he clearly esnhanced if it were used
in combirstion with other chemical aud physical metheds. A develop-
ment which shows some promige is the use of apecific chemical (in-
cluding enzymatic} reactions o gproduce & change in the ciaarge of @
particular constituent (Douglas, 1959; Gictens and James, 1962; and
James, i957). Brinton and co-workers {1954, 1959} have demonstrated
the value of the electron microscope as & supporting tool by showing
that electrophoretic wmobility differences between rough and gmooth
variants of an E. ¢oli bacterium were due to the absence or presence,
respectively, of filaments or fimbriae on the surface. Electrophoretic
investigations would become more mesningful if it were always estab-
lishea whether flagella, fimbrise, capsules, or cell walls should be

considered mobility-determining features.
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POROEITY AND PERMEABILITY

The call wally of bacteris, though relarively rigid structures,
wust be porous since high moleculsr weight extracellular products such
&F proteins and polyssccharides synthesized in the ¢ell or on the cy-
topiasmic membrane, presumably pass through it. Thae wail must #180 be
permeadles o transforming deoxyriborucleic acid and Lo deoxyr ibonucleic
geid from bacteriopbage (n {ostances where no wall-degrading eoxyaoes
have been detected (Fulimurs and Heesberg, 19852). it ias ditfieculs ro
reconcile the dagree of «ell wall porosity semringly necessicated by
these phenomens with the deplasmolysis experiments of Record, Tavior,
and Miller (19623, which indicate that even a comparatively small mole-
cula such an reifinose passes through the cell wall of £. goli very

alowly snd rhat polyethylene gliyeol of mol wr 10,000 does not penstrate
et all.

Work has been started in this lsboratory (WAL} to determine ex-
plicitly the porosity of isclated cell walls. To do this, the extent
of panetration of dextiran, or other sclute of known moleculer weight,
ints the water space of the cell wall is determined by mixing & known
amount of the solute with a thick, agqueous, wall suspension, cextri-
fuging, and then analyzing the supernatant solution. Since the total
volume of water in the system {s kmown, the extent of equilibration
of solute with the water of the cell wall can be calculated. Results
with a series of dextrans and B. megs#terium cell walls are shown in
Teble !. The third column shows the water volume per gram of dry cell
wills which ig not aveilable to solute, The lagt c¢olumn expresses
this &8s & percentsge assuming the dextran with an sverage wol wt of

twoe milliion is completely excluded.

Two observarions can be made on the basis of these preliminary
data, The cell wall is highly porous, being over °7% water, and the
porosity is heterogeneous since the availability nf included water to
solutes of increasing mclecular weight decreases over a wide range of
moleculsr weight. Further work is in progress using carefully frac-
ticnated dextrans and selected proteins @s porosity determinants to
learn whether there are discontinuities in the distribution of pore
sizes and to asdess whether the concepts of the physical structure of
cell walls Jerived from studies on isoclated cell walls can be appited

to intact cells,
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TABLE §. Water space of cell wailsg of
Bacillus megaterium (XM)

Water spsce unavsilabie
- : Molecular -
Seluee weight =1/ *»

cell walls =
Ciucose 180 1.¢ 7
Dextran 80,000 6.9 %37
Dextvan 136,000 g.& 55
Dextran z x 108 14.5 100
{asgumed)

It should be pointed out that porosity determinations, particu-
larly on isclated cell walls, wmay not give {nformation on permeability
gince thin layers may exist in the wall which {imit permeabilicy but
ovcupy only & small volume of the cell wall. It is alse posaible that
the electrigal charge carried by the wells might influence their per-
meabilicy, Agidic groups in teichoic acids {(Beddiley, 19621) and phos-
pholipids particularly, would be expected to impart a strongly nega-
tive charge which might exert significant effects on the permeabllity
of tonized constituents; osmotic effects might alac be anticipated
gince it is known that charged artificial membranes, even though
highly porous, can produce pronounced anomelous osmotic effects in

solutiong or ordinary electrolytes (Soliner &t al., 195335},

The clder view ~f the bacterial cell wall as an inert boundsry
of living proteplasm, a boundary that had to be postulated in order
tc account for non-sphevical ceil shapes, has been greatly enlarged
and embellished in recent yesrs by the advent of the slectron micro-
scope and modern blochemistry. The wall is a structure of surprising
chemical and physical complexity. It wust be considered an integral
pkrt of the cell, necessary for the protection of the cytoplasm, but

dependent upon it for its méintenance and growth.

Remarkable as this change in the concept of the nature of the
cell wall has been, there is still little understunding of its wacro-
molecular structure, of the biochemical mechanisms reaponsible for its
synthesis, or of its biophysical properties. While there is ample
evidence that active biochemical work will be continued in this field,

there is less indication that biophysical spproaches, cther than those
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employing the eleciron microscope, will be widely used. One cann ¢ now
predict with any certainty whet value s characterizastion of bacterial
cell walls in terms of porvsity permeability, charged groups, swelling
properties, =tc., will have cn future conceptions of the bicfunctions
af these structures either undetr normal growth condiifona or uwader con-
diticng of stress such as dryimg and rehydrating. Two examples, in
addition to those already menticned, dare offered to indicate that guch
studies may play & signiiicani roie. Gerhgrdt and Black (1961}, in a
ghorough study of the poresity of spore walls by the wster-space tsch-
nigue airgady described in this paper, have shown that the couventional
conception of an impervicus spore coat musi be replaced zince permea-
tion of molecules up to 10,000 mol wt was demonstrated. in another
resent paper Salten (1963} surveyed the evidence supporting the many
therries advanced to expigin the Gram siain reastion and concluded that
cell well permeability is the critical facter. Provocarive findings
such as these strongly suggest that biophysical approaches to the study
of bacterial cell walls may be essentisl to a satisfactory under-

standing of their function.
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FISCUSSION

Shon: Since in this space detgrmination technigue you @re nec-
essarily deating with large concentrarions of cells, and you have rela-
tively low conceatrscions of solutesz, to whalh extent does metabolie
utilization of glucose influence your determination of porosity?

Neihof: All of the studies remorted here were done on iscolated
cell walis so that problems assoclated with urilization of solutes,
such as glucose, or of leakage of interpal constituents from the cell,
which would interfere with che analyses, ave cbviated. Eventualiy,
parallel experiments will have to be done with intact cells, and then
these difficulties will have to be dsalt with.

Silver: Would you be prepared to say what zor? of molecular sise
would just squeeze through the cell wall?

Neihof: You may have acceas to more information on this then I.
The paper of Record, Taylor, and Miller {1962) indicates thst even
sucrose has & little diffjculty getting through the wall of . coli.
The cell wall porosity which we measure should be considered as some-
thing different from permeability., It is guite conceivable that the
cell wall is composed of & voluminous, loone, gel-like network and a
relatively thin laver of denser material. The thin layer could be
the limiting permeability barrier, but our &pace studies would not re-
veal! it. For this resson I am not willing to say what the maximum

molecular size might be which {s just able to .ross the cell wall.

199

R 3 e Nt & " AT



Biiver: You have to congider &t what stage extraceilolar mater-
ial can take part {n metabolic or other sctivity of the cell. In other
words, when is the substance outside the cell and when does it teruly
become available to the cell? Uns would expect this avallabiifey to
be related to the molecular size of the substence. We like to thinmk
that anything above, let’s say, 1,000 or 1,300 in molecular weight
congtitutes the meximue sigse of a4 subsiance that <an cross the cell

wiall. After that we think in terms of absorption.

Nethef:  Agaia, I cannoi shed much light on this feoes the re-
sults of our experiments, If I had to state on the beuis of our data

the molecular weight of & wsubstance which cannot penetrate the celi
witl, I would say about two million. { think I should menticn thay
tn the preparaticn of cell walls one makes & sizeakle hole in the
wall. Therefore, in our spece experiments the solute csn permedte
not only from the outside, it can get :ngide and permeste the wall
from that side also. The experiment vyilelds & value for space avall-
able to the soclute being used and reveals little or nothing about

what can cross the wall of the intact cell.
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THE DEVELOPMENT OF
THE MULTIPLE ORIFICE IMPINGER (MOD)
AS AN ANSWER TO THE PROBLEM
OF PROLONGED OPERATION {ASPIRATION)
IN THE ALL-GLASS IMPINGER

Elmer $. George, C. Bradiey Ward and Victor J. Cabelli

Dugway Proving Sreund
Dugway, Utah

In the coutse of aerussl investigations, it becomes necessary
sometimesy to opersate sampling devices for prolonged periods of time.
1t has been observed in several laboratories that with the cricical
orifice impinger this procedure reduces the viable recovery of some
microorganisms. In this context, @& distinction should be made be-
tween the lethal effects oecurring during the course of coliection
{(binlogical efficiency) and ithe decrease in the recovery of viable
microcrganisms during the operation of the impinger subseguent to
cellection {aspiratvion). The former process has been studied quite
extenslively in several laboratories with the universal ctonclusion as
stated by May and ﬂarper(l) that sonic velocity impingement (s shown
to have 3 lethal effect ou the more sensitive type of bacterial cell.
Lethal effects can be attributed to impaction of the osrganisms on the
botitom of the glass bottle, to their passage through the capillary
critical orifice and/or to their vielent impingemen: into the liquid
collecting solution. 1t has buen observed by the aforementioned
workers that the biological efficiency of the impinger can be
increased by decreasing the jer velocity (sub-sonic flow) or by
raising the impinger tip. However, after a given point, further
decreases in je? velocity or increases in the tip-to-bowl distance
(stem height' reduce the physical colliection efficiency, especially

in the small particle range. In our iaboratories, we chose to increase
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the stem helght of the & liter/min sli-glazs impiager (M:l} to 15 mm
(AGI 6-153¢2:3) in #n effort to reduse the lethal effects. 1t was ob-
served, however, that there was & significant decresse in the recovery
of Fasteurells tulsrensis in this raised-stem impinger during the
cosrse of prolonged aspiratiosn.

The sresent study was directed towards modifying the AST 6-15 to
minimize the aspirstion effect both in regard to the loss of collec-

tion fluid and the decresse in viable recovery. The appro#ch taken

in this work has been to decrsase the jet velovity while ineresging

“h

the surfacs~:o-volume relationship of the i sétreams by uzing mul-
tiple numbers of smmiler jets. This was accompl ished, while main-
taining the essentis! configurations of the i{mpinger, by replacing
the capillary orifice in the i{mpinger stem with & metal eap contgining
an appropriste number of holes (Fig. 1 #nd by placing & critical
orifice downstream from the exhaust arm. The size snd number of holes
{jetsy, the fluid volume and the stem height were investigated for the
purpose of determining those charvacteristics that would minimize the
aspirstion less of sensitive organisms -~ in this case P. tulsrensis.
Bacilius globigii spores or sodium fluorescein wers used to indicate

the physical 1css of organisms under the various test conditions.

The influence of varistions {r Jet diameter from 0.023-0.0!%
inches was investigsted first. The szize and number of jets in a glven
sampler were selected to complement each other such that jet velocity
and flow rate were kept neariy constant at 0.1 sonic velocity (7.8
mph) and & liters/=min, respectively. Over two trials and two repii-
cate samplers per rrial, no apprecisble differences in recovery at-
tributable to differences in jet diameter were chseried. The modified
samplers operating at 0.1 sonic velocity were #bout 557 as effi-
cient as the AGI 6-15 in the collection of sodium flucrescein and
about 75% as efficient in the collection of P. tul@rensis. Afrer a
45-min aspiration period, the survivel of P. tularensis celis in the
wodified samplers was between 93 and 111%,; whereas In the AGI 6-15 it
war 75%. The jet dismeter was maintsined at 0.027 inches in subse-
quent experiments, since the larger size jet couvid be drilled and
cleaned with greater ease, and since no appreciuable differences in

recovery were observed over the range of jet diamerters studied.

In & subsequent experiment, Jjet wvelocity was varied between the

78 mph teated previously and 200 mph, which May and Harper(‘j indicated
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Fig. 1. The multiple orifice impinger (MOL;

a5 the optimum impingement velocity. To accomplish thig, the number
of jets per sempler was varied betweer 12 aend & with the vesulting jet
velocities indicated in Table 1. The data shown represent the regults
of seversl experiments in vhich  aultiple orifice Impingers (MO} and
the ACI £-15 were used to sample dynamic seruvscls genersted from a §.
globigii spore~P. rularensis misture into & modified Reynier aerssol
chamber with & Chicage atomizer. SYH{M was used a8 the collecting

iuid in #ll the samplers. The four-jet impinger was ccuparable to
the AGI 6-15 for the collection of B. globigii spores and superior to
it by 12% vhen coliecting P. tularensis. <Consequently, it was com-
pared with the ACI &-15 in a similar experiment in which both dynamic
and 20 min aged aerosols of P. tularensis were sampied. The ratios of
the initial recoveries in the four-hole impinger to those in the ACI
6-15 wery as follows: Dynsmic cloud, 1.03 -- Aged cloud, 1.02.

The optimum stem-height was determined in an experiment with P.

tularensis aerosols in which the distance was set at 7, 10 and 15 mn.

203

b R o N L 4 R B Ay ST TR




T

A1l the samplers ¢ontgined 18.5 ml of SYN filuid Assave were perv-
formed following 8 2-min gampling period and agsin after A0 min  of
3pii&iion i  ciean #ir.  the ratins ot ths rocoveries in the modi-

tied samplers relative to thoze in the AGI &-15 are shown in Table 2.

1§ aeveaolized Fasteurerlé Lularensis

TARLE 1 The initial recoverv
and Bacillus globigii spores as & function nf {er number
gnd velocity in the multiple orif{ice impinger

T A
: ‘et characteriseice
H i t
Test Yo A { . 1 i I Ve
X Velocity No. i Veincitvy HNo. {Velocity No.:iVelocity No.
IrgENisms : ) . 1 :
[o21e 4 159 & 109 8¢ 12
i
'
P ; W& .
P, tularensis 1.13 .99 42 .88
B, oglobigii 1.03 1.0 1.12 61
e
v Jet diszmeter ~ 0.023 inches. sempler flow rate - & liter min.
¥ Velocity - Jet velocity given in miles per hour.
5 Obrained ss REcovery iv test samplex

Recovery in &CGI 6-15

TARBLE 2. 'The recovery of aerocsolized Pasteurella
tularensis in the mwmultiple orifice
impinger as & function of stem height

L%
Recovery vratio

Stem height initial After &0 min aspiration
7 van i.52 1.39
10 mm 1.18 1.25
15 mew 1.2% 1.49

Rewovery {n test sampler
Recovery in ACI 6~15

* Obtasined as
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Severgl expariments thenh were conducted to determine the oplimum
amount of fiusd o be veed with the four-hole, 7 mm stem-height sam-

pler. Collection efficiency decreased with volumes of I3 wl or less.

Two (rials were performed to compare the aspiration losses in the
four-hole, 7 mm stem-height sampler contaiming 18.% ml of fluid (MO}
gnd the ALY 6-15. Dynamic ond 30 min aged aercsols were genersted
from B. globigii spove end P. tularsnsis mixed suapensions snd sampled
as described previousgly. The samplers were sspirasted for 3, 60 and
120 man. An analysis of the data revealed a highly significant dif-
ferance i1n vesidual fluid wvolumes of the MUI and AGI samplers fol-
towing aspiration, The rate of [luid loss in the MOL was 0.U1.26 wi’
min, which i3 approximately 20% the rate for the AGI 6-15. The MOI

sampler obtained at 5.6% higher initial ov rnon-aspirated vretovery of

i

. tularensis than did the AGI sampier for the dynamic cloud and &

18 27 grester recovery with the aged serosol. The exponential aspir-

. . - - . . L - e I .
ation loss of viapsle P. tularensis in ihe ACI sampler was §.56%,/min

of operation time; it was .08% 'min in the MOI sesmpler. These dats are

shown graphically in Fig. 2.

5 I PG D“‘-—‘———.#
T <
wig? s~ Aerosol Age, Oynamic
-
= L AGH
S -
% - b
- 5‘ MO
. 4
Y 3 L Y
% \x Aerosol Age, 30 Min
= AgH
® L
=
12
= 3
EEPR
-
F-
€
>
&

o

Aspirgtion time iminutes!)

Fig. 2. The effect of prolonged sampler cperation (aspiration)
on the collection of aervsclized Pasteurslla tularensis in the MO
as compared to that in the AGI 6-15.
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in this experiment the 1nitiael recovery of B globigii spores in
the AGL 6-1% was about 12% higher than that in the MOI.  Aspiration

iogses in both sample

]
~
W

were comparable, ar 3 highly significant snd
sppreciable rate of 1 870 min. Thiz hag been shown in our lsboratory
by Levia and Cake%ii{s) to be due to gerwinarion of spores under the
influsnce of hyperoxygenation in SYN fluid and the loss of viability

in the highly sensitive, germinated spore during sspiration. Figure 3

e

and Tsble 3, taken from their report, document the germinstion of the
sporas during aspirstiss & seen by the release of dipicolinic acid
and the dependency of the germination on hypercxygenatiosn. Germin-
ation but not aspiration losses was observed when P fluild was usel
irslead of SYN.

To conclude, the MOI recovery data show a significant increase
over those of the AGI 6-15 after prolonged aspirarion times due o the
initis] viable cell vecovery and the decreases of the iloss of coilec-

tion fluid.

00
4 o 2 o .3 ]
805
oo Control, No Aspiration
~ t—ei Aspiroted Sompia
* X
60} *

% Tronsmission at 2TOmy
F-3
L)

20t
2
0 e e J—Y i - )
10 ¢ L /] 40 50 80

Time (mirutes)

Fig 3. The germination of Bacillus globigii spores

during aspiration as seen bv the release of dipiculinic
acid.
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*
TABLE }. aerosclizatiyn and aspiratien of

Bacillus subtilis sporze inm an

atmogphers of altrogen

) ik K ] ]
Trial Neo. % Survival I % Change in DPA
. e
i
1 ! 9z o
2 33 2
3 92 0
4 92 0

*

Aspirarion interval - &0 min

*%* Fach trial represents a ssparate aerosol at
conditions of 30% RH, 30 F and dynamic con-
ditions .

f % survival - recovery after aspiraticn/res
covery before espiration X 100.

= Eacn value represents the mean survival taken

from four sampiers.
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DISCUSSION

ygzg:: We found a similar experience; there seemed to be some
increase in aspiration lodses with the age of the aercseolized cell.
Bid you take meseures tc check this #t all’ Do vou think selection
played any part in this?

Cabells (for Ceorge): We did not trv it in this context. we

tried {t in terms of the growth of P. tularensis on a deficient medium.
Thus, the progeny of those aercselized cells able to mulriply on the
deficient medium {peptic digest withoul starch) were no different in
this respect than the parent population. This lack of stability sug-
gested that the heterogeneily  n vegard to this chéracteristic was en~
vironmental rather than genetic. Ciher explianstions are possible, but
certainly we did not achieve greater stability by che process cof selec-
tion.

Morton: A number of groups hdve serosclized 3. marcescens in
the field and collected organismg which managed to survive for consid-
erable distances down-wind, and there was no change whatsocever in the
decay of subcultures -= it was precisely the same. I don’t konow if
any one of you has had any luck in thig regard. You tried it, Ooidie,
didn't you, from organisms surviving for several days in a drum? Did
yvou have any luck in improving the breed?

Goidberg: I would like to sketch this out so you can see the
dramatic nature of it. If you consider & scale of aboutr 5 logs, and
you have & curve that tails at about 1 log, we always make the obvious
inference that such a sub-population is different. Now, if it is a
genotype, there is no guestion that it would occur there, but the
other postulate reasonably assumed is that you have sne genotype and
several phenotypes. Sc far as we kaow, if the lone survivor is grown
up, it generates the same Curve back, &and the most amazing thing is
that you ave dealing with | part in a 100,000 population. The reason
I print out this shenomencnk is that pesple sometimes don’'t realize
that it can occur in one part in a 100,000, even one part in a milliion:
yet in what vou might tert & phenotypic way. This same type of be-
havior occurs in all sorts of stress conditions; for exa.ple, in the
preparacion of a polio vaccine you get that same sort of thiag.

VFTF: We conduc ted some studies in which aerosolized cells were

exposed to multiple stresses in sequence and the gurvival percentages

* VETF - Vosce from the fliocor
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were examined. 1t sppeared that, f{ollowing the initigl stress, the
population wes altered s¢ that the effect of the subsequent stresses
seemed ro always be less.

Siiver: We visualize the possibility that cuganisma that survive
aerosclization fer, let's say, 30 or 60 min, might eithsr represent
individuals which have an altered or & specisii{zed genotvpes, or they
might be phenotypic; but there was & possibility that throwing them
back on medium and growing up » ~cw culture from them might resuit in
the dissipacion of rheir specialized capacity (o survive serosoli-~
zation. Consequently, Dr. Harper has prepared asercsols, and obtained
the survivors from these aercscls after 60 min of duration, and im-
mediately re-aerovsclized them in the thought that, as you pointed out,
he might come up with a nice flat iine; but he came out with that same
boomerang-shaped curve, which seemed to indicate that there was some-
thing specisiized about the properties of the cell in the aervscl -~
the aorganisms which can survive sercosclizarion. But that specisliiza-~
tion is & property of the organism while it is in the air; vhen you
get it back in the sampling fluid, ity chardcteristics change back to
that of & normal individual.

VETE: In this area perbaps we should use a synchronous culture
and then aercsolize them.

Shon: Derr, in my laboratory, had a paper out several years ago

on that with Pasteurella postis, and there seemed to be some physical

damage to individual <cel s that required some hours to repair. There
seemed to be no final geretic damage to the progeny. It indicated
that you sometimes need an enriched medium -- there have been several
papers on that -- to increase viabiliry. Ysars ago Karl Persichetri
passed an organism for 23 cycles of aerosclization and regrowth, and

we were right back where we started.
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PRELIMINARY STUDIES WITH A CONTINUOUS IMPINGER
FOR COLLECTION OF
BACTERIAL AND VIRAL AEROSOL SAMPLES

L. J., Goldberg and . M. §. Watkins

Naval Biological lLsboratory, School of Public Health,
University of California, Berkeley

This report presents data on the efficiency of & continuous im-
pinger device. 1t was possible to sample the visble particulate cons
tent of 50 cu ft of air {at 1 fczfmin} into & terminal recycled fluid
vol »f less than 2 cc.

An axial section of the current model of the NBL Continuous Im-
pinger (NBL-C1) is illustrated im Fig. 1. 1f one considers air at
sonic velocities && en incompressible fluid, the flow pattern is con-

ceptuslly as follows:

The air flow through the entrance jet ncrgle is restricted to an
orifice of 0.078 inch diameter or an area of

2
it f’f&%& Equation 1

The annular effluent air stresm is restricted to an area of
Ay = 77 (.1563h Equation 2

where h is the pedestal-norzzle ciearsnce. Ares A; may be re-expressed

as follows:

A= o8y - o 156y
| % 6

= 7 (.156) (.010) Equation 3
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How setl A)] = Az Thisg suggests an gnnular opening or 3 pedestal
cleargnce of 010, since the liguld feed hold {3 .156 inches (n

dramweter, ih otrder to approximate nonturbulent flow over the pedesgral.

Oue notes that the base pedestal and top nozzle have & downward
taper of 15%. This taper achievas, &t the air eniry noggle, & cvleare
ance of 0.020 iaches, permitring nonrestrictive air {low through &

nominal 90° change in direction

Arother reguirement is thet the liquid flow over the base pede
esz2a! be smovih and unbroken imaw oi2tely under the aly fet, 8¢ a8 to
provide an intacr fleid fromr for partviculate impactica. tThig conde-
tion is sensitive to pedestal cledrance. 1t was axpevimencaiiy ob-
gerved that the desired even liguid flow wag obtained for a pedestal
clearance corvesponding o & nominal 104 reduction of the unrestricted

gir flow.

As & result of the siove Aapproach, & unit was constructed and
tesced., The impinger -perates at an alr sawpling rate of 1} ch/min
with & continuous liguic #low of nominally 1 c¢/min.  For 24 hr con-
tinzous operation, a !iquid fiow of approximately 1.5 ce/min 18 re-
quired to prevent a [ .iculate sccumulation frow slowly building up
on the sampling pedestt: A perisgtaliic pump was used to traugport

the impinger fluid.

Preliminary tests Foi collection efficiency were made with dye
(malachite green) sclutions dercsclized by 8 Wells'-Lype atomizer.
Solutions with nominally 5% sclids will result in an aerosol with a
mass mean diameter of 1-2 u. Tests for biological collection effi-

ciency were performed with Serraris marcescens and with Vesicular

Stomatitis virus {V3V).

S. marcescens was incculsted from a seed slant  into heart infu-
sion broth (Difco) and incubated on a shaker at 37 C for 24 nhr. The
sercgolized organisms recovered in s nutrient broth (Difco) were
assayed on nutrient ager petri plates. After lncubatio: for 18-24 hr

at 37 C, colonies were counted.

VSV was harvested from and assayed in chick fibroblast tissue
culture monolayers (CFTIC). Monolayers employed for virus production,
or for assay, were grown in 16- or 3J-ox prescription bottles, respec-
tively, for 24 hr at 37 C in 0.5% lactalbumin enzymatic hydroiysate
in Earle's balanced salt solution (LE) at pH 7.2-7.4 to which was
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added 8% heat-inactivated calf gerum and antibiotics. For production
of plagues, 4uitable dijutions of virus samples were permitted to ad-
sorbh to drained unwished CTFC monclavers for . hr at room temperature
Subgequently the cells were overlafd with LE fortified with 0 1%
bovine albumin Fraction V 4t o8 7.8, plug 17 nutrient agsr, plug 20
fetal c#if werum. After 24 hy incubation at 37 €, | 6000 neutral
red was sdded to monolavers to &id in counting plagues Endpoints
wers expressed in terms of plague-forwming units (PFL, per standard

volume o derogol samples.

it was observed that psarfticulare recovery was gensitive to the
depth of cthe fluid feed cavity. 1t was fvrther noted that the condi-
tion of maximum bturbuience in the {'uid feed cavity, &5 evidenced by

wminipum air flow, resulted in weximal recovery.

Tarles | and 7 summarize the results of twe experiments using
VSV aercscls. The AGi-30 capillary impinger was used 48 a pavallel,
simultaneous, comparative sampler. it is evident that the HBL Contin-

uous impinger was as eificient as the AGI-3.

Tabkles 3 énd 4 present the rvesulis of & similar set of experi-
meats usSing . mAYCcesgens. Again, n> significant differences between

the twe sampling technigues were toled.

The NBL Continuous Impingsr has been demonstrated to sample #1r-~
borne particulates of 1-2 u dismeter as efficiently as the standard
AGI-30 (12.5 liters;min)}. The feature of continucus operation has

applicability in many sawpling probleams.

one of the interesting applications of the NBL-CI {8 in the
selection of mutant organisms for study In experimental aserobiclogy.
The entire residusl viable content of an gerossl {n & holding chamber
of approximately 50 fc3 way be sampled into less than 3 cc of sampling
fluid. This should allow one to assay for mutants resistant to the

imposed environment with & capability of detecting & mutation ratio
of 1/108 eo 171010,

One additicnal comment should be made.  Due to the ligquid flow
characteristics of the NBL impinger, there is no requirement for an
antifoam. As a result, the fluid used for collection of virus aer-
psol may be directly utilized on the tissue culture monclaever used

for plaque assay.
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TABLE 1 Comparetive sgroscl recoveries of ¥esicular Stomaritis virus
employing the NBL-CI and ACT- 3

i
NBL-Continuous vaiﬁger* i AGI- 307
(26.5 liters/min} ! (12.5 liters ming
i 3 i1 T
Fluid recovered g Plague !  Flusd recovered * Plague
Szmple (corvected to g Csu:éi 113“@'@1& : {corrected ¢o } e;ijgﬁ
o agsay vol. ot be s @il. | b3 | #seay wei. oF e ﬁ«éﬁ
20 ce) | ’ ; i 19 ze) o '
; : ‘
2 38 cc ‘ 1,6 1 i 9.6 ¢ 1,9
4 3.8 cc 9,25 3 g & cc 4,3
& 3.8 cg 13,22 5 9.2 ce 20,18
8 4.0 cc 14,17 r %.2 cc 20 12
10 4.0 ec 20,20 ¢ 9.2 ¢t 16,19
12 3.8 sx 4,3 11 9.2 cc 18,7
14 4.0 cc 23,19 13 9.2 ¢x 4,18
1§ 4.0 ce 9,18 15 $.0 cc 19,19
18 1.8 ce 8,10 1? %. 0 e 6,14
20 3.8 ¢t 16,13 i 9.2 ¢¢ 7,i8
22 1.8 ¢¢ 11,10 21 $.0 ¢cc i3,9
24 3.8 ¢cc 23

297 273

* Operated at 20 inch Hg vecuum.
¥ Assaved plague count/230 cc of aerossi.

TABLE 2. Comparative serosul] recoveries of Vegicular Stomatitis virus
employing the NBL~CI and AGI-30

r
i

NBL~Cont inuous Impmger* ”wi-30*
(26.5 litera/min} {(12.5% iiters/min)

Fluid recovered Placu Fluié recovered Pleque

Sample | {corrected to ngti Sample | {corrected to cwgt
No. assay vol. of | ¢ o dil Ba. sssmy wol. of -1.0 411
28 cc) ’ ' 10 ec) : i

2 3.6 ec 31,21 1 7.0 ¢ 0,15

4 3.4 cc 15,16 3 9.0 ce 22,17

& 4.0 ce 35,26 5 9.0 ¢c 23,2

8 4.0 ce 33,25 7 9.0 cc 21,21

10 3 8 cc 26,23 ] 9.0 cc 20,21

12 4.0 cc 34,22 11 §.0 ¢c 16,13

14 4 0 ce 26,22 13 $.0 ¢c 14,19

16 20,26 15 9.0 cc 20,19

401 307

* Operated at 18 inch Hg vacuum.
¥ Assayed plague count/750 cc of sercscl.
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TABLE 3.

Compavative sevoscl recoveries of Serratis sarcescens

smploying the XCL-CI and ACI-30

MBL-Continuous Iampinger”
(26.3 liters/min}

AGI-30"

{12.% liters/win}

-
Pluid recovered Viabie { Fluid recovered Viebl
Sample {corrected to Sample {corrected to e
. eunt count
No. assay vol. of 6 ai Ko. agsay veol., of s
AN ii. A g dii.
42 LS 20 £C§
1 7.8 c¢ 88,88,%8 i i7 [T 73,82,8
2 7.8 ec 7Z,84,%0 2 i%8  cc 85.96,89
3 7.8 cc ?2,81,89 3 17.% ec #8.79 .88
% 2.0 ee 78,54 ,88 &4 ig  zc J0. 83 81
g 8.2 wc 53,%8,52 18 ce 73,82,82
1147 1233
*

¥ Pump

TABLE 4.

Operated st

set to deliver

20 inch Hg vacuum

1
i

~1/2 ce/min

Comparative asercscl recoveries of Jerratia marcescens

emploving the NBL-UI and AGI-30

NBL~Cont inuous {m§inger*

(26.7 liters/min}

AGI-30

(i2.5 liters/min)

Fluid recovered o | Fluid recovered .
Sample {corrected to Ei::ie Sample {torrected to Zézzie
No. assay vol, of 6 di{ NG . asgay vol. of 0 dit
42 cc) : 20 ce) )
1T
i 7.6 co 115,126,114 i 18.5 ¢c 167,129,161
2 7.4 cc 122,112,123 2 18.0 cc 116,122,135
3 7.6 ce 131,153,128 3 18.5 cc 137,149,160
& 7.4 cc 139,123,142 & 18.0 cc 105,132,141
1488 1659

* Operated at

¥ Pump

216

sel CO

20 inch Hg vacuum.

deliver 1-1'3 cc min.



DISCUSSION

VETF™: Could you give us some of your thoughts on critical psars-
meters of {mpingers in regard te viabilicy?
Goldberg: Dr. May did some early work on the c&scade impactor

which indicated that the critical paremeter involved 1s the impaction
parameter characterized a&s thet size collected with 50% efficilescy.
If you will carefully ncte this lmpaction parsmetsr -- in paiticulaer,
3t you hold it near 0.6 p -~ you will find that rupture of the cell
due Lo impaction will be teduced. Now this means that you cen operste
at, iet's sa&y, sonic velocity with a larger hole, (f yvou will, {.e.,
you can go to smalisr holes but less than sonic velocity. 1 think
irg best to consider your sampling in terms of this impaction para-
meter rather than simply in ferms of either velocity or jet diemeter
or width, depending on whether vou have & hole or siit. It turng out
with the 12.5 liter/min AGI, that the impaction parameter is almost
ideal. When you use the ASI with a b liter/min sampling rate, the im-
paction becomes 4 littie tooc severe. As a result it appears that the
12.5 liter/min all-glass impinger is superior as a general air sampler.
wWhen one restrains the impactfon front, one can achieve sampling rates
of 25 liters/min. In the AGI, the fluid front is not restricted and
as & result, the impaction parsmetey in effect drops off. So the net
resuit of all of this is that you end up with about the optimal im-
pinger type of device at 12.5 liters/min.

Silver: How do you know that everything iz working properly?
In the case of the crdinary glass impinger, of course, you get to
look ar it. How do you know yours is aiways working?

Goldbery: The wall of the present device is a clear pla tic so
you can see in and note if {t is working properly.

¥FTF: In that particular astudy between the 12.5 liter raised
impinger and che & liter/min raised stem impinger, I believe there waa
no difference whatszoever with two organisms, tularenais and B8G spores.
Actually there were s.ightly higher, and sig: (ficantly 8o, recoveries
in the & liter than the 12.5 liter impinger.

VFTF:  What about the sampling fluid -- isn’t this part of the
critical paramecer?

goldberg: Yes, cthis is one of the things that comes up. The

* VFIF = Voice from the floor.
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sampling £luid {s also very important. And I thiak you mey find higher
tecoveries with sampling fluids other than those [ menticned. We kapt
one constant Juring the comparison but, noneti’wyy, this is & 21 &~
tion where, in & zense, wi are Lrying Co compare different resul and
it is wory difficelt o relate the fwo unless you do the sxperiment
under idantical conditions agein.

VFIF: 1 seriously diagree with & previcus stetement that the
6-15 and the 12.5 are doing the same job.  Those of us who are doing
some research in the field of sercsol standsrdization tezhniques know
thet we sowetimes ger some Gost wdd rtesultr. vhen we collected P
tulsrengiz seroscls, we would end up with sbout 507 Rd when smmpiing
immediately after spraving. I think that under these conditions the
6-13 impinger kills tularensis cellg at & greater rate than the 12.3.

Goldberg:  We duplicated some of your findings and dre aoct sure
whether it i{s the organism or the sampler causing the trouble. Unfor-

tunately, there is no irmediate answer to this tvpe of 8 dilemma.
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Proc. First Intern. Symp. Aerobiol., Berkeley, Calif., 1963

INACTIVATION OF VIRUS AEROSCLS BY
ULTRAVIOLET LIGHT IN A HELICAL BAFFLE CHAMBER

Marcus M. Jensen

Departpent of Hedical Microbiology and Immunology
Schoel of Medicine, Univearsity of California
Los Angeles, California

The foliowing report describes preliminery studies which were
undert*sken to determine the effectiveness of & high-intensgity uitra~
violet {UV) chamber to inactivate v Luses in aeroscl suspensions.

MATERIALS AND METHODS

Aerasol Test Unit. The aercscl test unit designed for this study

is shown in Fig. 1. The unit counsisty of the following components:

1. Aerocscl generation chamber,
2. UV test chamber.
3. Sampling chawmber.
4. Becontamination chambers.
Aerosol generstion chamber:  Alr was supplied to the unit by a

tlower with s varisble output capable of delivering up to 200 cfm; for
these tests, 100 cfm was employed. Before entering the generation
chamber, the air passed through & 0.3 4 filter which removed microbial
contamination Six UV light tubes were installed inside the chambers
for decortam nation purposes The Schoeffel Mode! 2004 acrosol genrer-
ator was used (Schoeffel Instrument Co., Hillsdale, N.J.}). This self-
concained unit generated & fine &eroscl and dispensed 0 128-0 150 g of
viral suspension min, this varied with the composition of the fluid.
The serosol was directed into a 7-inch dismeter tube leasding to the UV

chamber .
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UV test chawber: The UV-1ight chamber consisted of a 36 inch
long cvlindrical aluminum tube of 7 inch diameter with an {oner surface
highly reflective for UV radistion in the getmicidal racge (Fig. 2).
Iinside rthiz chamber was g helical Haffle svstem that produced tirbu-
lences and dirpcted the zir-flow in & eyclonic pafiern L0 ifsure com-
plete exposure of the airborne particles to the UV rays. The UV tube
exvended longitudinally through the vore 0f rthe ¢hasbers. {This chamber
was provided by the Union Carbide Corp., Linde Co., Linde-Robbins

Aseptic Alr Systems, Venice, Calif.). 'M™e UV tubg was & GE germicidal

s E,.

lamp {G 367T6) with an outpur of 13.1 wetts at a waveleugth of 2537 4.
A radiastion intensity of 4,85 wat:sfftz at 2 inches was produced by
this lamp. The air-flow velocity through the chamber was 400 ft/min,

which gave an exposurs time of about 0.6 sec.

Sampling chember: The Andersen sampler proved to be more sffec-

tive than all-glass-liguid impingers for the sampling of viral aeroscls
in these studies. The tuop of the sampler was plated even with the in-
side of the rtube. Regular Andersen sampler petvi dishes were filled
with 27 wl of 27 ager. The agsr was then covered with 0.3 ml of a 20%
gkim milk suspension; this formed a thin viscous film over the agar.
After the asrosol ssuple was collected, the skim milk film was sus-
pended in 3 ml of Hauks solution. This fluid was then assayed for
viruses. The sampiing efficiency with the skim wilk film on agar wes

about twice that of plain ager or & skim mlik fiim on a plasric surface.

The stage distribution of viral plagque-~forming units {pfu} iu the
Andersen sampler is shown in Tgble 1. Listed are the four viruses
tegted. {Coxzackie, B~1 containing 4 x 197 pfu/ml in Eagles medium +
0.7% serum protein; vaccinia, containing 1 x 308 pfu/ml in & 1:20 dilu~
tion of CAM suspension; Sindbis, containing % x 1@6 pfu/ml in chorioall-
antoic fluid; influenza, containing 1 % j07 pfu/mi in choricallantoic
fluid). More viruses were impinged on the third and fourch stages than
on the extreme stages. Some “'slippage’ occurred, but for these studies
this was not considered significant. Based on the calculations cof
Andersen, evidence suggests that a majority of the viral particles are

contained in droplet nuclei 2-4 i in diameter.

viraei assay: All viral titrations wetre done by tissue culture

plaguing methods using disposable plastic flagks (Falcon Plastic Co.,

Log sngeles, C8i1f ).




FiG. 2. Cutaway of ultravioiet chamber,
showing helix and ultraviolet tube

TABLE 1. BStage distriburion of viral aercgols collected in
the Andersen sampler

Plague -furming units per stage of sampler

Virus
i 2 3 4 5 6

20,250 | 11,250

Coxsackie 8-1§ 10,500 117,750 {21,750 1 26,750
30 149,500 1,785

Vaccinia B,773 130,480 [ 42,930 | 141,7
Sindbis 1,830 | 4,000 115,750 14,100 8,850 840
Influenza A 150 1,200 4,200 3,300 &30 -

The following [laguing systems were used: for Coxsackie B-l,
Detroit-6 or Davis tissue culture monclayers were inoculated with 0.2
wl of skim milk-virus suspension. After viral adscrption, the cells
were covered with O.6% agar overlasy conrtaining tris buffer and 5%
agamma calf serum. After 3 days incubation, the flasks were filled
with 107 formai:n, which fixed the cells and inaciivated the virus
The sverley medium and formalin were poured off and the cell monolsver
stained with crvstal violet; <this enabled direct counting of the

plaques For influenzd A (WSM): plagues were produced on primary
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chick embryc *igsue culture monclavers uaing an overlsy sedius de-
scribed by Hirst snd Simpson which contained no serum. For Sindbis:
plaques were produced on secondar, chick embrys tissue tulturas, using
trig buffer overlsy. For v- ‘nia: Piagues were produced on secondary
chick embryo timsue Cultures; no cverlay was used. Celis were fixed

and gtained after 38-hr fncubatisn.
ULTRAVIOLET-LIGHT INACTIVATION

UV insciivation tests were carcied out by first passing the viral
serogol through the lighted UV chasber, then repedbing the procedure
with the IV chamber light off. Each test lasted 10 min. Viral con-
centrations gollected by the Anderzen sampler with the light “on' were
compared to concentrations ¢ollected with the light "off" and the per~

centage of inactivation determined.

RESULTS

The results are summarized in Table 2. The first column of fig-
ures represents the concentration of viral particlea/ft3 of aerosol.
These figures are computed from the amount of virus contained in the
viral suspension times the volume of fluid dispensed/min divided by
the fr? of sir passed through the chamber/min.

The next two coluwns list the number of viral pfu collected with
the UV light off and on. The percentage of viral inactivation is seen
in the last column. A vaiue of 100% is obtained for vaccinia and in-
fluenza, 99.95% for Coxsackie B-1 and 99.6%7 for Sindbiy virus. The
lover figure for Sindbis might bhe attributed to & precipitate that
formed in the viral suspension during this test.

TABLE 2. Inactivation of viral aerosols during passags
at 100 £13/min  through & helical baffled
UV light radiation chamber

Concentration of | Pfu collected/fe? of % of virus
Virus virsl .¢f°§°1 in derosol sampled inactivated
plu/fL With UV off [ With UV on | PY UV light
Coxsackie 57,200 10,755 5 99.95
Influenza 1
A (WSN) 14,500 820 0 100
Sindbis 7,500 4,537 1¢ 99.60
Vaccinia 128,000 27,522 4} ; NG
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CONCLUSION
the concentrations of virus passed through the UV chamber in
these tests were many times greater than that which would be encountered
undetr most conditions. The results indicate that cthe helical baffled
UV chamber would be effective in inactivating virtugily all atrborne
viveses passing chrough it Because of the lsrge volume of air
handled by this unit, 1if ve&dily lends itself to experimental or clin-

ical conditions where the $ir must be relarively free of microorgsnisms.

DISCUBSION

wip":  You wentioned, [ belleve, that there 18 high efficiency
with the Andersen sampler -- higher than with the all-glass impinger.
Could you slaborare on that? Could you show an extra slide’

Jensen: | hesitate to show thiz slide {Table 3) because the fige
ures represent rather limited dats, and the irregularities may be a
result of my techniques. Using serosoclized Ty bacteriophage, wve wera
unable to collect any virus with the 12.5 liter glass-impinger; evi-
dently there was & shearing effect with this samplsr. With & midget
impinger we could pick up & few particles; the Andersem sampler ctol-
lected wmore than Y09 phage pa:ticies;ft3 a8 determined by Andersen’s
positive hole conversion table. Next, wusing aercsolized vaccinia
wirus, 1,066 pfu were collected with 12.5 liter glass impinger 2s com~
pared to zero with the midger impinger and 27,500 pfu with the Andersen
§ampler. AL this puint in our study we decided to use only the Andersen
sampler; the results of the Coxsackie tests had not beea completed at
that time. When these resultra were obtained, it was found tha. we had
a greater efficiency with the 12.3 liter impinger: 27,500 pfu as com-
pared o 8,000 and 10,775 pfu for the midget impinger and the Andersen
sampler, respecrively.

TABLE 3. Effectiveness of various sampling devices for coliecting
viruges i{n aeroscl suspensions

Pfu of virus collected ft2
. of aerosol sampled with
Virus
; . Midget Andersen
Liquid impinger v % i N R
Liquid Impiager Sampler
Ts Bacter:inphage K 909
vaccin:a 1,06k G 27,500
Coxsackie B-1 27,500 8,000 i 10,755
COYFIE = Verwe from the tlor
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FEIF: [ must &8y 1 sm rather surprised that more of your parci-
cles fall on stage 3 or 4. 1f most of your particles fall on stage 3
and 4, it would not mean that the principal ausbers, nemely sumbers of
particles, would be in the 2«4 y range, would it? ’

Jengen: Yeg, it would.

YVETE: You must have many virsl particles per droplet sucled.

Jengen: Specifications on the serssel gensréior, waing a 5%
saline solution, stated that mest of the pyrticles were in & 1.5 o
range or below, snd abour 0% by volume would fall into the Z+¢ 4 range.
We hsven't 8% yet determined the actusl particle size {n our seroscls;
based on the specifications of the sercsol generstor and the disvribu-
tion o the Andersen sampler, we do find some discrepancy.

VETE: Well, frow theee results can you estimate in different ex-
perimentyg the probeble number of viral particles per drop of nuclevs?

Jensen: T haven't trlied this.

YFTF: The other question I hsve is this; Are you sure thet this
is UV and not ozoune?

Jensen: The lamps used in these studies have been constructad so
as to minimize ozone production. Oszote comcentratioans from four of
these jamps burning in & small room for 1 bhr would be iess than 0.000%
ppia, which is far below the typical atwospheric oxidant levels in Los
Angeles (.02-0.13 ppuw).

Goldberg: bid you compare the spiral with, say, the absence of

spirgl or was there perhaps one turbulating disk?

Jensen: No, this is the only unil we have tested to date.
Schuzman: What was the relative humidity (RH), or did you deter-

mine RH inside the chamber?

Jensen: Yes, we monitoved RH; depending upon the test it ranged
between 52 and 66%. We made no effort to control the bhumidity. The
time of exposure of the aerosol was only about | sec from the time of
generation until sampling. The asmount of fluid serosolized would alter
the RH inside the chamber by less than 1%, The effect of RH on UV in-

activation of viruses has not been determined. This could be a cricical

factor
Harper: 1 merely want to make the observation thar one ghouid
not write of{ the passing of 1 sec as being unimportant -- cne can get

quite stringent death in that pericod of time; it is dependent oo RH.
So one should not say 1t is just 1 sec and so the RH dces not matter.

VFTF: [ wondered how long you thought this thing would work --
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until 1t got direy-- and then it wouldn't be as effective perhaps.

Jenten: We ran many militlivers of fluid through this unit and
1 beceme concerned about this posaibility  But throughout these teals
the lamp wea nol cleaned snd wva stili had the same degree of inactiva-
tion. In normal operstion, the UV unit would be used after s filter
which would remove dust and the lsrger particlss. In these studies
approxioately 00 wi of fiuld were gercgolized directly into the UV
chamber without prefilvestion end we 3till had 3 high efficiency. The
vaooinid tests were comducted laést, 80 evidently there is @ good
safety margin.

YFTF: How effective is this with bacteris? [Is it as effectivel

Jemnzen: It is squally effective; tests have been conducted with
various bacteris, including mycobscterium, and the i{nsctivation rates
were grestey than 99%.

YFTE: [ want to comment on this: I think GE quotes an effective
1ife of sround 1,004 hr or that sort before the glass sclarizes, then
you don't get enough UV to be effeccive anymore.

Jensen: The manufacturer lists the effective 1{fe &8 approxi-
mately 7,500 hr. There is an initisl 100 hr period of grester inten-
sity; these “es:cs were conducted afcar the initial 100 hr of operation.

Goldberg: You might mention that agsingt & netural bacteriel airv
flora you would expect, say in & hozpital, the reduttion to be between
50 aad 90%, depending on humidity. Az vou all know, the hospital or-
ganism is gquite tough, it is embedded in dirt, so to speak, and
agsinst thar type of organism your kill iz not as effective.

JERSEN: As [ stated earlier, in this type of installstion pre-
filters would be used with the UV unit which would remove the large
particies.

VPIF: 15 there any effective femperature change in this situe-
tion with all of thig intense radiation. Is there any incresge in tem-
perature during the run of the unit!

Jensen: Thig hag not been determined; there ig possibiv a slight
increase. [ had thought there wmight be a reduclion in particle size in
tests with the lamp on due to increased heat, but the distribution in
rthe Andersen sampler of the few parcicles that did come through was
similar to that obtained with the tamp off; 1.e largest amounts on
stages 3 and 4. The smount °of impaction ~r heat ipactivation obtained

within the helical baffle unit, if any, has not ve. been determined.
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MODELS FOR DEAGGLOMERATICN AND
FRACTURE OF PARTICULATE SOLIDS

Jokn $. Derr, Jr.

Biephysical Resear:ch Sranch, Phyaical Sciences Division
. 8. Army Eiological Laburatories, Fort Detriek
Frederick, Msryland

The asroscl generstion of particulate solids consists eithar of
fracturing lsrger particies snd creating &n eir dispersion of their
fragments, or of separating preforsed particles held together in ag-
gregares by surface contect or cther forces. In the first case, new
surface area is crested, requiring irn general larger expenditures of
energy and applicacions of larger streases. Concomitant with the ex-
posure of fresh surface to the gasecus enviromment, opportunity for
cataiyzed chemical reactions is sfforded, which cculd ahift the powder
into & not~equilibrium condition. Because of the velatively bigo en-
ergy and siress requirements for increasing surface area, serosols of
powders are usually generated from & presired product, piepared either
by grinding or spray drying. Specisl techniques do exist, however,
for the preparation of certain dry materials that meke possible the
stable sercscl generation of non-presized powders, through reduction
of stress required in the creation of new surface by alieration of

powder properties.

In general, however, #ny particulate solid aeroscl generation pro-
tess invoives both the creation of fresh surface, or grinding, and the
separation of basic presized particles held togerher as aggregates, or
deagglomeration. The relative extent of grinding and deagglomerstion
depends upon the energy avatlable in the generating system as well as

ity comgressible flow charecteristics, the particle-sire distribution
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of the pre-dispersed powder, the design of the geruscl genprating
mechanism, and the intringic physical pruperties of the solid medium

compr iding 4 particle.

ihe purpese of this paper will Be to present models for grinding,
énd for particulste solid agr 8301 generation lovolving compregsible
fluid dvnamicy, {0 an attempt to correiate properties of the gen~
erating svatems and the pre-Jdispersed posder. hopefully leading to &
prediction of the intfially xenerated &erosel =:ze digiribution.
Modificetion of the inicial asruscl distribution by coagulation,

preferential sedimentation or diffusion, eic , will not be diacuassed.

AERODYRAMIC DRAGULOMERATION OF PARTICULATE SOLIDS

A. tonfoymalion 0l 4n dgareqdte

In rhe discussion which follows, 1t wiil be sssumed vthat the
basic parricles comprising the powder are homogenecus in size, & pasic
partisle being defined as the smallest volumetric subdivision of the
powder pesszible without the creation of fresh surface. his assump-
tion does nov strictly apply to most powders dealt with experimentally,
but if geometric standerd deviations of the digstributions are smail
the assumpion does not introduce any Sericus  &arror. &k proper sta-
tigtic, such as Sauter Mean dismeter, average volume diaweter, sdres
mean diameter, etfc., car be chosen to approsimate an equivalent

t

"homogeneous size' for 8 given spplication.

It will be further assumed that the basic particles are initialiy
separared from each other, 1.e&. no aggregates are initially present,
and that they are in random motion with respect Lo each such as ap~
plies to a turbulent gas suspension or to a mechanically stirred
array . Random motion will produce collistons, cullisions will pro-
duce aggregates, and 3 steady state will be reached when deagglomer-
ating forces brought to bear on an aggregate are equal to forces of
cohesion holding the aggregate together. Aggregates consisting of

various numbers of basic particles can be formed 1n two [imiling wayvs:

1. Type 1
Type | results from random c-llisimns between basic particies
simultaneously in every volume element 5f the array, and c¢ontinying
collisi-ns between resulling aggregates, etc. Non-uniform packing of

basic particies resulits.
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Z. Tvpe

Type 2 is caused by the initial formation of an agglomerate by

Colitaien ot lws bguic parficics

, and Sutwkssive build-up of this ag-
! omezare by successive collisiona between 1t and individual basic par-
cicles. Untiurm packing of baaic particles regults,

4 schemetic representstion of agslomerate formstion in both wodels,

agguming colligiong between two particles for sllustrastion, i3 given

18 the probability of 8 alngie collision involving

o
ViINng

- TWS par-
ticies, taken #s egual for both modela, then the probability of forming

&n agplomerate consisving of By basic perticles for each tvpe isg:

{logsﬂ Ni!

5 .3 T (1}
Py, =P \0.301 /
Y
where Ni a2t
i = array index
(v
Py R 2
-

the raiio of probabilicies of forming an agglomerate of type 1 to type

2 c¢onsgisting of the same number of particles is then

: 1
T E N, 1 -N
R = - i - ‘P‘C G3Dl i (33
{N,)
2

Since Fc < 1, it is seen that aggregates formed by the mechaniswm
type 1 For example,
for Fc = 0.5 and Ny = B, then R = 16, or ;C = 0.2, Ny = 8 then R =
625.

of are mach more probable than those of type 2.

As B_ decresses, or N; incresses, R increases.

Hence, the confornation of what might bSe considered 8 most prob-
able or representative agglomerste will be that determined by probs-

bilities associated with type 1, having:

(1) a quasi-aspherical shape, due to the spherical symmetry of
random motion of colliding particles.

(2) five sub-agglomerate components, on the aversage being the
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Type

Number Basic Particise Areay Arroy (adex Probability
in Aqg!easﬂcns N of Agglomsrate

Configuration
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Figure 1. Limiting Tyres of Agglomerare Formation,
(Two~Particie Colliafon Assumed.)
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pmallest nusber of colliding perticies defining the srherical symm oy
Each of these component aub-asgglomerates will consist of five smaller

sub-agglomerates, etc., onding with 3 sub-gggliomerate congieting of
five besic particles, which would Correspond to the {irst sggregate

formed in he inifially digperszed random srray

A schematic dlagram of this hypothetical characteristic aggregate

is shown in Fig. 2.

The iargest characteristic aggregate encountered in 3 bed of
pre~digpersed powder will be that determined by the wmagnifude and ef-
ficienvy of applicarion of the disyupting stregs during the powder’s
history, schematically represented in Fig. 2. The process of aerosol
generation then can be considered as & sequential process of bresking
an agglomerate of type 1 inte its component sub-agglomerstes, ezc.,
until either stable sub-agglomevate or basic particler are dispersed.
Ao imporeait properey of the sub-agglomersate hypothesisg is the decrease
in numbers of contacts por unit atea between component particles 4g che
agglomerste increasses in size, 1.g. ag the agglomerste gets larger, its
shear strength or tensile strength gets smaller. This would not be the

case for aggliomerates of type 2 formation.

B. Disrustion of agelomeraies by gerodynamic drze

In geneval, mechanicsl forces capable of deaggloweratin articles
£ P £8

arisze in seven ways in & compressible flow gystem:

1. Impact of particles with [luid {low boundary walls due to
vorticity of the parricles’ motion. This could result frowm high-order
turbulence in the fluid flow system, or centrifugal force applied to a
particle a3 & result of its motion in & laminsr vortex. The average
velocity of the particle in this system would be in general parallel

to the impact zurface
2. lmpact of particles with each other

3, Centrifugal disvuption of & particie due to rotetion about

its own axis.

4. PDirect impact with & fixed bounding surface, not requiring
verticity., + =re the average velwocity wvector of the particis inter-

sects the impact surfsce.

5. Fraiction drag, or shear, vresulting from velocity gradients

31



o

23

O-0-@-0-O

O—O—@—0O—0

Qe Q= G e Qe O

Figure 2. Cross-Section Schematic of "Frobab le'' Quasi-Sphericsl
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i & viscid fluid system; and form drag, or pressure.

6. Isertia, causing prefergntial acceleration by drag forces

acting unevenly over perricles in contact and composing &n aggregats.

7. Explosive decomprssaion of an agglomerate containing trapped
#ivr in its voids if surface pressure ie rapidly reduced. This effect
can theosretlcally exist for 2 spherical sgglomerate under drag v &

free stream.

For the intgraction 6 & fice, unbounded gas stresm and a particle,
wmechanisms (33, (8} and {7} would predominate. Drag includes both a
pressure gtress and a shear stress, and for a sphere in steady laminar
fiow of a viscoue incompressible medium, or for a compressible medium
at Mach < 0.3, these siresses are normal to gach other and normal and
parallel to the surface respectively(l). The resultant drag force
under these conditions 1z parallel to the divection of motion, and is
given by Stokes' law for spheres with radii > 1 u.  (The Cunningham

correction fsutor te account for glip is required for radii < } wu.}

Dy = 67U T {%)

relative stream-particle velocity

L]
¥

-
1]

radiusg of sphere, or characteristic dimension
Tt = viscosity of medium
Stokes’ eguation hnlds for laminar flow, which, for a sphere, reguires

& Reynolds number, R

< 1

"
¥
F
g
~
-
W
'

# = dengity of medium

A general :xpression for the drdag or resultant force on a par-
ticle of any shape in either incompressible or compressible media for
gither turbulent or laminer flow has been formulated in terms <t &
drag coefficient. Drag acts on a particle in direction vt relative

motion of the medium with respect to the particle.

U = free stream veldocity
§ = projected area of bedy nsormail to stream

C. = drag coefficient

P = density of medium at particie surface



The drag coefficient is & function of shape and Reynoids numbey,
and for irregular shapes (s empiricaily de:erminediz), A functlon re-
lating Ch und R, for spheres over the range of § < Re < 200G has been

(3}

derived by langmuis with average devisticns from experimentally de~

termined valuves of lese than 4%.

0.63 1.38

€ R /26 w1 40197 K +2.6x107% 8 (614
D oe @ [

I1f a particle [s free to conform to an external pressure stress

over iig suriace, its shape will be altered if the resultant stiress ig
not uniform in magnitude and direction over every regioun of the surface.
It can be shown thay particles obeying Stokes' law are not distorted.
However, particles sccelerated in compressible media do experience non-
uniform as well a8 non-symmetrical pressure stresses, and aggregates of
particulete solids or liquid droplers wiil deform during acceleration

if the magnitude of the stress exceeds the tensile stress or surface

tenslon pressure of the respective particles.

For a sphere under acceleraticn in an ioviscid fluid at rest at

infinity, the surface pressure distribution as derived from & velocity

potential can be shown to be(“}
p-? 3
o 1 du 1.2 2z
= — e o (] e - {7
= =3r Cos 8 s TR U" (8 Cos™ 8 -5} (7
whete r = radius of sphere

8 = anglie measured positively from flow axws from stagnation
point

U = velocity of sphere in inertial frame of reilcvence
P = pressure on surface

P = sragnation pragsure
t = time

2 . -
Since the Cos ¥ term is symmetrical about the axis of motion, the pres-

sure distribution contributing to drag is:

¥}

ar s
dt

r Cos @

t
[T

Fouati;o>n § is plotted 1n Fig 3 for rhe case vt = 12 . and &an init.i&:
Mach G ! relatwve particle free stresam velncity at atmospheric pres-
sBure At Mach 9 1, compressibiiity effects are negligible. Froam

Newton ' s se:ond iaw and Equat.on b
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The radial pressure distribution of Equaticn B Is asymmelrical aad
non-uniform, theveby caontriboring to scceleration 2 the parsixie o an
ingrtial frame gnd, fo some extent, to flattening of & particle in the
divection of relative fluid-particle motion dus {5 umequal acceierstion

of 1ts fore and ait surfaces.

The second term im Equation 8, however, for the conditions of flow
defined above, ig greater than Eqguation 8 by orders of magnitude, snd,
although not contributing $o drag because of its symmerry, does have
the effect of producing greater particle distortion in & body-fixed
frame of refevence. This "deforming' pressure distribution is plotted
in Fig. 4. It is seen that the minimum pressure is sub-atmospheric at

o
e > 90",

A rougn estimate of the rate of deformation of flattening for the
case under congideratjonr can be made by the following considerations:
Consider a unit area on the surface at 8. Then acceleration of the

syrface of an incompressible inviscid sphere in a body-fixed frame is

given by
L2 2
¢ -p) =L (5 cosle -5y = £ 42X (10)
o 8 3 2
dt
Fe = surface density cf particle
X = radial distance moved by surface eliement, 8 conatant
giving
N
X = EL. (5 cos’s -5) ¢f an
R
s
but

X9 *® T, - T

r, = initial spherical radius

r = distorted radius

Hence, for & = 0° and Xg = T, then t » 4.5 x 10~& sec. Or, for @ =

90° and t = 4.5 x 104 sec, then rg = 90° = % r, or the sphere tenda
to develop intc & crenated disc with a 125% increase in rédius. The
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presgure distribution will approsch that over a disc with its plane

normal to flow. This pressure discribution over the lesding surface

{3)

is given by‘)'
e 3

2 a* - (12

T o b ‘

where
r o= yadiug vectioy

P, = stagnation pressure

& = ¢enstant

Cavitation will tend to develop behind the gphere as it distorts, pro-
ducing &n asymmetvicai pressure distribution, and thus will further in-
crease the drag. Hewce, when deformatiocn of the sphere begins, disrup-

tion will result if the appllied stress is maintsined.

The aercdynamic pressure stresses and viscous shear stress would
then probably play the following sequential roles in the deagglomer-

ating process of a spherical aggregate:

(1) Deformation or flattening of the sphere by normal componentcs

of stresses, Fig. 5a.

{2} Further deformation dua to normal aerodynamic pressure siress

on the resulting concave surface, causing ¢ontinued radisl separation
of the aggregate with respect fo its center of mass. Az the aphere
tlattens, & high non-gymmetrical pressure distribution occurs that
will further accelerate the particle. 1f the pressure slress,
grestest at the stagnation point, exceeds the tensile strength of the

aggregats, it will begin tesring through the axis of symmetry, Fig. 5b.

(3) The tangentrial shear stress due to gradieats in the boundary
iayer wiil prcduce an additional radisl component of accelerstion of

the surface, Fig. 5¢. For a laminar boundary layer (Rg < 3000 over a

disc, this shear stress is given by(6>
N Y2
= 33 Hf ‘,“"‘I—")
Ya 0.332 J—B‘r (13}

(4) The inertia] force of the aggregate acts through its center

>f mass {n 8 body-fixed frume, Fig. 3d.

Hence, during acceleration of the aggregaete, a couple is produced
with radial components. The net effect is to increase the exial stress
paralie! to flow, with radial acceleration away from the center of

mass. The shear stress on the surtace pruduces additional relastive
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Schematic Diagram of Breakup Process
of Quasi-Spherical Aggregate.
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metion of the snrface with respect to the interior of the aggregate,
which moves with a radial compunent becsuse of the off-axis normai
pressure siress. Deagglomeration regults from this relative motion cf

the component parts, or sub-aggregates, away from each cther.

fautar contribating to deagglomeration s “cavi-

Arnuther pussible
tation' in the agglomerate woids when the static pressure on the sur-
face falls bejow the ambient pressure ivside. A maximum pressure grad-
tent far the potential flow case considired would occur at 8 = 9G9,
lecding 192 an “explosive decompress:on” radially and normal to the rel-

ative stream veliscitv,

THEORETICAL AFROSOL SIZE DISTRIBUTIONS

A. Mathematical form

1. Drag-Iinduced Deagglomeraticn

it was shown above that an agglomerate consisting of smwll ani-
formly sized basic particles with non-uniform packing is more probable
than one with uniform nacking. Further, from symmetry consideraticn
of rand»m collisions, a quasi-spherically shaped agglomerate consisting
of five sub-agplomerates would be the mrst probable non-uniform array.
Hence, 8n aggregate is considered to consist of sub-agglomerates, each
ta turn of sub-agglomerates, etc., and the deagglomeration process to
consist of béeakup of a particle irto its composing sub-agglomerates

in a cingle-cycle, step-wise procesy.

An aerosol gererated from e rass of uniformly sized basic par-
ticles wil! have an upper bound on its size distribution, i.e., a
largest size will exis®, and all azgregates larger than this size will
have been deagglomerated. Deformation of an agglomerate will probably
take place when an applied aerodvnamic “deforming’” stress exceeds the
minimum tensile stress of the aggregate, and once deformation occurs,
deagglomeration follows, A measure of the probability of deformation
and therefote of deagglomeration of an aggregate into its sub-aggre-

gates can be exprissed by:

<
P o= probability of desgplomeration

D = available deagglorerating force, assumed constant for
a given process

F. = minimum cohesive force holding aggregate together
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K = tactor of properticnality, cuss. v for a given
process

For aeradynamic drag,

¢, F o '
b= —3 6}
4 = diameter of spherical agglomerate
Also
F o= Bf, 15}
g = number of contacts between sub-agglomerates in
plane through ceater of agglomerate
f; = force per contact between sub-agglomerates
But
8 2 (n-2)23 (16)

n = aumber of sub-agglomerstes in each agglomerate
fn = 5 as a prcbable value)

And ¢.r csculating spher._a) sub-agglomerates where poinrt contact is

assumed
£,0= £, (173
f_, = force per contact betwesn two basic particles
Therefore
FC = (n-2)3 fcb (18
Hulldw
2
_ K Cp P
P = 8(n-2)3 f&k (1IN
2
md

For all particlss » aal to or larger than the upper bound on the aer-
osci size distribu ion, wh'ch have been broken dowmn by the application

4 the deagglomerating stress

xcbpu‘i
P B2 EL - 1 2m
wd 2

d = upper bound, or smaliest sized aggregate with a
" probability uf deagglomeration of unity

And for a given deagplomeratin rocess, characterigzed by & constant
4 B¥ £ :

dray force
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] 8 (n-2)3 tch

R=- 7 2

WCDPUd
(93

(21

¥ can be taken as e relative measure of the efficlency with which avail-
able specific energy in the gas strcam is utilized in effecting appli-

cition of the deagglomeration stress.

Combining Equatiuns 19 and 21, the probadbility of deagglomerating

any other axgregate of diameter di ~ du, into its composing sub-aggre-

gates, is given by

2
- o
- i .
P wo— «,_.r.?)
1 2
d
)
d. = diameter o!{ aeroscl agglomerates

1 = index denoting stage of successive agglomerate break-
down, 0, 1, 2 =---

But
d =d +€ (23)
b o
where i) a representative number wejighted diameter of larges:
- particle in aerosol, after deagglomeration process
is complete
€ = ardbitrarily small number
For
= 0.00%
€ 0.00% du
2
_ 0.99 d1
P T (2
d
o
8ut for ne=S$
d -9 (25)
1+ ! 5
Theretore
- 0.99 )
RS 126
By ,21 26)

The nunadber-~size distribution of a stable acrosol, after the dis-
semination process is complete, can be computed on the basis & Foua-
tiume 26, 25, und 23. A series expression with histogram clar: . or-
‘vals, rather thas & continuoug distribution function, result: “ o adom
t luctuations about mean values for each class tnterval weuld hyaically

resutt in a continucas Jistribution, however.
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The number of particles in each size fraction of the generated
aervsr] is cimputed from the differeace between the number entering a
siu. class (fiom the size class immediately preceding it in the direc-
tion of 1néreaaing size) and the number leaving it as a result of the

next successive stage in the deagglomeration process.
7(0 = No (1-P ) (2

i =0
¥: = number particles in zeroth class corresponding to
size do

N, = total number of particles entering class with d = ¢ _

N, = (NoP -8 n P Fp) (28)
t = 1
n « representative number of sub-agglomerates {u an
aggregate

n constitutes the sverage number of pieces .nto wvhich & particle will
hrear as a result of a single stage i~ the deagglcomeratior orocess,
raketn as 6 1n the agglomerate model. Honce, the genc-al expression
tor the number of particles in the generated aerosoi, as & 1.nction of

‘he deagglomeration stage, is ;:iven by

-1

N, =N, " FH (-2 ---Fo - ?i) (29)

or, using Equation 26 for Pi'

- 2
. L= i ,-1 i .5 -t
rz (=N n P2 (2 P 27h (30)

[y ]

The sverage diameter of an agglomerate associate with each class, 1,

in Equation 30 is ontained from Equation 26.

dG
4, = =2 (31

1 =90,.1, 2 =---

d, 13 determired by the physical parameters of the de:jglomeratior

process from Equations 16, 20, 23
’ 2
BB fy

d el—

0 KICDPUZ

A continuous cumulative number-size distributicn cen v constructed b
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1 and aSSJiiatxﬂg7?i with sizes of particles Wavine dan
spper class value of d, . Number-size distributiens for the case of 1 =
3 are shown i Fig. o with various values of d, as a parameter. A quasi-
log normal distributicn reselts with an average standavd devistion of

in o l. The siope 1s invariant with the value assumed for n.
The distribution s of course bounded by dy and d . whers iy =
~
diameter of the basic particie. This precludes an explicit log-anrmal

(?)

distiribution form as mathematically inferred by Kolmogoroff for par-

ticles resulting from grinding. 1t differs significantiy from that of
(8) .
Martin' O and subsequently derived by Dallavalle, who found the number-

size distribution funciion in the case of fracture to follow the com-

®
pound 1naterest law.

e transformation from a cumulative number-size distribution to
4 cummulative weight distribution can be accomplished in two ways.

Constant particie density is assumed.

!, Assume a quasi-log normal fit, and use an .vera,: value of

= tor the twe stra.ght-line portions of the curve:
E.
Then
-3 In o .. .
d. = dye g d. = number median Jiametoer (33)
’Frg = 1.60 - 610 . : (34)
dv = }.95 dc dm = mass median diameter (35)

2. Make no assumpiions corcerning the thecoretical .rm of the

distributioen, and compute the distribution by

)
£ o= f d.~ (36)

The ncredse in slupe of the cumelative number-size distribution
between fg and d 1s due to the averaging cffect of the medel, which
2
preciuvdes non-integral chanues 1n agglomerate sizes. For this large
si1ze class the series surmation does not adequately reflect a continuum.

Consequently, methud number 1 for transforming the number Jistribution

f

Georgila Institute uf Technology, Atlanta, Georgia. ''Studies and in-
vestigations of agglomeration and dcagglomeration of solid particles,
hy C. Orr and J. M. Dallavalle. Semifinal Report. 30 June {956.
Contract DA-18-065-404-CML-88.
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Theoretica: Cumulative Number-Size Distributicns of Dry Aeresols
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to a massg-weighted distribution :s the more accurate. Variation

agyicnteraiy density wi 3ize hove been neglected in the transisrmation.

i
d., corresnonds to the 977 in the mass transformed Zistriburicon.

Hence, in sumuary:
For number-size distributicne

d = 0.21 4d

(5]

g, 0= 1.60 *+ 0.1
= corresponding to the 99.99 percentile on a
iogarithmic probability plot
For mass-size distributions
d, = 0.52 d,
Qs 1.0 =~ 0.01

d, = correspunding to the 97.0 pexcentile

A piot relating rhe median size and the size curresponding toe the 15
percertile to the representative largest size present in the aernsni,
d,.

tisns. The vertical lines on the mass distribution reflect the spread

is given in Fig. 7 for both numher- and mass-weighted distribu-

of valges hetween the two methods of computing the trausiormation. The

curve correspoads to method 1.

2. Size Distribution of Particles by Impact Grinding
The ::ze reduction of basic particles by impaction grinding uncer
conditions of turbulent flow can be considered to consist of two inde-
pendent mechanisms, both associated with a probability, and the proba-
bii:ty of breakup can be computed on the basis of the product of proba-
bilities ¢f each mechanism occurring. The riechanisms are: impact with
@ suriace u2s & result of a particle leaving & streem line, and fraciure

as a vesul: of the impact.

Hence

pﬂi

B~ F1 % (37)

fo-1]
»

ol
"

prsbability of breakup

probability of impact

a1}
L

<}
re
]

protability <f fracture
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The probablilizy of a parricle lesving & curved stream line and
colliding with 4 bounding surfagre 13 proportions: to the centr{fugal
frrce goting o the particie due t: 2ts .nertis and the shedr drag op-
pusing radial motinn

iz f;

T L.
& P’ U

- A i
P, X R /o3 (38
or
'p U gt g
T B (39
; 187 R

R = average radius of curvature of stream lines at
impact surface

L
K = zonstant of proportionality
The probabiiity cof fracture upon impacl c¢an be cons:dered proportional
to the specific energy available for fracture work and inversely pro-
portional to the specific energy veguired for fracture. Farticles

undergoing plastic defcrmation would tend not wo fracture.

LA} 4
2
K PV
P S (40)
t 3¢ 2E
$ = critical compressive stress of particle
E = medulus of elasticity of particle
Hence, probability of breakup under impact, using Eguation 37
N - I 2
_ RKPe_1d°rk p U'F
CR 2 P (&)
1877 = g
Or for & given system
— v 5
T oz ¥ d4° (42}
B
K = constant

. . (93 .
D21a have been cbta:ned by Epstein in support ~f Eguation 2 for

L9

the impsct-breakage probahility being proportisnel (o 4%, in contra-
diction to & basic assumption in his derivation of legrithmico-normal

distributisn for breakage of sclids
g

applving the same reascning used in the derivartion of Equation
30, where, ;n place 2>f an uprer characleristic aggregdte size an ini-

tial uniform bas;r parcicle size exists, an r1dentical distribution of
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numbers of particies &8 8 funcrion of stage in the bregkup proceas is
obrained. Sizes are guasi-log normally distributed, if the sizez re-

lated to succesgive stages are in & constant ratic.

for
d
5——-‘&»* 2, then o = 1.6 ¢ 0.1
4]

The geometric standard deviation, Gé, devends on the ratio of sizes

but is independent cf n, the number of fragemenrs resultlng frum a
single fracture. For spheres, n » 4, or 5; for flat plateless, n = 2,
d,

1+]

B, Experimental observations

1. Aerodynamic Deagglomeratien
A malor difficulty in determining aerozol preperties is the af-
fect of the measuring device on the parameter of interest. Thisg is

particcliarly true of devices that collect a 'representative sample” of
iy
7

{
the aerngol, such as the Cascade impactor’ for example. Light-

{12y

scattering technigques, such as thoge of Dimmickiil) and O'Konaki
though they do not reguire the collection of vepresentative samples

and hence do not disturb the gystem being medsured, nonetheless re-
quire carefu! interpretation, involving & knowledge of the ineraction
of the containing chamber with the aerocscls, as well! as interpolatien
of light-scattering phenomena. A further complication 1s the inherent
instabilticy 2f an aeroscl due to collision processes invelving the sus-
pendad particles, f.¢. random colllsions due to turbulence or Brownian

(i3)

metisn

One system that tends to minimize sampling and interpretation
problems, and that 1§ suited for serodynamic seroscl generation satudies,
hgs been found to be the Shiérpies Mictamerogrnph(la’ls). Designed for
small guantities of meterial (< 30 mg) it measures & cumulative mass—
Stokes ' drag diameter distribution of the entire seroscl, and has been
found satiscactory, with careful handling, {91 the determination of
particle sizes > 1 « d. It operates on the principle of aerodynamic
drag, subjecting & small mass of powder to & eteep-fronted monic air
blasc at controllable stagnation pressures. The particulate sclids
entrained in the sonic flow piss through an expanding conical orifice

or nozzles of special design, &nd the stesdy-state aseroscl is measvred
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by a continucus cumsiative weighing of particles thar have setrtled ac-

cording te Stokes’ Law, Fig. 8.

w
One eeries of studies on the effect of gas density on breakup

with the Hicromerograph used as the test powder Serratis marcescens, &

ground, freeze-dried vegstative microorganiss contalined in  an {nert
cyysteiiine~like Matrig. It had a nass median dlameter, dm, = 4.1

and a geometric standard deviation of = 1.6,

Simiter scudies, uxing cepillary rubes as dispersing nozzies,

s . {16
were conducted by Orr and ﬁalaava!ke{ ) with 3.3 u MMD 5. marcescens
produce . The basic size distributions. though nol conisrwing &0 fhat -

strictly required of the model, {.e. homogeneity of size, small median
dismeters and geometric standard deviationg. The characteristic basic
particle size for the heterogenecus distributions would correspond to
the average volume diameter. The mass-size distriburion data obtained
from both these studies for a8 range of stagnation pressures of 50 psig
g 400 psig, have been compared with the aercdynamic aercscl generation
model presented above, in an atlesmpt to ¢orrelate compressible flow sad
particulace solid propercies with the aerocsol size distribution

as foliows:

On the basis of the model, the absolute size distributicon is de-«
fined in terms of d,, the representative largest aggplomerate present
in the aerosol. is vajue in turn is related tc the particle proper-
ties and compressibie flow properties by Equation 32.
LA
. 72
. . 88 tcb

[+] 2
x’frcDPu

{3

All quentities with the exception of K sre either measured, calculated

or inferred from the model.

a. d,, maxioum measured representative agglomerate size, cor-

responding to the 97 perventile on a mass weighted basis.

b. f.y, the force of cohesion between sub-aggregates. Assuming
point contact, this is equal to the force between basic particles. A
minimum value for this force has been obtained from btulk tensile

strength messurements of §. marcescens powder, 8&ssuming c¢lose packing

*
Bures, M. G., J. S. Derr, unpublished data.
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%
uf basic particles . Bulk tensile streagths are of the order of 2000

dy « ome Far a nmeime 4
ynes, ¢ KOF @ pacring Lr8c

vt

won gf ~ Q.29

-4
r 5 1 TBe
lcb 2 1.8 x 10 dyne

€. U, gas velocily, sonic at the powder-gas interaction rate.

d. P, gus density, computed for lsotroplec flow at Mach 1, for

the varioccs stagnation pressures.

&. Uy, drag coeffic{ent computed on the basis of Reynolds aum-
ber, with <y &8s the characteristic dimension. Valuer vanged from 0.38
to 0.50.

f. 8, number of contacts bebtwsen sub-aggregates For n e« §

B = 9, assuming close packing.

Values of B/k were calculated using Equation 32, and a wean was
determined for all experimental conditioms, with the 95 coufidence in-

terval on the mean expressed.
8/k = 2.2 x 10% (¢ 0.5 x 10° 951 €. 1) (43

Using this value of B/k, theoretical mass-size distributions
were computed using Equations 30, 31, 32 for the values of pas dengity
used in the experiments. A mean value of Cp = 0.43 was aiso used, and

sonic flow assumed.

A comparison of the theoretical distridbution with experimental
average values is given in Table 1. The experimental geometric
standard deviation is 4 mean of the 50,16 and 84 50 percentiles, as is
the theoretical CSD. The agreement is close, cénsidering the vatriety
of tonditions over which B 'k was computed and the departure from exper-
imental conditicas eof the model assumption of homogeneity of basic
particle size. Generaiiz@rion, however, cannot be inferred from the
specific absolute value of B/k obtained from thege experiments without
additional work with other powders. As the mass median diameter of
the basic hetercgenecus particie size distribution increases, measurad
values of 8,k for & given foy would {ncrease, reflecting & larger ap-
parent d, than a homogeneous model would predict. What is perhaps of
interest i3 the spparent coostancy of the ratio i&g& = 4 under the

conditions studied for the 5. marcescens material.

*
Derr, J.S5., M. G, Bures, . Gordon, uapublished datea.
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TABLE 1. Absolute mags-size distribution of Herratis marcescens
powder~§nic deaggiomeration mode!l

compared with experiment

Stagnation L1 "3.3" Theory
preature 5. wmaressiens §. wmarcascens
i B +*
50 psig dm Fohou 9.6 1.3 z 3.2 4
u; 1.61 1.78 1.60 + 0.}
100 psig 4} 7.4 9.0 8.3 2.0
Gé 1.68 1.87 1.60 ¢ 0.1
200 psig ﬁm* 6.7 6.9 6.1 1.5
cé 1.6G 1.71 .80t 0.1
360 peig dml 5.3 3.8 41 1.4
o 1.58 1.62 1.66 ¢ 0.1
400 psig dmi 5.8 4.3 4.5 + 1.1
% 1.51 1.54 1.60 ¢+ 9.1
* 953 confidence interval.
¥ Mass median diameter.
Nozzles: Conical desgglomerator, 3 tubes 1/2" L x 0.187, 0,.08",
0.04" ID.
values for both 8§ and fcb are minimal. Therefore, k-l is
maximal.
k1 2ex 0t s 06 x 10}
£ s analogous to the critical Weber number, We., for

liquid droplet instability under aerodynamic drag

(17,18}

253




w B 3
we, = = 2 3 to ic {44)
Y = drag pressure

r = drop radius

9
]

surface rension

The apparently high ratio of magnitude of Kilfwec may well be
due to the uncertainty of the (f.y for which & minjoum value has been
mgasured. The presence of 30 u d &ggrepates in the cleaveage plane of
the tensite strength messurem:.ls menlivned gbove would &licw 2 Y70~
foid increase in fgb and result In We = K'l. Further work, however,

is reguired to clarily this compariscen with liguid dropler breakup.

Mass-size distributions determined by the Micromerograph fech-
nigue tor a variety of other powders have been cowpared with the shape
predicted by the model, i.e. gquasi-log normal distribution with a8 geo-
wmetrice standard deviation of 1.6 t 0.i%. These are shown ir Fig. 9.
For those powders with basic mass wmedisn diameters, d; < u as
determined either by optical sizing or with the Whitby Centr iuge
techriqueilg,zc}. the agreement with prediction is good. Souium fluor-
es. ~in and sulphur aerceols, characterized by dm > 146 u and basic
% 2 &, depart from the model. Theoretical curves were fitted to the

experimental ones at the median diameter.

For those powders conforming to the model, fch/K was computed
from Eguation 32 for sonic flow. The results are given in Table 2.
Interpretation of these dats must wait further work on measuraements of
fcb= It is interesting to note, however, that there is order of mag-
nitude agreement for the various types of golids, and in the case of
magnesium silicate close agreement in the values despite the lerge
difference in stagnation pressure. Since f.p #and B are properti-s of
the powder, and fcbgfk approximately equal for the two pressures, K'}
should be equal and therefore independent of gas density. The same
conclusion is resched in the absolute size distribution correlations
discussed above for the $. marcescens powder. Hence, it may not he

unlikely that gl

has the same significance in solids seroscl dissem
ination that t.e <ritical Weber number, wc, " s for liquid aerodvnamic

breakup
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TABLE 2. herodynamic desgglomeration parameter, f.,8 K,
for vatious powders-sonic flow

e I ; A
Stegrnetion| . o d ¢ e
Fowder pressure i{ Lag ,f&““;;f} g f p | ¥
B Hew om 7 x 3o ;
ipEIg) . & ;; i{dynes)
H y &
L i i
N ; i
Magnesium silicate 50 ; 7.84 M.0i0.430 4.9
i
* P . x
Zinc cadBium-sulphide 290 2.5 2407 46 ii.2
*
Acrylic regin {FT) &0 13 % NI R P
- ; ;
Baci{llus subtilis 400 13.9 13.5) 4&Z [
Magnesium gilicars 400 : R 1i1.0) sl w .l
*
Cadmium oxide 4030 i3.% 7.0(0 .48 1.7

% Reference (17).

2. Fluid Energy Mill Crinding

grinding by & fluid energy mill is one effgctive way of reducing
the basic particle szize of solide. In @ sense, & [luid &nergy wmill
can be congidered & special type of solide serozol generaltosr, where
high impact efficiency snd shegr .3tes are made possible through l&rge
energy inputs. The larger tensile ur shesr sirengih of basic par-
ticles &3 compared with basic particulate agglomerates reguires in-
creased energy and efficiency for grinding as compared with deagglom-
eration. For example, for §. marcescens powder the basic sclid shear
strengrh ig of the crder of 167 dynes en? as compared with 2 % 163

dynes cm2 for the bulk powder tengile streagth of &4 . o

s Product.

By controlling flu:id evergy grinder parameters, it is pussibie
o teduce basic particie sixe in an empirically controlled way for a
given material. Results of such g study with the freeze-dried 3. mar-
cescens powder are shown in Fig. 1008 mas saterial, characterized
bv crvstalline structure and a high bulk modulus of elasticicy, is
readily grindable. the basic parvicle mass-s12e distributions shown
in the figure were determined bv use of the Whithy centrifuge tech-
nigque, representing that of the completely deagglomerated powder.
Curve A resulted from an inirial bail-miliing operation, producing

particles with plateiet shape having @ characleristic thickness of

B e A



5 «. Powders, whose distributions are shown in curves B and D of
Fig 19, were obiatined by the further Fluid energy mill grinding of
this bal -milied producy, using diffevent values of the grinder para-
weters. The experimentsl dats sre {itted to the model predictions st
the medlan vaive, and {t is seen (hat logarithmico-norosl mass-size dis-
eributions with & geometric standard deviation, oL of 1.§ ¥ .1 sre

1
sbhtained, 25 infercred by the discuszion n the Secticno entitled

s

UTheoretic sl Aero Cize Digiributiong”, Pare A, 7.

Models lzading to the predicticn cf {nttiglly genetrsted particie

3

parricylaty s0lid serosnlis and ground powders

=

4

have bean developed For the asrcsol cese, & homogenecus distribution
of basic particies is sssumed, although powders with smell median di-
amwters and standard devistions afford working spproxications. Data
with such powders have boen oblained for sonic desgglomeration, using
ihe Micromerogtaph under a4 variety of compressible flow conditions.
Under the cvonditions studied, dats have been tound to support the model
gredictions for the shape of the size disgtribution, 1.e. quasi-log

aormél with %% cf L & ¢ 0.1

For powders having median Jdiameters args tompared with aggre-
gate sizes, and aleoc widely hetevogeneous, dé ~ 2, distributicens do
not conform to those of the wmodel. Also, the distributicns predicted
by the model will not apply to aercsols that have andergone gignif-
icant smounts of coagulation, sedimentation, oy diffusion, after the
initial processes of generstion are complere. Further, 1if in the
generstion or grinding process, probabilities {for interaction with
breakup stress &re weighted in favor of certain size fractions, the
r#sic premise of egual access to the srress by all particles is contra-
dicted, and the model would not apply For example, if Py is the
probabiiity that a psrticle subjected to a constant sress breaks up in
@ fixed time interval, ZHt), rhen the probability that it will break

up in Ifi ZBEI =ty is given by




Absclute aize distribution predictions, based on particle prop-
ervies and dynamic propertlies of the compressible flow disseminacing
system, were successful within the accuracy of model for che one pow-
der tested and or 8 single scale of dissemination, In this study,
there is Indication that & generally applicable number, K’l, may apply
for serodynamic breakup of solids, similar to the critical Weber num-
by for liguid drop instability. An upper bound on the aumber was ob-
rained. More resesarch on basis particle contact forces and bulk ren~
sile atrengths of powders will ba required to exteblish the velidity
of this concept, however. It mavy also be found that ") i5 a fumetion

of the compressible flow system, invelving the length of time en wggre-

o

ate of basic pariicles 18 subjected to the deagglomersting stress.

FPor friable solide, characrerized by a quasi-crysialline struc-
ture, low shesr stress, and high elastic modulus, grinding data have
been obtained supporting the concept that grinding probsdiiities are
proportional te the square of the particlie diameter. In no senge can
thig be applied universally to ell selids, however. For exemple, an
increase in size of particles of Kaolinite (refined Devon China ciay)
tas besn observed during baii-mii!ing(ZZ-QEB. Further, white blasting
sand demongirdted an increase in particle gize #8 @ reguic of dry
grinding by morcar and pestlefzk). For materials of these types, at
least, & suitable grinding mo el would have to predict fusion of basgic

particles instead of fracturs at some point in the grinding process.
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DISCUSS1I0oN

Wolechow: Would vou make a omsnent on the probiem of satellite

product fon with the spinaing disc’

Derr: Satellites were nol predicted according to the theery of
Lord Ravleigh, although he discussed thea. They do exist, slong with
the main drops, in spinming diec stomizstion, and eliminstion of them
poses x prodlon. Avtempts have been made to utilize secondary air ex-
haust to isoclate the satellitea, Since they sre smaller then the main
drops they slow down faster, and consaguently can wafted out of the

way by relatively slow velocity afr strean.

Dimmaick: Carn you predict satellites from liguid suspensions?
Derxy: Ko, Th1s paper rresats the breakup of solid particles.

{Lord Rayleigh ip his paper "On the Capillary Phenomeng of Jets', Proc.
Roy. 8oc. 2%, 1879, qualitatively discusses sactellites on pp. BE, 89,
A further discussion of satellites can be found in "Injection and Com~
bustion of Liquid Fuels', Battelle Memorial Inst., March 1957, WADRZ
Tech. Rept. 56-3a4, ASTIA Doc. AD 11B142.) I might add, however, that
droplet production with a “vibrating reed”, which has 2 similar basic
mechanism o that assuciated with a spinning disc imvolving the rupture
of & filament, is free of satellites. In spinning disc stomization a
fitament of liguid moves from the disc edge under centrifugal acceleration,
and when the product of its mass, square of tangential velocity, snd
inverse radius of rotation exceeds the product of gurface tension and
filament circumference, rthe filament breasks, producing the main spher-
ical drop; the portion of the filament sttached to the disc collsapses,
bresks at the disc, and forms a smaller droplet, or sateilite. With
the "vibrering reed” technique, & small wire dips into a reservolr of
liguid, at a fixed frequency, forming & filament which breaks, pro-
ducing the main drcp. The filament does not bresk again at the reser-
voir, and no satellite is formed. (See "Study of Vibrating Reed in
the Production of Small Droplets and Solid Particles of Uniform Sige",
Wolf, W, R., Rev. Scientific Instruments J2(10): 1124-112%, October
1961.)
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YETE™: is it possible that the ruptured filament producing the
drop {with the vibrating reed} corrvesponds to the portion of the fils-
ment producing the sstellite with the spinning disc, and that the
primary particle, 3¢ sseccisted with the spinning disc, {3 stuck on

the end of the reed aud does not come E£°

Degr: Yeg, thet is because the reed is alwavs wetted.
VFIF: and the wibrating veed utilizes r2tellites instead of

primary particles, which go mavching off sz they please.

Thurston: In the context of your paper, is the Irestment based
on ground round partieles? Are you assuming that ground parcicles are
vound, or can the distribution of shapes be random’

Dexrx: For purposes of gase of computsation, Dr. Thurston, we
aspume spherical basic particies, although this is not necessary; it
could be any small particle as long ag i{r is characterized by the same
average gize,

Thurston: But if you heve & random distributicn of particles,
you are going fo have sntirely diffevent sur{ace characteristics than
those assuming perfect spherical particles.

Derr: Yes. The aggregates would certainly not be perfectly
spherical, this we know; but on the average they might have guasi-
gpherical symmetry.

Thurston: What, {f anything, has ever been done in actually
waking parcicies in the -3 . range by spray-drying particles of that
size using hot aiyr for aercsvl dissemination?

Derr: Thisz has been done. Particles produced in this way would
be the hasic particles that I have assumed In the model, not the

aggregates. Of courge, these basic gpray dried particles are besuti-

fully spherical.

Thurston: How do they agglomerate? In a manner of polystyrene?

Derr: Pelystyrene latex would be an example of this.

Thurston: Then it is a liquid, not a solid? You are making an

emulsion then; & suspension?

Derr: Essentialiy. These are dried, and would be dispersed as
& dry aerosol; but we have tried spray-dried S. marcescens and these
particles also can be disseminated in the same vay.

Thurston: Would there be any difference between polystyrene and

a bacterial organism? In the one case you have a4 straight hydrocarbon

* VFTF = Volice from the Floor.
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type of material, In the other cese you have polypeptides, proieins,
lipids, and so forth. There ought to be & lot of difference in
hyvdrogen bonding and other intermciecular forces. s therel
Derr: This difference in surface chemistyy would bdring out the

differences in contast forces #nd energies betwean the basic particles,
whiich dye controlling parmmeters. There are dif’erences among the 41f-
ferent materials. For example, you saw an 3crylic resin here which is
an exemple of a plastic, and B. globigti which would be en examplie of

& fairly smooth and guasi-spherical biclogical asterisl.

Thurston: How dorsg relative huymidity ({RH) come InLD your pro-
jection?
bDery: RH would essentially influence ag#in the force of cohe-

sion. RH will do two things. It would allow the possiblliity of the
adsorption of & water monolayer &t the interface between the two par-
ticles. If this layer should build up, it could contribute to a sur-
face tension force of cohegion, This could happen because the curva-
ture of the surface 15 pegative, and the vapor pressure on the particle
surface 4t the sir-water interface would be lower than the ambient
vepor pressure. S¢ at any appreclable humidity you would get a con-
densed water layer. Now the second thing would be the (nfluence of
humidity on the matrix material of cthe basic particle. If this were
hygroscopic and the particles were in ceontact, & fusion could take
place which could exceed the area of fusion predicted by, for instance,
van der Walls' attraction for perfect spheres. There would be diffu-
sion of the material from one particle to snother and actual bonding
could occur. This has been noted.

Thurston: In other words, it would result in greater difficulty
in deaggiomeration?

Derr: Yes.
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A STUDY OF DYNAMIC AEROSOLS OF BACTERIA
SUBJECTED TO RAPID CHANGES
[N RELATIVE HUMIDITY

¥ T. Hatch and R. L. Dimmick

Naval Bioiogical Laboratory, School of Public Health,
Universiry of California, Berkeley

Ailrtorne microorganisms are cften subjected to rapid fluctuations
sf relative humidity (RH) and temperature in their natural environment.
The influence of such changes on the viability of airborne bacteria
has not beer extensively investigated. Results of srudies conducted
under conditions of unchanging RH have suggested that death (s pri-
marily avtributable ts slteration in cellular or onlecular structure of
proteins resulting from lehvdration (Kethley, Fincher, and Cown, 1957;

Ferry, Brcwn, and Dammon, 1958; Webb, 1960).

o studv this problem we subjected aerosols of Sarcina lutea and

Serratia marcesceng to a sudden change in RH at a conatant temperature

and pressure in a Dual Aerosol Transport Apparatus (DATA)Y, consisting
vf twe of the units described by Leif and Hebert (1951). Airborne

cells were first allowed to equilibrate at a given RH for adbout 5 min
and were then either subjected to dilution with air at the same or at
a different RE. The change in "rate' of death of bacteria was examined

§ o
} 34

rr

he first (primary) conditiorn and the second (diluted) condition.

MATERIALS AND METHODS

Urgeanisms and Preparatisn cf Spray Suspensions.

Ceills of 5. marcescens, strain 8 UK, were grown in either
modified Bunting's medium (Dimmick, Heckly, and Hollis, i961) at 1,2
atrength or in trypticase sov broth (BBL). Only third-pass cultures

of cells cultivated 21-1 2 hr at 31 C on a rotary shaker were studied.
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Ususily, cell populations were chilled at 4 C for 15 min and im-
wedintely diluted In theic respective growth medium to cvoncentrarions
containing from 2.8 x 109 1o 8.5 x 10% viable crganisms ml end then
held 8t & € unti] they could be saercsclized. Suspgnsions of celis in
the complex medium contained §.1% sgilicone added to control foaming
Although cultures were atonized usually without removing spent medium
congtituvents, f{w gome eXpeviments celis were washed three times in,
&nd sprayed from, 0.1 M phosphate buffer pH 7.0. Unless otherwise
noted, three aeronclg were disseminated each dav from & single sporay
suspension. The first #ercsc] contained popu.ations of cells ordi-
narily stomiced within 60 min sfter the grow'h perivd. The zecond gnd f
third aerssols contained cells aged at & C for approximgtely 3 hr and

3 nhr, respectively.

Suspensions of S. lutesa were produced from cultures grown in
neart infusion broth {(Difco}. The incubation temperature, periocd of
growth and genera! methods for preparing these suspensions were the
same as above. Sugpensions cont&ining approximately egual numbers of

the two species of bacteris were algo sercsolized.

ye § 5 - &
Desexivtion and Operation of the DATS.

The DATA (Fig. 1) was constructed by connecting short sections of
stovepipe. The primary chember consisted of & tube & inches in di-
ameter and 43 f¢ long inserted approximately 2 f¢ into a second chamber :
8 inches In dismeter and of similar lengrh. The two tubes were folded
back by 90° bends at 30 and 60 fr. Mixing of the air stream was facil-
itated by & series of Steirmand baffles (Stairmand, 1351) spaced 22 E
inches apart on @ plane normal to the axis of the rubez. A portion of
the dervsci was withdrawn for viable a&ssay and for measurement of phys-
ical decay st several sawpling ports located a4t convenient intervals

#ilong the apparatus.

A bacrerial sercsol ar a controlled temperature (21.6 C) and de-
sired RH was intruduced into the primary chamber at 1.6 CFM, a flow

rate that produced #n &ir velocity of 8 linear ft min. This input

L3

erocgel was diluted at the junction of the twe ducts with &ir also at
21.6 C and at & second desired RH. The resultaut linear flow thr sugh
the secondsry chamber was a&lsc 8 ft min; this wes accomplished by al-
lowing the conditioned air to flow into the larger chamber at approx-

imately 1. 25 CFM and by withdrawing acrosol from the terminal end of
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the secondary chamber st 2.85 CPM. The resulting dilution ratio {}.6/
2.85) wes 0,586, Hixing of the [wo air streams caused a filution of
the input air of approximetrefy 56% snd, !n some experiments, » rapid
change in RN withoul® an apprecisble change in tempsrature or in press
sure . For example, mixing input atr st 90% RH with secondary air st
15% HH produced effluent air a? 56% RH The theoretical transit Clme
of the primary serosuls 48 5.69 min snd the tiwe of the diluted aero-

s0ls was 5.56 @in; the tots} rransit vime, therefore, was i1.23 amin

ot/
Point of mixing

and RH change

Dry compressed

aira

Primary air o

To Vacyum pump -

F16. 1. Schematic disgram of the dynawic aerosol transport
apparatus {(DATA).

PC, primary aerovsol chamber; OC, diluted seroso! chamber;

A, refiux~type Wells stomizer; AC, atomization chamber;
MC, mixing chamber for conditioning of air; D, lectrodryer¥;
P, pressure regularors; F, filrer; SP, sampling ports;

H, humidifying chamber; DT, dryebulb thersrometer; WT, wet-
bulb thermometer; (P, velve; [ rotometer.
{* Registeved trade mark)

Aerosol Disseminstion and Assay.

Suspensions were aetosoclized from & reflux-type Wells atomizer
operated at 10 pal. Aercsols were generated for 15 min prior to sam-
pling. Cells of §. marcescens were collected on blood ager base
(Difce) plates hy slit samplers operated at & liters min, whereas tryp-
tose agar (Difco) plates were emplioyed to a&ssay aerosols of §. lutes.

Plates were incubsted for 2&hr at 31 C anu %8B hr at 35 C, respectively,
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praGy to couRnting the colonies. When both hacterial species were
present in & given aeroscl, duplicate ssmples were alwavs collected;
ong »a tryptose agst containing 0.15% phenyiethy! sicobol and snother
on bluod &gar bese. The alcchol selectively inhitited growth of §

parcescens, but had no effect upon growth of §. Iutes.

Tayslcsl decay of the aeroscls was monitoved by the method of
Dimaick, Batch, sad ¥g {1938) with 8 fovusrd-sngle 8callel Aerogonl
monitor {(Goldberg, 1961} and & Universal Photsmultiplier Photometer,
Modei PH-200 (Eldoredo Filectronics . . Berkeley).

The number of visbie perticles per liter »f aeroscl obtained at
the first ssapling sistisn, which represented & 30 sec sged aersscil, -
was taken as 1.0, The wviable onumbers found at other stations were
then expressed as surviving fractions and these decay rates (Hethley,

Fincher and Cown, 1957) were labelled total decay. Similarlv, the
light-scarter readings ocbserved at ¢he f.rst station were &ls0 ve-
garded as 1.9, Subsequent readings were expressed as fxactiong and

these rates were labelled physical decay.

RESULTS AND DISCUSSION

Preliwinary study 3f serosols of washed 8. lutex and 5. marcescens: ¥

237 maxiwuem BN shifzs.

Six aercsols each of §. lutea and §. marcescgns were examined.

The physical decay constants of the primert {klp} and the diluted
(kzp} zerogols of washed cells of both species were of similar magni-

tude {Table 1}, but occasionally some divergencies were noted. A

cd e b

similar relationship was apparent betwsen the total decay constants
kzz and k2:' These data Ind:icate that after cells of either species
had egquilibrated to & given atmosphere, @ change in the RH and dilu- :
tion of the aevcscl failed ko alter appraciably the decay congtants. E
However, diffavences between the overall physical and zotal decay rates

were evident,; obvicusly cellular death was occurring in the aivborne

droplet. The rate of total decay was greater with serossis of washed

§. marcescens than with aserosols of washed 3. lutea  |Moreover, washed

cells of the former were so sensitive that the numbers of viable

cells per liter of sercsol could not be determined accurate.y at the

low humidity levels tested. The fact that cells of § lutea demon-

strated some biclogical decay i{s presumptive evidence that this or-

ganism cannct always be emplioved as a stable dbiological rracer
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TABLE |. The effect of rapid changes in relative humidity (RHj
on the death rate of alvborae populsations of washed
sarcing lutes and Serratls sarcescens

! BH, % Faysical Decay” Total Decay”
. i o )
DrEanisms oy imaey | Secondary , gﬁbsefveﬁ Shgerved
¥ e P R k4 co P Eopue i K e
Chamber ! Chember e & R12u§xoa it ot bilufﬁﬁn
Ta&L L raftio
£2 37 G046 305 ¥ Q341,329 A5
22 37 DG% 1. 005 76 05632 3
s tute &2 3 G 0081 .37 Gief.gzzt 82
- l4zes 47 47 .0081.0171 56 o0s!l aosi 36
93 70 (316 .014 50 Rilk- o R 1)) -1
83 75 LGOB D17 43 G381.030 .68
27 16 LO0BE.002 &7 - - - -~
28 35 OO81.004 iy - .- -
, o 7 48 G081 005 .36 RET NI T
3. mArcescens| g 48 006].004] .37 1.099].129] .48
g3 0 .G08] 611 .51 D321 .438 -3
93 85 Q0B 00 54 039 1.024 4]

* Sege text for method used in determining the values of the surviving
fractions, N and M,. The decay rate constani, k, was determined by
the method of Kethley (19%7), where

log B, - log Hg

ko= .
k] represents the decay rate constént for the primary asrosol and
kg the constent for the secondary asrosol Ny is the surviving
fraction st the first sampling station, which represented an sero-
0l age of 30 sec. t is the aerosc! transit time in min.

Preliminary study of asrosoly of unweshed 8. marcescens grown in &
minimal medivm: 21% maximum RM shifts.

Fifteen aerosols of unwashed §. marcescens grown in the definnd
medium were studied at RH perceniages changing from 24-36 49-51, and
90-72. The patterns delineated for three typicsl seroscls are pre-
sented in Fig. 1. Neither the physical nur the total fali~out rates
of diluted merosols were basically altered ftum those of the primary

servsols, regardless cf a change in the RH.

Since the dilution ratio of the air was always 0.56, any departure
from this value, observed with respect to either the physical or bio-
jogical measurements indicated that either the particle sige or the
biological behavior of the cells had changed. e have designated these

as observed ratios
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FIG. 2. The effcct of rapid changes in relative humidity
on airborne populetions of Serratia marcegcens grown in a
chemically defined medium. PFhysical (o} and totai {e) ge-
cay of primary (s} &£nd diluted serasols (b).

When primary sercacls, initially eguilibrsted at abour 25% RH,

R TN ERTHE SR SR

were mixed suddenly with air at 50% RH  go that the finel R velues

ware &bout 38%, we calculsted from the physical fail-ocut dats that §
the average observed ratic of five serosnis was 0.50, The mean oh- :
served ratio, wher no RH change cccurred, was 0.57, and a mean observed ;
ratic of 0.32 was found when the RH was changed from approximately 90

to 73%. Apparent.y, Aan increase In RH increased the particle size

which resulted in an {ncrease in the light scaetter ares of each par-

ticle. Conversely, 8 decrease .n RH resulted in & decrease in the aize

of the aeroscl partisles. The mean observed ratios obrained from the

iight scatter data from all B9 aerosols included in this report (sub-

jected either to #n increase, nc change, or 8 decrease in RH) wss

found to be 0.n7, 0.59 and 0.5], respectively;, differences between

the means of the three groups of aercsols exceeded the C.1% level of

significance.
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Mureover, we found that the obzerved biciogical ratics

Ry w Husber viable cells afrer ditution
Number viable cells before dilution

of the 15 servecls from unwashed cells slsc deviated from the calcu-
lated dilution ratio. When primery aercsols were subjected to an in-
crease in RH, the aversage observed ratic was 0.45. it was 0.80 for
the sercsocis with no change ia RH and 0.56 for aeroscls subjected o
decreased RH. These data provide evidence that desth within the bac~
terial populstion had vccurred a6 & tesulz of the sudden change in the
RY although the subsequent decay rates cof the diluted asrosols wers
not markedly changed.
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FIG. 3. The effect of rapid changes in relative humidity
on airborne populations of Serratia marcescens grown in &
chemically defined medium. Physical (o) and totral {(e) de-
cay of primary (&) and diluted seroso.s (b).

Study of seroscls of unwashed S. marcescens grown in a minimal medium:
337 maximum RH shifts.

In Fig. 3 data are presented for aserocsols of unwashed 5. mar-
cesceng initially equilibrated at a lcw, moderste or & high RH, as be-
fore, but the RH of the secondary air was conditioned to achieve a
final moisture increase or decrease of approximately 307 RH. Again
we observed that the physical decay slopes of the primary and diluted
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derosels were not demonstrably altered by this trestment. Similar re-

gults were apparent in the toral survival patterns

mnklin and Puck {1%48) reported that §. maycescens was extrgmely
senaitive ro moisture when in the airborne state a8t 3H values between
50 and 507%. We wondered whethe: &0 eprhsnced desth rale would be

demonstrable when sirborne cells, equiiibraved in the primary sercsols
5

a8t interaedizte humidities both &bove and below the 507 laovel, were
allowed to cross over the BH level of 30%. in Fig. 4 we ghow the re-
sult ef Bubjecting aerosols to a decresse from 0% to 40% RH.  Also

shown are data from geroscls subjected to an increase from o0 to 60%
RH. in the control sxperiments, the seroscls were diluted with air
4t an RH of »1%.  Again, there was no evidence of significent differ-
ences between the slupes of the primary or the diluted aerosvls ss &

result of either an increase or Jdecrease in RH.
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FIG. 4. The effect of rapid chénges in relative humidity
on &irborne populations .f Serratia marcescens grown in &
chemically defined medium. Physical (o} and tcctal (@) de-

cay of primary {(a) and dilu.ed aerosols (b).
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Study of seroscls of upwashed § marcescens grown in & complex medium:
35% maximuw B} shifrs.

Willoughby {1982} demonstrated that tha growth medium signifi-

cantly influenced the survival patterns of sirborbe 5. marcescens. In

his studies, cells grown (o 2 minlmél sedium showed an enhanced survival
over cells grown in complex media. It was of interest To ascertain
whether ceils grown in, and dispersed from, medium contaianing elther an
sbundant or & limited guantity of nutrients would behsve in & similar
way. We cuitivated §. marcesceng {0 & complex medium and serosclized
the cells by the usual procedure. In Fig. 5 we present the results of
this gtudy  Aerovscls rhal weve mixed with air a8t the same RH or with
alr at &n RH of about 1¥L, vresulting {n & change from 90 to %79 RH,
showed no real differences In either the physical or total decay pat-
terns. But after a change in RH from 24 o 51%, the death rate in-
creased. Also, immediately after the increase in RH, an aitered pat-
tern of survival as well s multiple slopes in the survival curves were
seen. Apparently, some cells grown in 4 complex medium were killed in
droplets that had increased in moisture content. But an enhanced rate
of death did not occur when airborne $. marcescens grown .n complex

medium were subjected to an RH increase from 5% vo 72% (Fig. &} .

o
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2z 72% RH effiuent
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) P b
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FIC 6. The effect of rapid changes in relative humidity on
a'‘rborne Serratis marcescens grown in a chemically defined

wedium srd aerovsolized in an enriched medium. Phvsical! (o}
and total (e) decay of primarv (&) and diluted aerosois (b)
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Hence, "sorbed desth” occurred only ot certain RH levels. Theve data
sre ot variance with those reported by Dunklin and Puck {1948}, who
believed that death of airborna bacteris resulted from cellular dehy-

dration.

To determine whether the observed decresse in survival resulted
from toxic constituents in the trypticése soy medium or from celis that
were phanctypically different from those grown in the defined sedium,
we sublected popuistions of cells grown in the defined madium and
sprayed in the compliex medium to sudden changes in EH. The results
indicated that significant differences in survival patterns of the
aercaols diluted st constant RH, or with air at an RH less than that
existing in the primary aseroeci, did not sccur. However, an increased
rate of death was cbserved when cells were subjected to an RH that
increased from less to more than 50% (Fig. 7). Physical decay curvas
of primary and diluted seroscls were essentially unsltered, whereas
the biological or total decay curves showed that cells were extremely
sensitive (0 an jncresase in RH in this range.
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FIG. 7. The effect of rapid changes in relative humidity
on sirborne populations of Serratia marcescens grown in a
chemically defined medium, and asercsolirzed in an enriched
medium. Physical (o) and total (e) decay of primary (a)
and diluted aercsols (db).
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Although mechanisms for inactivation of cells in afrborne drop-
lets by sorption of water have not been sadequately elucidated in this
study, we have demonstraeted that airborne droplets may increase in
size by serption of water; presumably, solids contalined in  the
droplets could have digsolved a8 & result vf the added moisture. Fur-
ther, we suggest that these substances were not “texic’ when limited
quantities of molsture were available. Instead, when the moisture
eoutent of the droplet {ncreased, the celils’ respiraiory and esndoge-
nous mechanisms were stimulated Intc a more active state. Death from
unbalanced growth could have occurred. The evidence indicates that the
hygroscople substances became "roxic” only to a portiosn of the cell pop-
ulation and that not all cellulsr activities were impeded. & similar
phesomenon of "sorbed death” has been reported in freeze-dried §. mar-
cescens by Monk and McCaffrey (1957) and by Monk, McCaffrey, and Devis
{1957y .

We are uncertain as to whether death of the cell occurred durlag
the transition in the moisture content of the airdorne droplet or
whether death was & combinavion of this event and the result of the
specific environment employed in the viability assay methods; thar is,
8 kind of "sampling shock” to sn siready injured bacterium. We have
previvusly observed that cells injured by heat are capable of ceiiular
repair and reactivation when placed in a favorsble growth enviroument
(Dimmick, 1960), but the conditions for cellular rejuvenation sre un~
known . Present evidence indicates that these conditicons are variable
and highly derendent upon rhe physiclogical state of the injured cell.
Moreover, we have some additional evidence that the phenomenon of
“"'sorbed death" of cells, grown in the defined medium, suspended tn
the complex medium, and allowed to age' at 4 € for verying periods of
time before being atomized, was correlated with metabolic activity of
the cells. If true, enhanced sensitivity of airborne bacteria stomized
in the complex medium was not entirely & ''toxic'"” phenomenon but

a result of & changed cellular phenotypic expression.
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DISCUSSION
Morton: Well, the first question will come from myself. Before
you publish your good and worthy technique, are you going teo turn f{t
onto other organisma? I confess here to & prejudicé against §. mer-
ceuceng s #n experimental tocl and I think that {f you are not going
on to pathogens, there are possibly other organisme that are betier
handled ~- that are not so "idiosyncratic' in their resctions.
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Hatch: Yo, wi do anlicipete tnvestigsting other organlsms evens
tually. However, it 18 our thought at this time that we should first
wodify the present unit and perhaps sxtend it We have envisioned

adding & third paramever {l.e., changiog the RH twice instead of only

once) . S0 I feel that these studies &re just beginning &nd certainiy
sther organisms should be locksd at. Parhaps, with §. Darcescens, we

dy have problems, particulasrly with avomigation, and I rhink we sre
going to have to investigate these and orvher variables firsc.
Middlebrock: Did vou meke any observeticns on the rate &t which
the change influenced the timeé of the lag period or the tmitiation or
modification in growth or ihe appearance of colonies under different
conditions of treatment of aeroscls?
Eatch: ¥o. We are sware, however, that under stress conditvions

§. mercescens particularly will tend to form petite colonies which

appesr later than the others, &nd that we must also employ wore than
one type of media if we are actually golng to find out how many cells
are viable and that each step In the system must be charscterized.
Levine: T vonder if you were to ypray the complex medium without
organisms, &llov it to underge whatever oxidation might bs undergone,
#nd then add it back to Serratia, does the complex medium, sfter deing

30 aerosclized, become @ coxic menstruum?
Batch: We haven't done this. Are you inferring that respiratory
activity is teking place in the airborne state?

Levine: No.

gg}!*: But this is entirely possible, sccording to sume work
I've heard of.

wine: Let me rephrase my starement. When you spray organisms

in 8 complex medium and observe the diphesic decay, could it not be
due to alterations in the medium? For example, I propose that if you
took uninoculated, sterile medium, aercsolized it; that is, subjlected
it to s situation of gross oxidation smong other things, and then added
this to Serratia, it might be that by virtue of aeromolization this
mediuz has become somewhat toxic.

Hatch: I don't think the spray mediux per se would be toxic be-
cause excess death only occurred under certain situstions. Our data
indicated that the medium was not slweys “"toxic”. I think we must

realize that ve have 8 dynsmic system wherein a bscterium is responding

* VFT? = Voice from the flioor.
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from moment to moment o ite micro-environment and, ar lesst from the
dats we have shown, it looks like the cell {a changing physiclogiceily,
and that perhaps the "toxic' slement only geess 1o be there becsuse we
are catching the cells in & given phase. Howsver, o prove your point
we would sctually have to do exgerivents which we have not dose.

Mailigon: I wondered how you measured your BH. Wes it with one
of these newer sophisticeted electronic gadgets thar measures o within
I or 27, RHY

Hatch: Only by wet-dry builb.

Diowpick: r. Mortos, you mentioned your prejudice regarding §.

parcescens. @ would be interesied In hearing & further comment on that.

¥oreton:  This sounds like & counter-gquestion. Ome of the thiags
: recall is the very peculisr physical bekevior of bactaris when exam-
ined in micro-drorlets. Muy 's experiments, for instance, say have been
brought to your actention.

Harper: ihiw is largely ocur probles at Porteon. I thiok prisarily
it is aseccisied with growing bacteria on solid medium. What happened
was that May ‘irst observed this and it became apparent during collec~
tion and pry .opingument. 1 produced a sort of skin on the surface
of the part:i-ir,  particularly it was sssociaied with 3. parcescens,
snd the skii we uxtremely tough, and extremely light, snd sat on the
top of the fiuid {n the pre-impinger.

Silver: The point is, when we took deep-frozen {or whatever -y
call it) mererisl from the deep-freexe process, this did nof occur at
all.

Hatch: I would iike to put in a comsent at this point. We
recognize that S. marcescens is quite variable and very sensitive in
many ragards. We are not kidding ocurselves. If we said, let us taske
something that {s more stabilized, we would be saying, let us elim-
inate thisi complicated problem and just ignore that it exists. If we
are going to understand the problem of bacterial behavior, in serchio-
logical systems, we ought to take & complicated microbial systes such
as §. sarcescens, probe intc mechanisms and the responses of cells

during stress and actually try to find out, from ths basic research
viewpoint, what really heppens and when it happens. I don't think we
are going to gain insight into this prodles uncil we recognize that it
dues exist and start working with complex and highly veriable organisms,
such as §. marcescens. Othera, such as Pasteurglls tularensis are var-
table and can alsc be troudblesome in this regard. So, let's face the
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probles and maybe we cen ledrrn more, csther than trying to pretend it
doesn’t exlst.

Wabb: 1 fsel that there is & grest deal of uniformity between the
wotk that we are doing and the findings reported here. Fur exemple, we
have cbserved a similer sensitivity of the cells and & similar pattern
of svents with respect to the humidity effect. In our own work we
found that if the RE of the incoming #ir was higher than the sercsol
itself, that one got & secondary kill due to the rshydracion.

Hateh: Yes, Dr. Webb, I a2 awsre of some of the work you have
reported, particularly those studies in the Lollison spray atomizer
where the input, T believe, was &bout 5% EH end the cutput was about
TEL RE.  If you raized the inpul RH in the Collison to a higher value,
this enhanced desth phenomenon did not occcur, I might mention that in
ouy studies this enhsnced death phenomenon snly sccurred with 4 step-up
in moisture betwecn about 40-60% RE; above S0L BH we don't observe it.

Webd: found it also within the drum.

Hatch: ©h, yes, but you didn't elaborate.

Webb: When we studied this in the aserosol drum, we found that
one got A maximam rehydration effect if one raised che humidity above
6U% RH. The secendary kiil was obsgerved only if the RH was raised
from abour 50 or less to about 60L.  But if the EH was raised from 80
te 70% for example, we did not observe this secondsry kill phenomenon.

Silver: { am sure some of you are familiar with Druett's work
which, in fact, we mentioned at &n eariier symposium 2 yr ago at
Detrick. He had only just scarted then, but he vaed a decompression
cycle with a pistos in & cylimder. He had & ¢ycle rate of about, I
think, &/min, mithough this can be vartied; and of course, he employed
virtuslly instantaneous changes in RH on this samplis. Ini{tially he
set up the aercsocl in & static cyriinder. He then plotted the decay
biologically by using BG spore tracers and at an appropriste number
of cycles he wouid step the piston; he would normelly operste from the
iower to the higher level. The reason was that he wanted & fairly
rapid decay in the first place, to give him e« change of slope he could
measure. He operated around 50% by compression-decosipresaion cycle,
then raised this up towards 100%. The first observation with spores
indicated thet it didn't mastter what he did to the RH cycle; uothing
affected the BGC spores. That satisfied him regarding the tracer con-
cept; it cuuld be used to determine viability of the test organisms.

He then examined a large number of Brucells species and at least one
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strain of Escherichia coli, #od he mey have looked fnte something slse,

Mt I am not tos sure of thet. The prime observation was that there
was no significant chenge in the death patters until he obiained con-
densation on the patticles near sgturation. The aomen?t that happeswd
thete was 4 change (n the tate of decwy; i{.e., #crelerated dearh. I¥
vou saw his results, [ think you wouid be gquite startlied. Until he got
condensation vou could only notice the very Ffast changes in the rate of
decay. More vecently, he has added selits to the suspending fluid in an
srtewpt to obtai condensation at RH signifivantly less than %0%. It
is reeliy not fair o speak for him because [ haven 't #&ny deta sysell,
but there is some evidence that if vou have condensation, & very rapid
change in the desth rete will take place. Hp is tryviag not to extend
his studies for longer periods.
nhave heard of some of his work, but 1 think unfortun~
ately for all of us, it haes not been pubiished. [ am wondering now
what the effect of a change of pressure would have. 4s 1 recall, he
does have & pressure Jdifferential added to nilg dilutton. This i3 an-
other variable we might srudy.

Holfe: Some experiments have been done with pressure changes and
1 think the matter i{s ruled out because, unless condensabi»n ccgutrred,
no change was noted. In some instancex the #ir was virtuslly steril-
iged, except for BG spores, after condemsation.

Hatch: Perhaps we should not overlock the possibility that there
may De & practical application here. 1f we wanl to sterilize &reas
where there are Infectious aercsols, perhaps we could lavestigate just

thet particular ghift-up in RH nreeded to produyce complece kill.
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SURVIVAL AND VIABILITY SECTION

Gardner Middiebruok, Moderator

An understanding of mechanisms leading toward survival
and maintenance of infectivity in a microbial cell is funda-
mental to our eventual victory over respiratory disease.
This section includes papers concerning theoretical studies

2f reacrions of asrborne bacteria to controlled, laboratory

environments.

Now remem ber, when he presses

the stopwalch we each £
triplets [ i



Proc. First Intern. Symp. Aerohiol., Berkeley, Calif., 95632

ADDITIVES TO INCREASE AEROSOL STABILITY

Leonard Zimmerman

U.5. Army Biclogical Laborstories
Fort Detrick, Frederick, Maryland

Serratia marcescens is a gran-negative non-pathogenic bacterium

that is widely used 8s 38 Lest srganism, Suspension ot this organism
yields aerosols whose viable zell populations are inherently stable in
atmospheres at high, but not at low, relative humidity (KH). Several
attempted metheds for improving the stakility of serosolized cells
have proved unsuccessful. These included nutritional studies (growing
the cells in various media), genetic studles {subculturing the sur-
vivors of serosolizavion or some other stress) or mechanical processes

{changing the seroscl-generating and asrosol-sampiing devices).

We have added golutes to cell suspensions in the hope that, €irst,

we might stabilize the viability of §. marcescens against aervsel ex-

posure and, second, that we might achieve gome insight into the gues-
tion of why s&eroscolized «¢olls die. Suspensions were all aercsclized

at 47% RH. & very unfavorable humidity for the survivalof §. mageescens.

1. One factor that bhad previously forestalled studies with addi-
tives was the conviction that added solutes might greatly accelerste
the physizal decay of aerosoiized cells. Te test this assumption,
suspensions were prepared with progressively incressing concentraticns
of sucrose up to 32% and aerosoclized. Max:imum aercsol populat lons
were obtained from suspensions containing 16% sucrose. Thus, the ef-
fects of added solutes in intensifving physical aercsel decay, it

seemed, ¢ou'd safely be tolerated in practice.
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2. Studies on other sugars showe! that di- and tri-saccharides
actad &% serosol stabilizers, but that mondsaccherides did not. The
differences between the effects ¢f the mono- and cligo-saccharides
were in the other of two magnitudes, with per cent recoveries verying
from as low as 0.005 (4% glucose) to 8.7 (BL raffincse). High sugar
concentrations 444 not impair the recovery levels. The monosacchar
rides were ail penetrable into the zells, wheress the di- and tri-
saccharides were not. The stebiiizing effects of the latter sugars
were abtributed to their ability to plasmolyze serssolized celis, thus
possibly  interrupting their metabonlic activity. leboratory s:udies
have shown that the ability of 3. mlircescens to oxidize glucose is
markedly impaired in the presence of plasmolytic concentraticons of

sucrose or Nall.

3. Asrosol stability was alss enhanced by salts of ascorbic,
glucuronic, gslacturonic and cther organic scids. These scids were
moat effective in combination with multivalent cations (Ca++, Hn++,
Hg‘+, Sr++§ and much less 30 in the presence of monovalent ones (Na*,
K+. Li+}. There were some inconsistencies noted: X and NH& glucuronate
and NH, galscturonate were particularly ineffesctive. I would point out
that  K* and Ni} are both essential metabolites; also NH; easily
forws complexes with polyvalent metal fons. These effects were alsc
correlated with penetrability: multivalent cations were not penetrable
into the cells and the monovalent ones were, up o & point. NaCl alone
4t concentrations up to 1% depressed aerosol stability, but at 5% aad
10% levels aercsol stability began to improve. This reversal wvas at-
tributed to the plasmolytic effacts of the higher aalt concentrations,
creating an envirorment like that obtained with non-penetrable sugars.
It seemed possible that these effects were caused by the displacement
of K from the cells by Na¥. but RC1 and NaCl proved to have identical

effects vpon aerovsol stabilicy.

4. The stabilizing effects of plasmolyric salt solutions sug-
gested that other methods for interruption of metabolic activity mignt
enhance sercsocl stability. Enzyme inhibitors were {nvestigated as
potential aeroscl stabilizers and this work led to the discovery of
ariother c¢lass of atebilizers: the metal-binding or chelating agents.
These inciude such inrelated compounds as B-hydroxyguincline, sodium
arsenite, thiourea, dipyridyl, phenanthroline, the dithiocarbamates,

the hydrazides and dihydrazides, and kojic acid. Omne-tenth per cent
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B-hydroxyquinoline provided the highest recovery after 2 min of sero-

sol time (56%) whereas 0.1%7 Na-dimethyidithiocarbamate yialded the
highest recovery after 16 min (35%). The contrel, with no additive,

wag 26 and TA recovery. respectively.

This class of compounds has the following characteristics: (1)
they are effective in relatively low concentretions, O.17 or less,
{2} they are maximally effective oniy in the presence of solutes such
as sugars capabie of plasmolytlce sctivity, {3} meny of thoem are enzyme
inhibirors, (4) in higher concentrations, some of them are toxic to
stored cells, (3) some of them are toxic to cells aevosolized at high
RH. It is &lso Iinteresting to aote that the adverse effects of NE,
salts on aeroscl stability are completely eliminated in the presence

cf these metal-binders.

%, Uging combinstjons of sugars, and metal-binders, we have made
§. marcescens nearly as stable as spores ol Bacillug subtiiis var.
niger {B. globigii}. For example, adding raffinose, sscorbic acid and
Na srsenite at pH 7 to 5. marcescens, I found that the per cent recovery
after 30 min ssroscl time was 24%, compared to 25% for 3. glodbigii.

The stability induced by additives, however, depends in great
part upon the state of the cells. Growing celis sre least sercsol
stable in the Iog phase and most stable in che atstionasry phase of
the growth cycle. Stationary-phase cells suspsnded in spent culturs
mediuym, however, were not made more 4seroscl-stsble by the addition
of solutes. If these cells sre remcved from the medium and resuspended
in water they can be stabilized; if this suspension of cells in water
iz as.ated for several hours, its pH rises and its oxygen uptake level
falls to a very low level. Such starved or resting cells are maximally
responsive to the potentisl stabilizing efferts of added solutes.

DISCUSSION

Hatch: 1 have two questions: How did you get started on this
path, and would you care to speculate a little more on possible death
mechanisms?

Zimmerman: I set out to minimire the rate of desath of serosolized
S. marcescens. The reasons for the success of my procedures, however,
are not clesr. ] do have some speculations as to sechanisms by which

serosol atabilization may be induced.

287

. e L AT RO (TR A



The desth of aerocsclized cells prodably does not result from
generaiized destruction or denaturation of cell substance. This nust
be true {f the addition of & few simple chemicals to the cells can
rendey them aerosol-stable.

All enargy generated by the cells is ulvimstely used either
for maintensace or for svnthesiszs of new cells. Trestmeuts thar prs-
vented the vells from securing maintensnce energy would of ctourse be
lethal. All cur stabilizing trestments, we think, keep the cells in a
non-gruwing, méintenance~only state. The combined treatments of cell
grarvation with plasmolyzing solutes non-specifically reduces the
ameunt of energy that the cell can gensrste. The metal-binding sol-
utes, however, may owe thelr effectivenessz to their engyme-inhibiting
propertiss; somehow, they push rhe resting cell deeper into the resting
state.

A gystem recently suggested by Maalge to sccount for the syn-
chyonous growth of bacteria may be of interest here., Maalfe postulates
that the division cycie of normal cells sppears to consist of two
pericds, ome during which & complete vound of DNA replicaetivn takes
place, and one during which no IMA is made. Also, the inhibition of
protein and RNA synthesis, by removal of nutrient or other means, does
not interfere with the completion of a DNA replication presently in
progress, but prevents the initiarion of a new round of replication.

We visusiize the possibility that all suspensionsg contain some
sensitive cells and others that are insensitive to aercsol exposure
at low RH. It is possible that the sensitive cells are those in the
process of DNA manufacture. (Qur stabilizing treatments consist of &
combination of stervation, addition of a plazmolyzing agent, and of a
cthelating agent. These treatments may combine %o put and keep moTe
and more of the bacterial population into a non~DNA-replicating state
in which they are insengitive to aerosol exposure.

Dimmick: I'm fond of your approach; speculation is the grand-
mother of a8 well-formed hypothesis and 1ntuition is probably the grand-
father. 1'w impressed by your findings since we have found much the
same thing regarding culture asge. You didn't state what medium you
used and what growth temperature, and I wonder whether you think this
might also change the response to aerosclization?

2immerman: We have checked on both of these factors. The cells
used in all these tests were grown in aersated media containing 2%

Bacto-Tryptose, 0.5% glucose and 0.004 M sodium phoaphates. Batches
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of cells with aqually good stability were grown from sersted medid con-
taining either {1y 31 Tryepticase Soy Broth (TSB) plus 2% glucose, or
{(2) & ci:tlte'glucose‘!{l{;‘m~salts chemically defined medium.

We also tested the relationship between serosol stabiiitv of
cella and temperature of prowth, Cells inoculated into ISE + glucose
modia were grown ay 3 £ and et 37 €. The cultures grown &t the 37 €
were non-pigmented and vielded lower viable cell populations than the

i~

cultures grown &8t 2% C. The gerosol stebility of the 37 C-grown
cells, alone or in the presence of stabillzers, was poorer than the

stability of the 25 C-growm cells. This obmervation was notl explored;
we were only lookimg for growth conditions which permitted the produc-

vion of cells with maximal serosol stability.
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BACTERIAL RESPONSES TG DESICCATION
AND REHYDRATION

J. B, Maitman

Suffield Experimentsl Station
Defense Hesearch Board, Department of National Defense
Ralston, Alberts, Cenads

The magnitude of wmicrobiol hazards belleved to be assscisted
with envirs>nmental microorganisms has frequently found expression in
the great effort put forth to reduce their numbers in =en's serround-
ings. This is particularly true {. the case of staphylocoeci, where
a multiplicity of sources may sexve &8 potentisl reservoirs of infecs

tious msterial.

In order to present an environmentsl harard of major proportions,
staphylococc! must survive the fluctuating conditions of desiccation
and rehydration found outside the host, withstand rehydration in host
fiuids snd create those gtructures and products that are cheracter-
isticelly assccisted with their ability to initiate infectious disesse
processes in susceptible hosts. Effective indirect transmission thus
implies survivel of staphylococci in fully infecrive form under condi-

tions operative in the external environment.

Uver a period of vears, experiments have been conducted in at-
tempts to determine the role that desiccation and rehydration treat-
ments play in governing the survival, infective capacity, and virulence
of staphvlococeci. Earlier studies of this problem indicated that
staphylococci, when dried as films and injected immediately after re-
constitution in broth, produced fewer infecticus in mice challenged by
the 1ntramuscular, intracerebral or intravenous route than did similer

doges of nondried organismt(l), Other tests carried out at this time
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pointed out that staphylococci surviving desicuation and rehydration
provedures showed evidence 5! sublethal lnjury reflected by prolonga-
tion of the iag perlode, grester sensitivity Lo recomsiitution and

storage fr various {luids and slower rvates ~f production of coagulase( s/,

In attemprg to obrain move information regarding the responses
cf staphyvliococci to desicecation ard rehydration, both gerosol sad film
drying technigues have been employed in subsequent experimenis. Two
broad lires of apprrach have been taken: these include studies of
changes in permeabilily and change: inmewsbolism which are most likely

to affect rezention of characterisiics related tuv the disesse-producing

PERMBABILITY CHANGESR

It {2 well recognized that control of permeabilizy iz lost in desd
bacteria. It is aigc appsrent that incresses in permeabliity take place
when bacteria are subjecied to desiccation-rehydrarion proceduren<3),
Congegquently, measurement of the magnitude of leakage of aubstances
from bacteriel cells provides some wmeasure of their death., 1t is con-
sidered likeiy that organisms surviving such streszs treatments would
aiss show indications of increases in permeabilicy. Indeed, addi-

vicnal leskage of material from Escherjenis ¢oli has been found when

the survival capacity of the organisms was enhaaced by drying the cells
with a protective additive(d) . Evidently, the loss of such materials
is not necessarily asscciated with death of the organisms. Typical
ultraviciet adsorption spectra of released leaskage waterials from
waghed preparstions of nondried staphylucocci (Strain K2) were Compérad
to the grester leak8ge obrained with the same ce.l mags in dried prepsr-
ationg {(Fig. l). Organisms were devived from early log and statiovnary
phase cultures, film dried for 20 hr &t & reiative humidity of 457 and
veconstituted in distilled water. Microbial suspensions were centri-
fuged and the supernatanst fluig containing materials lost {rom the

cells was gcanned at wave lengrths of 230~ 300 mu. Urganisms derived

* The strains 3f Staphyviocuccus gureus used in this study are patho-
genic in mice. Strain 8074 1s a weaw alpha toxin producer and is
less virulent n mice than Strain HZ. Strain HZ was origirally
isolated from & human abscess in our laburatory, while Strain 8074
was obtained from the Laboratory of Hyglene, Department of Narional
Health and Weltare, Ottawa, Ontari-. Strain HZ2 withstands desicca-
tion and rehvdration stresses much better than Strain 807w,




from log phase cultures were Sore permeable chan those obtatned froa
the stationary phage of growth, &4lthough no appreciable differences in

viable counts of the zamples were found.
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Since the leakage waterisls have not been characterized to date,
it is not known whether the same materisls sre lost from the cells be-
fore drving 2% those noted after drying. However, oresent agualitarive
tests show indications of amino acids, phosphates, protein and ribonu-
cleic acid compounds in the leakage materials. It is posstible that the
prolongation of lag previously noted wmight be due in part to the time
reguired to replace or synthesize some of these losi cell substances.
Since leakage does reflect (ncredsed cell permeabliity, one must alse
suspect increased access of substances outcide the cell to certain
areas within the cell. For example, the entsy of pe-nicrophenyl phos-
phate into organisms previously dried and reconstituted Is enhanced,

because greater measureable acid phosphatase activity occurs in dried
staphylococcl (Strain HZ) than in the same cel! mass of nondried
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organises (Pig. 2). However, it i3 not known &t this Cime whether
porseabilizy incresses rvefiect only physical changes or whether snergy
transport sechanisms of the ovgsniem are slgo affscted. Furthermore,
it is possible that eritical spetiel relationships of certein structures
and chemical substsnces might be changed, thereby influencing sei-ctive
perdeability in bacteris subjected to desicestion and rehydrstion pro-
cedures.
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FiG. 2. The effect of desiccation-rehydration
on acid phosphatase activity

Yr ig reazonahle to assume that the infective potential of sur-~
viving pathogenic bacterial! would be affected by their past drying
istory, simce increased permeability might 2llow entry of some poten-
tial sntimicrobisl hust substances normélly excluded from vital sites
in the cell. Althcugh one of the characreristics of coagulase positive
staphylococel is their resistance to bactericidal components in blood
(5)’

or serum increased permeability of stephylococci, stored as aser-

oscls or film preparations, might explain the subsequent decreased
ability of such cells to survive in human serum, blood or plasma con-

taining staphylococcal aa:ibodie:(z'ﬁ). Bactericidal activity was

%




abelished when complement was inactivated by heat or zymosan and oo
bectericidal activity was noted in aondried prepnatsam{f’). These
resclts suggested that the mere entry of nonbactericide] macerials ia
cell sltes wis not related to death of the bacterias. Under these con-
ditions cellular resistance slgc appedrs co be more efficient, #s evi~

denced by faster clearance of aged serosols of staphylecocci ({(Strain

ey

HZ) from mouse lungs {.ig. 3).
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FIG. 3. Decrgases in viable count of staphylocoeci

LS

in moyse lungs with young and aged sercvzols

Although iacreases in permeabiiity of staphylococci due to drying
stress treatments have been demonstrated, it appoars that permeabilicy
returned to normal values if metabolisnm wes allowed w take place. This
might account, in part, for the fact that incubation in broth within
the lag period before intravenous injection increased the ability of

previously dried cells wo survive tle initial residence in mouse tissue;(a).

GROWTH RATES AND METABOLISM

The likelihood of success in the i{dentification of the processes

involved in reduction of viability, infectivity and virulence of
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*
Staphyloucoccus aureus by desiccation procedures points out the need tor

atudies of growth patterns and of the related broad physiclegicsi and
blochemical changes which occur when the ~~-anisms are recnnstituted in
growth media. The study of changes in the ribonucleic acid (RNAY and
protein aynthesis of dried ard uocndried staphylococci in relation o

cell growth, infectivity and virulence might yileld useful information.

Previous studies have i{ndicated that the lag period of staphylo-
coccl progrescively increased with increcases in drying ’imc(z). These
lag measurements were concerned with the time required ro double the
initial viabie count when the cells were incubated in broth. In addi-
tion, excellent regeneration capacity was noted, for it was found that
once the log phase was reached, the minimum generation time in broth

was congtant, regardless of the previous drying histor: o¢f the cellis.

Subsequent optical density mecasurements of growth of both 1o and
stationary phase cultures of the two strains of staphylococc! used in
this study (Strain H2 and B074) have shown that the true lag phase is also
inhibited by desiccation-rehydration stress, particularly in Strain 8174
(Fig. 4,5).
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FIG. 4. The 2{fect of desiccation-rehydration
on growth of StagthOCDCCus aureus

* Fcr growth, protein and ribonucleic acid measurements used in this
study, film samples of staphylococcl were dried for 24 hr cc a
temperature of 80 F and a relative humidity of 40%.
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Some metaboiic function i€ apparently nol .perating initially &t normal
efficiency ir the stress orgenisms, indicating that a repair precess is

required for the cells injured co & sublethal degree.

Recause of the previcus finding thet coagulage synthesez was slower
in staphylococel dried and reconstituted in plasm&{z}, and becduse in-
cubation {n broth within the lag period appesred to be necessary io
vaige iunfecrivity and virulence levels(a)‘ broad measurements of mweta-
bolic activity were considered important. Therefore, protein and RNa
synthesis of dried end fresh staphylucocci was followed in aserared
Heart Infusion Broth (HiB) «cultures st 37 C. The results indicaied
that the {nitial rate of protein eynthesis wan slower in cells pre-
vicusly subjected to desiccation-rehydration procesures (Fig. 6,7).
Apparently coagulase zynthesis and possibly toxin synthesis cocurred
at & slower initial rate because there was & generz) decrease in the
rate of protein syntheses, although this does not rule out additional

more apecifin effects on the mechanisms governing coagulase production.
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FIG, 7. The effect of desiccation-rehydraticn on protein synthesis,

In addition, results showed that the synthesis of RNA was also affected,
providing & partial explanation for the reduced initial synthesis of
protein (Fig. 8,9). Rates of synthesis of protein and RNA ceturned to
normal values more quickly in log phase cells.then (5 stationary phase
cells, although log phase organisms are gererally cousiderea to be

more sensitive tuv desiccation and rehydration than organisms taken
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When one considers that RNA tends to be an unstable chemical
compound, that Hg++ is required to stabilize ribosomal RNA, that the
absence of only one éomponcnt of the amino acid pool is required to
stop protei. as well as RNA synthesis, and that the stress treatments
would require loss or inactivation of only one type of vizal chemical
compound to atlect both RNA and protein synthesis, it does nnt secem
too surprizing that desiccation and rehydration might well influcnce
these important reactions to some degree. It is unlikelv that lack
of nutrients in HIB can be the cause of the slower rates of synthesis
of btoth RNA and protein. Rather, it seems more likely that metabnlic
replacement of substance(s), inactivated by desiccation-rehyvdration
stresses or lost by leakage due to increased permeability, may be
necessary in order to utilize these nutrients in normal fashion. How-
ever, it is not known at the present time which exact sites and spe-
cific reactions of the intracellular turnover svstems are affected,
Regardless of the exact mechanism involved, the broad reaction svstems
of staphylococci affected by desiccation-rehydration treatments are
reflected in the prolongation of the lag. As a matier of fact, the
well-known relationship of growth measurements of nondried bacteria
as an index of protein and RNA synthesis alsc appears o be operative
in the case of staphylococci subjected to desiccation and rehydratisn

stresses.

It is clear that the present studies do not provide informaticn
regarding the possible particular replacement substance(s) or the
specific repair area required so that protein and RNA synthesis can
take place in normal fashion. Consequently, the studies outiined
here must be considered preliminary, since experiments degiing_with
intracellular turnover are necessary to obtain nore deiéii;d informa-
tion regarding the exact mechanisms 1inhibited by stress prccedures
associated with desiccation and rehydraticn. Information roncerning
such turnover in micronrganisms has been reviewed recencly(7) and can
serve as a useful guide in designing experiments necessary to gain a
better understanding of the functional relationships of the biochem-

ical everts in cells after various stress treatments.
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DISCUSSION

iddlebrook: We need more of rthis kind of informarion in the

field of serobiclogy and [ am delightly, personalily, to see that you
are working with §. aureus whether you got positive information or
not regarding virulence (whatever that is). When you showed those
last siides, were those per unit weight of bvacterisl cells?

Malrman: Yes. It would be fundamentally thac. They were based
on & standard optical density.

Middlebrook: Apparently some multiplication was going on during

incubation; did neot the turbidity values ov agsays change during this
\ Y 4

time?
Maltman: Yes.
Middlebrook: Would it have to be unit weight of the bacterial

~ells pregent.

Maltman: Yes.

Middlebrook. $o you can't standardize by weight alone, you must
take nt v eocount fluctuations in counting.

Maltman Tt is true that vou cannot standardize, strictly
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speaking, by any single method since growth and cell division occur
during incubation. This is the reason that & constent optical density
ef call suspension was used, since it hedrs a practicei relsationship
to unit weight, slthough this relationship would certiinly not be
absolute.

gzgg*: Do I understand correctly -- log phase cells dre par-
ticulerly sensitive £< desiccation sfresses but they recover fast in
groweh mediuef

Maitman: Yes. We pointed that out; such ¢..lw &re more sengi-
tive, but they do recover more quickiy chan other cells., This might
provide a useful technique for basic studies. We don't exactly know
how this applies yet, but it could be tied to the fact that the pro-
tein and RRA concentrations in these young log phase cells were ap-
proximately twice @s high as they were in cells taken from the sta-
tionary plase cultures.

Webb: We have been carrying on similar studies with other organ-
isms, nat staphylocoeci; but with the sort of organisms that are sensi-
tive to aercsciization; in other words, those that lose viability vhereas
staphylococei don't. But the phenomenon you menticned here is exactly
th: same in both types. We measured the same release of materiai from
cel.s -- and when we protect them with compounds, such as inositol or
glucose (despite the earlier paper, glucose has been si.own for the last
20 years tu be protective for aerosolized organisms), vou get even more
release of this materia; yet cells survive better; alsoc you get the
same inhibition of other RNA-protein synthesis mechanisms and, as you
know from earlier papers of mine, we alsc get the same increase in
sensitivities of certain enzymes, not phosphatases, but carboxylases
and the like, and there is a very dramatic increase of such activities.

Maltman: These leakage products may be important in terms of
growth, even though they might not be important in terms of surviving
numbers. By equating the magnitude of the greatest amounts of leakage,
whern cells are dried in different ways, with growth rate, one should
observe the grestest slow-down in initiation of growth. These experi-
ments are in progress.

Shinefield: 1 just wondered whether you have used other par-
ameters tc determine virulence {(whatever that is, again) in your dry

and non-dry organisms.

* VFTF = Voice from the floor.
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Melitman: 1 am not gure ! undessiand vou. We used intramuscular,
intravenous and intracerebral challenge.

Shinefield: To mice?

Maltman: To mice.

Ehinpfield: Have ydu sxanined numbers of organiems necessary to
produce lesiocns on  suluFe materisls becsuse 8 mouse 1§ not particu-
jarly ..... {intetruptedj

Maltman: No, nothing. like this,

Shinefiald: Since a-mouse is such a bad animsl for seaphylo-
cocci, socae of the more subtie changes might be made more manifesi
with other animals.

HMaltman: Perhaps; we have not performed this type of test in
other animals.

Eichenwsld: Basically, what you are trving to suggest s the fact
that virulence of staphylocoeci is a particularly difficult concept be-
cauge organisms that cause human disease and those staphylococci that
do not cause human disease are indigtinguishable in aminals,

Maltman: VYes. For example, {f you allow staphylecocel which have
had a drying history {(where vyou cen show infectivity has decreased) to
metebolize within 8 lag period, then infectivity will increase so one
suspects that gome of these cells do get into host sites where they can
incubate and increase their setabolic activicy in order to returu to-
ward "normal® capabilities.

Middlebrook: I think what you say is quite true, at least within
the experimental design. Dr. Maltman has shown differences which may
or may not be relevant to our clinical problems. It may or may not
be relevant to those properties of staphylococei which are important
in human virulence ~~ but still, they sre observations and I think
that working in this ares wiill be profitable. Wwhen we know more about

other infective properties of Staphylococcus sureus, perhaps this rype

of investigation could be broadened; at ileast you did see differences
in the disappearance of culturable bacterial cells from the lung de-
pending on pre-treatment of the organisma.

Maltman: Not only from lungs, but frum any system the effective

in vive numbers are reduced.
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SURVIVAL OF LYOPRHILIZED BACTERIA DURING STORAGE

R, J. Heckly and R, L. Dimmick

Naval EBiclogical Laboratory, School of Public Health,
Univers.ty of California, Berkeley

I believe that lyophilization, or rather e study of lyophilized
organisms, has a place in aerocbiology, bscause freeze-dried organisms
are similar to airborne cells in that they are essentially naked and
are in direct contact with the stmosphere. Thus, with the exception
of irradiation studies, we can subject lyophilized crgarisms to smuch
the same treatment ag the airbornme celis. Of course, lyophilization
differs conslderably frow aerosolization, one difference being that
during drying of celis in wmicro-drops they are sybjected to & rather
severe stress due to the surface tension of water as it evaporates from
the liquid phasa. However, one might use this difference to evaluate

the effect of surfeace tension on aervsclized wicroorganisms.

Ancther advantage of using lyophilized materials is that such bac-
teria can be subjected to a wider range of variables than when they are
in the airborne state. These conditions are rot necessarily practical
in aerobioclogy, but by using extreme conditicns, the effects of cer-
tain factors can be more easily demonstrated. In large chambers, such
as are required to contain aerosols, it is difficult to reduce the hu-
midity to near zero, whereas this can easily be achieved using lyophi-
lized materials. Smell containers of lyophilized organisms are also

easily subjected to either extremely low or extremely high temperatures.

It is easy to obtzin precise samples of lyophilized organisms,

since we need not be concerned wita physical loas, snd large samples
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are readily avatlable tor physical or chemical anasiysis,
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FIG. 1. Viability of lyophilized Serratia marcescens held

at room temperature in air. The 8-day samples contsined

too miny cells to count in the highest dilution tested.
Hesting waa at 52 C for 10 min before drying.

Reproduced from J. Bacterfol. 85:961-965, 1963, with the
permission of the American Society for Microbiology.

It has been generally assumed that freece-dried organisms are
dormant, but 1 would like to present some data suggesting that this
i8 not necessarily so. Usually the number of viable cells decreases
during storage of dried preparations, but as is shown in Fig. 1, we
have observed instances of recuperation in which the number of viable
cells appesred to increase during the storage period. In this instance,

the number of Serratia marcescens cells that formed colonies increased

at least 2-fold between the 4th and 12th day of storage of the lyophi-
l1zed preparations. Figure 2 shows & similar recuperation of dry Esch-
erichia coit. This experiment was designed to determine what effect
the method of growing the organisms had on thsir aub-equeﬁt survival
in the lyophilized preparations. Those grown on solid medium survived

better when stored in vecuum than those grewn on liquid culrturer,
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FIG 2. An instance of recuperation during storage of freese-
dried ZEscherichia c¢cli grown on nutrient agar and in broth.

when stored in air, survival was poor, and there was no significant
difference between the two types of cultures. There seems to be little
doubt that there was recuperaticn between the lst and 5th day of storage
in vacuum, especially of the plate culture. Perhaps the cells in some
way sdapted to their new environment during this period so that, when
reconstituted end plated, they were better able to grow and form col-
cnies. It {8 conceivable that immedistely after being dried their
metabelic balance was disturbed and that, when placed in a ligquid
eny Lrongmen?t some of the cellis simply were csught off-talance and per-
ished, £ = rthe suangcn change nf ' 2ir envircnment f.um gas to liguid
may have constituted a severe shock, various rehydration procedures
were tried. It was surprising :o find that with §. maiccscens, more
cells survived a rapid rehydrscion (direct addition of distilled water)
than & slow rehydratiou of exposure to water vapor. In some experi-
ments, over 100 times as many cells produced colonies when water wvas
added directly as when the cells were first exposed to 100% rtelative
humidity (RH) at 20 C before addition of the witer. We obaerved the




greatest effsct of high & in thoere pieparations subiected to eddi-
tional dryiung by hesting to 100 C &1 10-20 « Hyg for 1 hr. It 18 gn-
deed difficult to decsrmine whether or nof cells are desd in dry prep-
araticus becduske at present we have no iritesia, other than growth oy

coleny gproduction, for determining viabilicy.

In &n #ttempt to demonsirate that dry bacteris have gome metabolic
aciivity, Ur. Dimmick used a micro-Taspiromeler Lo me&sure the gaseous

uptake of drv §. marcescens. At low moisture levels, the tale wag 8o

silow that iU took weeks to cobtain messurabie uptike., Nevertheless,
slgnificant gase~us uptake (presurably oxygen, since XKOH was uged as an
sdsorbant) was demonstrated and furthermore, the rate of oxygen cou-

sumplion increased with Increasing aumidity.

Free-radical production by dry bacteria over &4 period of days
{Heckly, Dimwick and Windle, 1963) alsc is evidence of gome kind of
activity, becsuse free-radicals have been demonstrated to be intermedi~-
dres  in many metabolic systems., Hore sigidf{icanciy, both iree-vadical
production by lyophilized §. marcescens and desth were greater in the
abgence of lactose than when 1  tose had been added to the medium be~
fore drying. There was & cofre.. lon between loss of viability and
free-radical concentration, but not in direct proportion, in no in-
stance hagve we demongrravgd Iree-rsdical production by nrganisms that
were killed by mercury s8slts or heating before lyophilization. 4 cor-
relation between free-radical production and loss of viability has been

shown for several microorganisms in addition to §. marsescens;: e.g.,

Sarcina lutea, Micrococcus radjodurans, bakers yeast, E. goli, and

Sireptococcus lactis, Under vacuum, viability was maintainad and min-

ima] production of free-radical was observed, whereas in air the same
preparations died rapidly and free-radical concentration increased
rapidly. To-dare, free-radicsl production was minimal under all condi-

tions in which survival of organisms wac ) 2o-

Figure l summarizes & more extensive experiment using $. marcescens.

There was no gignificant free-radical production in cells stored in vac-
uum, whereas the free-radicai conceatration incressed rapidiy in prepar~
ativns exposed to air. Samples represented by lines 4, €, and £ did
not contain lactose. The cthere were dried from an 0.35% lactose solu-
tion. The Electros Paramagnetic Resonance "7PR) spectrometer signal

developed at approximaiely the same rate in the sampies left open to
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FIGC. 3. Effects of lactose, air, and moisture on free radical for-
matfon by iyophilized Serratia marcescens. A: cells suspended in
buffer, dried, and packed in vacuum, ther opened to room air for 13
days. B: cells suspended in buffer containing 0.5% lactose, packed
in vacuum, then opened. (: same as sample A, but cells packed and
sealed in air. D: same .s sample B, but packed and seasled in air.
E: same as ssmple A, but not opened until after 14 days. F: same
as sample B, but not opened until after 14 days.

Reproduced from J. Bacreriol. 85:961-965, 1963, with the permission
of the American Society for Microbiology.
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the air (lines A and B) as ir those that were sealed immedistely after
filling with air (lines C and b). Although no signal developed in
preparations sealed in vacuum (lines E and F), free-radical production
was comparable to that in the cther tubes as soon as air was admitted.
Note that the rate of production was comparable. When sample A was
placed in a humidified jar, the signal intensity returned to virtually
zero within 48 hr. Moisture uptake was probably responsible for the
slow decay of the EPR signal in those samples open to air (Lines B, E,
and ). 1In this experimcnt, viability was maintained better in the
presence of lactose, but ¢.en with lactose, 99% of the cells were no
longer viable after 12 days' storage in air. It is evident that the
presence or absence of a. FPR signal per se {s not necessarily zignif-
icant; rather it is the change {n signal intensity thar is impoitant,
1f there is no‘siéﬁ;i, ail celis may be either dead or alive, If the
signal is increaeing, cells are probably dying, but the decrez.ing sig-

r.a! does not sigrnify recuperation.

Rerartly Blots et al. (1961) described an EPR signal in lyophi-
lized nucieoprotein. Since the signal he described as at g = 2, {t
could be due to the same free radical we have observed in our lyophil-
ized organisms. They did not indicate how the signal developed or the

exact conditions of preparing and storing their preparations.

Figure 4 shows some kinetics of the lactose protection. 1In this
experiment, & 1% lactose solution was added to each of two S. marces-
cens cultures, 6 and 12 hr old. At frequent intervals, after adding
the yugar, samples were removed, frozen rapidly and dried. Maximal
prarection was obtained during the lst minute. The horizontal lines
above each curve represent the number of viable cells before lyophil-
fzation (1007 survival level). The curves remind me of the over-shoot
of a recorder with insufficient damping. T hesitate to interpret these
results, but {t does seem to be more involved than a simple physical
protection of the cells by the added suglt.' Perhaps the cells are

reacting to the change of environment and have overcompensated in some

manne:r .

The next three figures pertain to an experiment {n which cultures
of various ages were lyophilized after either slow or fast freezing.
As a slight o -ression, I'd like to consider the interpretation of
"death curves' such aas these. According to a common concept, a plot

of the number of viable cells vs. time of storage; such as in Pig. 5,
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FIG. 4. Recovery (24 hr atorage) of freeze-dried
Serratis marcescens as & function of time after the
addition of a final concentration of 17 lactose and
befor: freezing. Horfzontsl lines repregeat 100%
recovery level.

represents a death rate. Implicit in the rate concept is the assump-
tion that all of the cells have an equal problbflity of surviving and -
{f the slope of the curve changes, as mos: of these do, the culture
puzt consist of two or more populations. 1 believe thst most popula-
tions are i{ndeed heterogenecus, and perhaps it would be more realistic
t> consider the death curves as representing the cumulative results
from & distribution of cells having various survival capabil:ties.
Thus, in comparing the 2l-hr and 24-hr cultures, we find that the
21-hr culture contained fewer cells capadble of surviviang B8 days than
did the 24-hr culture. Considering only the solid line, initfal slopes
of both the 21- and the 24-hr-old cultures were comparable.

in Fig. 5, the dotted lines with the isrge marker represent the
survival of lyophilized cultures rapidly frozen by immersing small
vials containing 1 ml of culture in a dry-ice and solvent bath. The
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other two curves represent cultures frozen slowly, i.e. in & 5 ml
bottle placed in a -20 C freezer. You can see has the patterns change
from the young cultures, which are very sensitive tc rapid freezing,

to the older, mature cultures that survive rapid freezing better than

slow freezing,
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PIGC. 6. Two-day storage survival of freeze-dried Serratia
marcescens froxen at two tomperaturas as a function of age
of culture. Horizontal 1line represents 100X recovery.

Figure 6 sumnsrizes the results of this experiment in terms of
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aumber of viable cells after 2 davs storage &g 2 functiun of age of a
culture at the timeg of freezing. For reference, the growth curve is

shrown 88 line !. Line I reprascnts the prepsrationg alowly froren and

dried. The extreme 2ensitivity o S=hreold culturse to freeze-dryving
ig evident The 3088 line aviwss the top of the slide (Fig. &) indi-

cates the 0UL survival level.

All Of the assavs 1n this experiment were sade on rwo medis: &
simple, c¢hemically defined medium {Bunting's) and & complex medium
(trypticage-soy sgar), becsuse it was suspecred that sume of the cells
not producing cwlonies were not dead, but failed to grow becausge they
had been injured and had lost ability to synthesize gome vital con-
srituent. Figure 7 sumsmayizes the reaults of thig aspect of the ex-
periment. Except for line 1, which i¢ the growth curve for the cul-
tute &8 a4 reference, the lines represent the ratio of number of celis
or  Bunting’s vs. trypticase-soy agar medium. Thus & ratio gresrer
then 1 indicatezs that more w«olonies developed on Bunting's than ou
the compliex medium. The left portiom of the <figure pertains to the
cultures frozen zlowly and the rigtet gide to cultures frozen rapidly.
Data for linea 2, 3 snd 4 were obtained after 2, 5 anag & davs' storage
respectively. Since there were instances, such as the very voung cul-
tures after & days' storage, in which ten times as many cells grew on
the complex medium than on the Bunting's, the cheice of gssay medium
marnedly iniluenced the results obtained. In genersl, the wost ac-
curate estimate of viability {8 obtained with the complex medium. Hote
that in only a relatively few instances did the count on Bunting's 4agar
exceed that on complex wuedium. These fluctuations are significsnt,
but I doubt if identical results wouid be obtained on repeating this
cxperinent, especlally with regard to the precise age, or extent of
differences, because there are so many varisbles which affect the be-
havior of the orgenisms. The cyclic nature of the variocus curves ob-
tained in these studies is obvious, but agein we have no exolanation,
since the fluctustions do not seem to be correleated with the growth

curve.

ir view of all of these facts, together with many of similar im-
plicaticns aiready in the literature, | have difficulty in understanding
why aerobioclogists seem to deal with the problem of airborne bacteria
as if cells were somehow not living systems - dynamic, responsive and

each unique. lv a8 be hegin to chtain & complete picture of the



behavior of microotganisms #nd thelr redcticons to the environment cén
be hope to understand airborne organisms. It ig ressonable to suggest

that wore attention chan in the paef spovld be given £o detalls of what

my ceileague and I currently ters “micrebial sysrtemstice” in atedying

the varisug survival capacitices of microcrgsnisms.
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DISCUSSION
¥orton: Dr. Heekly, 1 don't understand this slide (Fig. 3) in

which organisms of various age were frozen either rapidiv or slowly

tefore iyophilization, particularly the | hir, 2 hr, 3 hr legend.

Heckly: These are the ages of the cultures berore lyvophilization;
that is, Lif yvou take vexry young cuiturgs, the number «f ceils that Rev-
vive to 8 deys is Jow. The dotted lines with the 1arge doe: represent
thoge cultures which were rapidly irozen by ijmmersicon n g dryv ice
methyicellusolve mixture. The others were slowly frozen bv placiag
5 m! of culture In & re’atively large Lottle in a -20 C deep-freeze.
One obvioug thing ls that the pattern changes, ovarticularley a3 we

progress frowm the l1i-hr o the 24-hr culture.

Morton:® Does the media uszed fto cuiture the organisms in the first

place affo-~t viability?

Heckly: Of course, T would expect it to do so, but Bunting's was

used §5 8 medium in all of these experiments.

Morton: What if you had put an additive, such 83 skimmed wilk,

in vour medium?

Heckly: 1f lactose is added just before drying, such as des~-
cribed in the previous paper this morning, survival would be improved.
We.haven't explored the effect of ¢ysteine or sucrose on free radical
production as widely #s we hove the effect of these things on viability.
We have just now obiained our own EPR machine and look forward te ex-~

ploring this preblem further.

Morton: Would you tell me a lirtle bit about free radicals and

how they are measured? (Question passed to Dr. Dimmick.)

Dimmick: When there is ap unpaired electron in a molecule, that
wolecule {s known ss & free radical. It is what, in your early chem-

istry, you might have been taught <could not possibly exist; i.e., &

)
hroken covalent bond. These are highly reactive portions of molecules
that have had electrons added to them in scme way or another, they are
in a high-energy state,; for example, most peroxides are free radicals.
The device used tc messure them is not too important from our aspect,

and I'm not sure I could explain it, anyway. The instrument most

commonly used is built by Varian and can detect abour 1011 moiecules,

or sping. The important thing is that often, when &n enzyme catalyzes



@ reactior, thére appears tc be a moment when it has split the sub~
strate molecule apdrt and haz not quite put it together agéin Lo soke
other form. These two fragments are, in many instances, free vadicals.
they are highly reactive, so they don't laet very long, espacislly if
@mpisiure ig present. This is why we cosmoniy don't find them im &
moigt svate for any length of time. But in the dried state, they are

more or less stabilized and this sliows us o measure them.

Heckly:  Apparently there 12 pno predeminating theory of why free

——

redicals sre produced in the dried state. We may have just blocked
one part of an engyme mechanism, 80 that you have an accumulation of
those particzular free radicals. Tris {5 what we think right now.
There is usuglly a gradual decay, 8o that most of these free radical
curves that I have ghown probably represent an equilibrium condition,
Of course, we could be obgerving 2 simple oxidation, but ir is diffi-

cult to explain why this does not happen with dead cells.
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VIABILITY OF MICROORGAN!ISMS USING A
SUSPENDED DROPLET TECHNIQUE

I. H. Silver

Microbticiogical Reocesrch Bstal Lishment
Expevimental Station
Porten, Kr. Salistury, Wilte,, England

For some bime now we have been losking ivto ways and means of
studying the survival properties of organisams subjected to atmospheric
stresses but free from the mechanical and associsted gstresses normally
encountered in conventional aercsel techniques involving spraying and
sampling. Admi.ttedly, from a practical viewpoint, the type of eguip-
ment in common laboratory use represents a reasunable approximation to
both the neature and sequence of the numerous stresses imposed on the
organigm, in that the cycle of suspension - astomization - gquilibras-
tion - equilibrium -~ collection - suspension is rarely short-circuited.
The main drawback of the system is the difficulity in isolsting the var-
ious stages of the cycle and hence the possible interpley between these
stages. This hinders interpretstion of the results. If wu wish to
enderstand what 15 happening to an organism subjected oni' to atmos-
pheric stressges, then it is necessary to devise a different type of
apparatus sov thal mecharizal -~ iesses can be eliminated nr minimized.
The need for such apparatus is 2-fold; first, we wish to determine the
extent to which viability is lost in the airborne phase and not merely
measure the difference between unspraved material and that recovered
from the aampler; second, we believe that the functiorn of chemical
SUbac&NCea FUveliiug -be 8uTVivas 0f the orgarism iz moar likely to be
recognized b these means. In practice, we have to admit that the dir-

borne phase cannot be isclated because & bio-assay for viability

inevitably res.lts in physical and chemical stressing of the orgsnisms,
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but, &3 you will see, at least some control can be exercised in the

recovery snd sassessment phases.

We have examined two ways of producing unstressed droplels con-
taining bacteriel cells. One hss so far proved unsuccessful, but the
other hgs been in regular wse for 2 yr or more end has been employed
in producing the experimental results 1 shall be presenting later. The
unsucregsful method T will briefly describe because we badly need a
facility of this Lype, and it might 2timuldte some ideas. Essentially,
drops of predetermined size, but within the size range umually associ-
ated with aeroscl work, were produced by 2 vibrating reed. The
drops could equilibrete in the tor sectiur of & vertical tube snd would
be maintained buoyant by an upwsrd-woving conditioned airstream. After
the requisite holding period the particles would be allowed to fail
under gravity into & suttable collector. Considerable difficulties were
experienced in stabilizing the column because of gensitivity to thermal
and electrostatic forces, Dr. {ox spent much time in combating these
difficulties, but it became evident that it required full-time investi-
gation by a smell team,ard the problem is now to be tackled by a Uni-

versity 8% an extre-mursd! research item.

The other method, which we call the fibre techaique, i quite
different and dezals with single drops of a much larger size. It was
intended that the twe methods should be complementzary rather than
slternatives, the fibre method handiing drops larger than, say, 50 u
diameter, #and the column method from 50 u downwards. The fibre tech-
nique, since it employs single drops, is usually concerned with sizes
of 100 u or more in order to contain a sufficient number of organisms
to give reliable and reproducible results. In any case, the smallness
of the drop is limited by surface tension effects and it is this size
factor vhich i{s the most crirvicrizable feature of the technigue; if
particle size is important in determining viability, then this method
will not accurately poriray the behavicr of the small particles which

constitute the normsl aerosol.

The essence of the technique is to deliver from a microsyringe a
small quantity of mixed suspensicn contsining the test organism and a
spore tracer. Using a micromanipulator, the fluid is transferred to
a fine glass fibre lying across an orifice turough which saturated air
is passing (Fig. 1). The figure shows at the top the droplet forma-
ticn, fcollowed by siages of evaporation co sclidification at the bottow.
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Flg, 1. Stages of evaporation of & droplet on & gless fibre.

In practice, # plastic box fitted with & 1id with six orifices was
used so that up to six fibres could be charged in any one experiment
(Fig. 2). The air supply was 80 arranged that saturated air could be
replaced by conditioned air at & selected rate depending upon the zir
velocity chosen. 1t was thus possible to control the evaporation rate
of the suspended drop. After exposure, the fibre could be removed by
forceps, dropped into collecting fluld, and the contents assessed., The
drops could be obaerved optically by mounting the plastic box on

the moveable stage of a microscope and it proved a valuable feature of
the technique (Fig. 3).
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FlG, 7. Plasrtic box used to hold glass fibres in conditioned air.

The fibre method has been used in a number of ways:

1. Correlation of the behavior of golutes on evaporation

with survival.

[

Measuremgnt on the influence of rates of evaporation and

rehydration on survival,

3. Comparison of survival on the fibre and in aerosols.

Dealing first with behavior of solutes on evaporscion, it is
2lear that pearly @ll! golutions supersaturate heavily. Crystallization
from the metastadle state is markediv variable; some solutes refuse to
crystallize under any conditions; others readily crystallize but only
non-reproducibly either in terms of the relative humidiry (RH) or the
time lag at any particular humidity; other factors such as batch-to-
batch variations are also noticeable. Substances which crystallize ap-
pear to be poor protectors; many fnorgan‘~ and ovrganic salts come into
this category. However, crystallization alone is not the controlling
factor for itv is linked with the rehydration process and this can best

be demonstrated by example.
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Fig. 3. Arrangement of fibres snd box on microscope stage.

For & long time we were puzzled by the high death rate of a num-
ber of bacterial species when sprayed from solutfons of mannitol com-
pared with other hexitols or sugars. Mannitol, unlike these other
compounds, can crystallize on evaporation, often &t a high RH. Occs-
sionally it is possible to create successive droplets at & given
humidity, only one of which crystsllizes. Table 1 shows how the dif-

ferent end-states affect survival.
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TABLE 1. Surwviws! of Escherichis coly 163 ar 707
relative hunidity n | ¥ mannitol

Holding Time 19 min
Coliecting Fluid - Phosphate Buffer

Intrial diamerer Eguilibrated Rehvdrated Viabiliey
(e} diamerer () digtietes {w} %
160 75™ s
155 73” 130 10
160 80 23
150 &G 1460 as

% Crystailiszestica.

You will notice a substanrially higher Ievel of survival ehen the
maunitol fails fo cryatallisze, but perhaps more important is the {nflu-
ence of esntrolled rehydration. This is achieved by exposing the drop
to satursted air until] awelling ceases before dropping into collecting
flaid. The increase in visbkility iz small for the crystailized arop
but large for the guversaturated one. It L8 likely that & similar re-~
sult ¢ould have been athieved by sing 4 collecting fluid of high os-
wmolic pressure instead of re-wetting the drop sad esllecting im phos-
phate buffer. The inference {8 not only that the act of crystslliza-
tion perwmits further evaporation to take pléce, desiccating the cell
to a greater degree, but also that rehydracion occurs at & different
rate from the sypersaturated cell and phygically stresses the cell ac-
cordingly. However, you will see¢ in a minvte that there i% no simple
rule concerning the influence of rehydration rate. Aminoccaproic acid
is ancther aubstance that crystallizes in & variable manner and gives

resulty similar o mannitol.

Turning now {5 rite of evaporation and rehydration, the fibre

technique has been used to examine the way in which controlled evapora-

ion and rehydracion affect survival. 5¢ far gs evaporation {s con-
cerned, we have not discovered any significant effect on survival. Of
course, we should remember that although the eveporation rate may be
similar to that occurring in fine aerosols, the time taker by these
relatively large drops to come to equilibrium {s very much longer --
in this sense the compaerison i{s poor. Rehydration, however, presents

a very different picture.




o

TABLF 2. Influence of rewydration in viability. Survival of
Escherichia coli 163 in various fluilds st 507% RH
Holding Time 30 min

Spray Fiuid*
1 . .
coiigiriﬁs o ) Reffinose . ¥52 dezlran + SuCrose
Fluid Sucrosel ., 0%
G 2 M -
g.zm 0.3 K06 [Py Mlis Ml 2w J4-5 M
Buffer i3 66 24 7i 16 25 60 156,50125,.33
Buffex w7 (34 45 {69 16 {47 |60 90,48181,33
{rehvd.) :
Z M Bugrose 33 -- 67 -- - - ~- 156 98! - -

Numbers are % viabiliiy.
* Ail spray fluids contain buffer.

i Tthree determinations, holding time 15 mia.

You will see from Table 2 that centrelling the rehydration either
by exposing the drop to saturated air before collecting or by using &
collecting fluid of high osmotic pressure can have an important «ffect
on the result. The Table unfortunately gives the impression of lack of
reproducibility, but this ig largely ctraceable to media prepsvation
{1 am showing results collected over & period of time); under well con-
trolled condizions & group of results shows better agreemont. Never=
theless, fluctuation im response to controlled rehydretion {s quite
commen from bateh-to-bateh. The so-called osmotic effect whereby death
of the cell is srtributed to &n imbalance Detween the response of the
cell wall and the rate of inflow of water, iz not reproducible with
any regularity. Such transient hypertonic states often can be pre-
vented by controlling the rate of rehydration. 1 think it not un-
reasonable to assume that the physical propertiesof the cell wall vary
and that we need not look further for the cause of death in these par-
ticular circumstances. Where controllied rehydration produces the re-
verse result, namely that survival decresases, an sliteruative reason is
needed. The exampie given in Table 2 is provided by cells suspended in
supernsrant filufd but other samples exist .- phosphate buffer can ghow
the same phenvmenon, but at high humidity. Perhaps the resason here is
that prolonged exposure to high concentrations (possibly critical con-
centrations) tesults in death due to chemical or metabolic mctivity
rather that just physical atresses. There is a measure of evidence

that lethal zones occur in conditions of high humidity and that the
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death tates in these zones can be very high.

Finally, 1t is interegting 1o compare survival on the fibre with
that in sercavls. e broad terms, agreement ls guite good although
the biadz is for higher survival on the fibre. In fact, of the laege
number of chemical substances examined, only glyreroe! snd erythritol
gave tise tv consigtent difierences in surviwsl, the better survival

Tig
again beimg obtaimed on the fibre,

It i vBot edgy to gxplain the resson for the behavior obtained
with glycernl and erythriteol, especislly sinmce ethylene glycol does
sot exhibit the same property. It i3 conceivable that since the in-
teyval Tequired fo evaporate a4 large drop is grester than for a small
drop, were glycerol or ervthrirel pencirates the cell when the fibre
techniue i3 emploved and perhaps maintains the characteristic shape
of rhe ctell better then ia fine aerosols, The higher stresses one
might expect to find as & result of osmotic phenomena are overcome, to
& degree, in the iibre technigue by the slow rate of rehydraty it when
the fibre is dropped into collecting fiuid and the cells dispersec oy
hand-ghaking. That ethylene g ycol does not fit the pattern ig wore
readily explained by the fact thsat ceils will not tolerate very high
corcentrations of glveol in liguid suspension, whereas they live for
quite long periods in, say, 10 M glyoersl or sstursted erythritol

solution.

DISCUSSION

Moxtomn: ~n&t do you think about droplet populations? I mean,
enything from one per droplet up tc very large numbers of organisms.
what effect does cthis have.

Silver: I can't completely answer that. Certainly .n some of
the other work thar I did, I used a variable populstion, but not delib-
erately. We appreciate, of course, that in order to get an answer
which is meantingful, you musti gtart off with pretecy resscnable numbers.

Morton: Yes, but vou do still obvisusly have latitude her:. You
can studv & very wide range and still make 8 practical experiment out

of tt.

Silver: My obgervation f{s that we have not studied this, other
than semi-~sccidentally, and inesmuch as we have, we have noticed no

difference.
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Shon: in view of the rapid evaporsrion of extrascellulsr water

thar could ensue when a droplet (8 disseminated at a ressonably low RH,
and the ettendant concentrating of solure peripberal to the cell, and
in view of the 2imost instantansous plasmclysis that occurs when cells
erz exposed to hyperlonic solutions, 15 there &uy reason to believe

that these cells would be anything other than cempleteiy plasmolyzed?

Silver: wWell, suppose vou start of ¥ with = solute ¢ancentrstion
which is, shall we say, below the plasmolytic level. Te begin with,

at least, they are certainly not plasmolyzed.

VETF*: One would have tc stipulate that this fs just balow the
plasmolytiz level at the time cells are serocsoiized. This could be en
extromely dilute sclution which will fairiy rapidly achileve a concen-
trated or seturated level.

Silver: Yes, but everything eise is concentrating, too; water is
leaving the system.

Sheon: Well, this {8 plasmolvsis, is i¢ not?

Silver: I'll shift my ground in a minute and ask you what vou
mean by plasmolyeis. it {8 not plasmolysis to me; o me plasmolysis

is the separation of the piaosarl membrane from the cell wall.

Shon: ¥o, that is only one manifestation of plasmolysis.
Silver: it i& the omne you normally see. It is the one you nor-

mally a&re able to recognize.

Middlebrook: I think it is very important, because I can't under-

stand why & cell, any cell, can survive under these conditions. Even
with distilled water, substances come out of the cell, into the dropiet.
At a RH of, say, 50%, the rate of evaporation (e enormous, and I wonder
{f any cooling would cake place. Does anyons know snything about the
thermodynamics? 1s there & period of tremendous cooling here?
Goldberg: Your observation about an enhanced recovery due to the
change of rate of nydracion is interesting. When you measure abilicy
to culenize, you can't relats {t back to particular steps -- let's say,
the aerosol step, or the droplet step, where you were relating it back
to 8 multiple~step process; the statement that the call was alive or
dead, 80 to speak, can't really be made. 1t is all too often that you
see a high oversimpiificsation of these multiple-step processes in terms
of the drop containing live or desd cells at a particular time. We

don't know where to assign the death process vet!

* VFIF = Voice from the floor.
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Silver: I quite agree, but there is no giternative, We have to
experiment and try to draw conclusiona. ‘This {3 relevant to what Dr.
Horton said yesterday when he was reviewing pracedure* = ghen he was
drawing on the blackboard erivicizing, justily, the way we go sbout iL.
I mean, he Kaows ine problem as well 85 anybody else; he could  just
as gasily defend what we do. If we want to find sut is detail whet is
happening to an  organism, this is the sort of approach we've got teo

maintein, ia a8 way more refined, even, than we have beeo doing (€.

e
£

ViDs I suppuse 1 saould know the answer Lo it, but shy, as
gvapovation procesds far ensugh, does not sucrose crystallize in a

manper gnalogous to mannlteld

Silver: Well, because 1t is & property of soluble substances.

levine: Surely the sucrose crystals do eventually appeasr.

Silver: I suppuse they could appear if vou ajsume that you get
a8 suitable nucleus formed with the right sort of properties. or.

Record, who {s concerned with freeze-drying studies, found chat one
apparvently can hold droplets of sucrose in virtually zero RH conditions
for week: and not see a crystal fora. Sodium glutamate, magnesium
glutamate, and other sugars do the same. Some substances will crys-~
taliize essily -- dulcitol will start coming out at about 30X RH, and
you never see it come out until you do get down to that level of dry-
ness. Dr. Record has some samples of glucose that he had dried right
down to so-ca&lled freeze-dry states and they were just super-saturated,
glassy masses. They just don't crystallize.

VPIF: Well, do they hold some water in splte of the hydrogen
bonding?

Siiver: This is an interesting question. You see, what happens
when the substance crystalliizes 1s that there is little to show that
water is being lost from the system. Nevertheless, of course, the
fact that you have got & thick viscous fluid surrounding an organism,
to my mind, permits further evaporation to take place. You may rnow
have a aclid, and what sort of matrix exists in this situation? But
in theory, anyway, evaporation could go on. It may be that with the
super-saturated droplet you have & rather artific{al condition; the
true humidity you have in your suspended droplet is not that which the
ambient RH will necessarily tell you.

* See Page 1856,
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VEIY : Can you actually see the substance as it crystallizes?

Siiver: Oh, ves. 1 don't know what vou would want to de with
thitg cther than to prove that if the substance does crysiallize, (¢t
ig going to he harmful, Surely this doesn’t surprise anybody, but it
is nice to be able to gee {T.

Zismerean: I thiuk that there are two different condictions that
iavolve the solution and the crystalii{zation of sygars. One is the
bdehavior of pure solutions with sugarz; the other is the behavior of
contaminated sugars. From what [ have read, & thing that causes gugar
refiners griefl is the fact that & 3wall amount of contamination in a
nugay solution will change its behavior completely; the solution will
refuse te crystallize when they know there is another 40% of sucrose
present. And the explanation which has been suggested to me by reading
ig that sugars in general form these lactal ranges;: 1,5; 2,5; and 2,6,
50 you have & variety of molecules with different structures, and the
property of crystallization is related to the symeetrical arrangement
of uniform molecular configurations in a regular pattern. 3Since there
is & wuitiplisity of patterns of sugar molecules; that is, sugar moie-
cules of different astructures, they cbstinately refuse to crystallize
except after sxtended periods of time. If you deliberacely contaminate
them, a8 we did eome time sgo, you find that suger soiutions, which
when they are pure all have different patterns of crystaliization, will
then assume pretty much the same general characteristic behsvior.

Silver: I should add, when I talk sbout crystallizstion, I am
talking about crystallization in the presence of bacterial cellis. I am
not just limiting myself to vhat happens to pufe solutions.

VEIE: Do you suppose that the bacteriai cell, & uicroorganism,
an infectious agent that has tobe transmitied from one host to another
vis the air route, in & sense would have some genetic advantage if it
released some material inte its environment?

Silver: Of course there'll be lots of materials in the snviron-
ment of the cell., For instance, in a tubercle bacillus, the droplet
is peculiarly protected by the nature of the material of mucus, and so
forth. If this would protect i, then it could be some advantags which
would be reflested in some metabolic characteristic of thess cells.

VFIE: Well, in any case, of course, we have besn thinking about
transmission of disesse as & problem involving rehydration rate. Again,

just how important is that, in what menner and at what spsed do cells
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rehydrate as they go through the respiratory tract and deposit them-
selves on the lung, and what form of collection 1s possible which re-
produces the process? I don't know whether we want to discuss this,
but criticise of any type of ordinary impinger fs just that {1 feils
to ach{eve this. How much closer, 1f 3t all, is taking & glass [ibre
oyt of a box and dropping it into §luid? Is this & poor representative
or not of the sgource of rehydratisr when compared o & particle
dropped on the lumg?

VEIX: It seems to me that one of the wunfortunate things abour
emphesis upon lab situations f{s that e lot of money has been gpent on
the investigation of microorganisms in experimental droplets, and very
iittle money is being sgpent o the kinde of envircament that micro-
organigms find themseives in under natural condivions of transmigsion
of infectious agents by the air. Has anyone studied either st Porton,
NBL, or Detrick what happens to microorgenisms in mucug, or various
types of mucus medium?

Kethley: We heve done a great deal of work using beef extract
solids, or saliva solids, to simuiate this as nearly as possihle, and
we find the same problems we found with atl of the other suspending
materialys., It depends upon the organism you are using and 4 number of
other factors) in other werds, results are responsive to temperature,
gsource, humidity, strain of the organism, time of the year ~-- all of
these variables intervene. But cells do survive better than in gome
of the generally used simple prepararions. Certainly not as well ag
in the excellent aduixture studies Dr. Zimmerman has described. So
there is a similarity of problems, even though there seems to he =
great difference in the composition of these substances. However,
crystalligation is never a problem becsuse of the contamination of
such materials. It is impossible to demonstrate the crystallization
of such materials. It is imposaible to demonstrate the crystalliza~
tion of potassium chloride, for example, which is your commonest crys-
talloid, in beef extract or salivs. You can dry the »tuff out and make
smears and send them to the X-ray lau and never find anv crystals; po
that crystallization is not & true property

Goldberg: In studying aerosols, by and large, one observes quite
good survival at a very low RH, poor recovery in the intermediate RH,
snd good viability at higher RH. Do you have any cluss by this drop-

lat technique of & trangzition gone from intermediate :- low RH which
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would tend to give & clue as o the physical parzmeters we might manip-
ulete in that way?

Silver: This is & very intereating point. ] think it is sgreed
that this ls & common obssrvation. Of course, {f you roslly set to it
€0 see whethsy this is mersly the way nature organized (it or whether
it is a isborstory-induced variable, vou can alter the shepes of these
curves in a large number of ways. But I dom't know that we should go
tos far {n trying te explain ths normal cbeervations. i sz impressed
by the varistion that results from the more caaual chenges in the for=-
mulation of, let’s say, the growth medium or even the temperature or
growth vate. Let's take &n example like Bacherichis coii again. If
you formulate the medium for growing £.celf in a certain way, and give
the product to Ceorge Harper, he may find that in his drum st high
humidity he has to weit until the next day before he can notice much
of a fall-off in viabilicvy. is this & natursl”™ state of affairs?
Conversely, by putting in a pinch of something elee to get & complete
transformation in viable recovery you may cwamp the sort of transition
that you wusually get when going frow one RH to snother. Admittedly,
this remsinsé s problem, but o my wind I don't want to be side-tracked
by this effect of the different RH. { am trying to lovk st the prob-
lem in & nore general way.

Dismick: 1t think that we have ancther problem that should be
mentioned. While we have instances where we have simost no death at
the time we gervsclize, we have other instanie; vhere we get & rather
rapid loss of viability followed by a fev ce¢lls that survive almost
indefinitely. These come from the same populati{can. If you recultivate
survivors, they usually produce the same sort of death pattesn 2s be-
fore, snd yet somehow these cells ave different. FPerhaps investigstion
of these few survivors, the mechanism that csuses them to live, is one
of the factors that we should pay some asttention to.

Silver: Wwell, we have just begun now. Some more pecpie in Porton
have become interested {n this problem and started thinking about
working on a microscale in which you look at individual droplets,
quite small ones now, containing small numbers of organisme looking
at the whole of the field. In other words, you examine the total con-
tents and see how they respond to & wide variety of tests, how quickly
they grow and how they respond to diffarent metabolic feeding condi-
tions. In fact, on a slightly bigger scale. we have been doing
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that now for the last year or sc, and T can't take time off to talk
about results, I'm sfraid, but they confirm what you suggested; that
yog get practically a whols spectrum for the recovered oxganism from
those sfalch grow after the lag phsse i & fairly normal wey, wmuch e
same as if you inoculste & broth, dewn to those which ghow no eign
of life st all. In between you can get & whole spectrum of behavior,
growiag oblong sausages not dividing, dividing bur dividing slowly,
dividing & few times and then stopping.

Pimmick: Bave you, yvoursell, sctually made obgervations of this
zerz?  This seems Lo mé o be very important.

Silver: Oh, yes. It is particularly true that if you gpray from
water you tend to exaggerate these conditions. The cells clearly have
& reduced capacity to manufacture everything that they need and this
manifests itself in 3 number of different ways. UOptically, the thing
grows, say, to 50, 60, 80 u long, but just casnot divide. it is

clearly n~apable of growth. Others grow to thre¢ or four times the

normal length, net, in the log phase and then divide.
YETF: Well, if initial division is hindered you still get only

one colony. Anything you get would be & 1ag in terms of your measyre- é
mant. i
S8ilyer: There is no doubt it is certainly growing ali right; you 4

can show this in an exaggerated way If you trensfer it to other medis.

Apparently there is something in the culture madium which gives the

cell some sort of start and some fecility which keeps it going at least

for & time until it can sanufacture what is necessary for normal growth

and division. Dr. Cox, inmcidentally, will say something more on the :
lines of the way ve have bedn locking into this field, using a elightly

novel techilque.

Morton: Has anyone tried to use syunchronous cultures?

Siiver: Yes, but I can't speak authoritatively on this., Syn-
chrony has lost favor in Porton. I don't know why. They locked at it
for a time (Dr. Herbert aad his colleagues), and suddenly dropped it.

Dimmick: Well, it seems to me it might be critical for the under-
standing of the hetercogeneity of the population concerned. You may not
know the population i{s heterogenecus unless you do this sort of thi 3
and even then there {s the possibility of scme haoterogeneity being
piesant. You recall, 4 couple of years ago I demonstrated distorted
survivor curves from cultures I attempted to synchronize.
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Siiver: 1 caa't remember why, but they started to work with tue
same sort of ideas in mind and suddeniy dyopped it and decided they
were no longer interssted in aynchrony.

Sswyer: I think very remarksble progress currently is being made
in the area of analysis of biothemical reactions of single cells, like
single hepatic cells, epitﬁaiisi cells, and so forth. Lan sanyohe &om-
ment sbuut work of this gort? It seems to me Ix. Silver has a weang
here of using these small drops which are behaving, in s way st least
as they would in the aercsu:, to obtain single cells &nd to employ
microminiature biochemical techniques te decermice what is going on,
metabolically, within the dndividusl bsctevial veil, trying tc find
factors in this way that corrvelate with their behavior.

Si{lver: We have dome nothing yet but I can say, since we have a
new membet joining us on the staff soon, that thig will be the sory of
field he will be working in.
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Proc. First intern. Symp. Aetouviol., Berkeley, Calif., 1963

SOME OBSERVATIONS ON THE INFLUENCE
OF SUSPENDING FLUIDS ON THE
SURVIVAL OF AIRBORNE VIRUSES

G. 3. Harper

Micrebivlogicsl Research Establishment
Experisental 3tsrion
Porton, Nr. Salisbury, Wiles., Eagland

Untii quite recently, studiez on the survival of airb-rne virus
particles heve been carried out with msaterial spraved from chemically
complex fluids, usuvally conmtaining protein, in which the viruses have
been harvested. Whole chick embryo suspension, allantoie fluid, ves-
icle fluid in serum buffer, and tissue Culture supernalant are sowe
that have been used in Microbiological Research Establishment (MRE).
This raives the gquestion of what influence the suspending fluid has
on the survivael of airborne vivises at differant levels of relative
humidivy {(RH). Hewmes, Winkler, and Kool (1962) have shown that ail-
though the composition of the suspending filuid influences the level
of visble decay of airborne Ty coliphage, it does not interfere with
the influence of BH, as verietions in decay Tate wich KRR follow the
same trend 1> &1l the medis used. They have slsc shown chat the op-
posite {nfluence of RH on the survival of polio and influenrs viruses
pecurs when these two viruses are sprayed from a mixed suspension, ov
separately from different fluids, and conclude that the {nfluence of
RH is more or less independent of the suspension medis. However, a
recent paper by Webh, Bather, and Hodges (1963) has shown that the
intluence of RH on the survival of airborne Rous Sarcoma virus can be
strikingiy altered by the use of different suspending fluids, snd al-

most eliminated if sprayed from 6% inositol.
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1 have also been examining the influence of suspending fluid oa
the survival of sirborne virvuses. This paper reports the results ok~
tained when purified poiic and vaccinia viruses are sprayed from
& number of suspending owedie, and compares them with those obiained
earlier {(Rarper, 1961) vhen the same viruses vere spraved from their

harvesting fluids.

HATERTALS AND HETHODS

Suspensions. Poliovirus {Brurnhilde) was grown in ERK-D ceilis

and purified by ultracentrifugstion folliowed By the use 5f anion ex-

change columns prepared sccording to the method of Zober et al. (1936).

5 x 1ot

e o~ - - T - 5
Suspanzicas conteined helween 1,3-2.0 x 1077 plagus forming

Vasginis vites, obtaised from infected rabbit skin pulp, was pur-
ified by differential ceatrifugation followed by sucrose density grad-
fent geparation {(Zwariouw, Westweod, and Appleyard, 1962). The final
suspeasion contained about I x 1010 pock-forming units/mg of proteinm

and the hemagglutination titer was less than 1/&.

Electren amicroscopy showed the suspensions to be free of extran-
fousy material. The purified suspenzions distributed in small amounts
were scored in dry ice, and cne bottle removed for each experiment. I
am indebted to the Virology Section, MRE, for the preparvation of rhese

Suspensionsg.

Aeroscl generation and storsge. Furified virus was guspended

in between 13 and 200 vol of the test flulds, depending oo the virus

content of the suapensions, 10 uc carrier-free pd?

added as 8 physical
tracer, and the pH adjusted to 7.0-7.2 before spraying with dilute HCI
or NaOH. Clouds generatsd bv a Collison atomizer were sampled 1 sec

after spraying, and then stored in & 753.1 rotating stainless steel

drum. The stored clouds were sampled at intervals during the 23-hr
halding period. Methods of cloud collection, virus assay and deter-

minations of viability were the sasme as those used pre "icusly (Harper,

1961).

Test conditions. Clouds were held in darkness &t 8 temperature
of 20-21 C ar 20%, 507 or 807 RH.
RESULTS

{ have used the term “'some observations” in the titie of this
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paper because there has not been a great deal of replicstion cf tests

so far.

Firgt let us lock at the level of viability found in young clouds
sempled 1 sec after sprav.ag. Table 1 shows the visbiiity of purified
policovirus after speaying from & sumber of fluids. Bariier results
ghtained with 2 crude suspenzion sprayed frow tissue culture super-
nataat fluid Are shown at the rop nf the iable. At high ®E viabilivy
{& high, irrespective of the suspending fluid used, whereas at i{nter-
mediate and low RH there is considerable variatior {n viability. How-
ever, with the possible exception of gelatin, wviability fs highest at

high BH and lowest &t low BRH with alil the suspending fluids used. -

TABLE 1. Poliovirus {(Brunhilde strain}.
% viable 1 sec after spraying.

20-21 ¢
% Relative Humidity
Suspeading Fiuid

20 30 80
Cruda 19* 65* 120"
Water 1* 85* 97*
Phosphate Buffer 0.7 ™ 0.6 102 110
Cvsteine 0.1% 0.8 60 i18
Gelatin 0.5% 2.4 11% &9
Calf serum 1% 0.2
Tisgue culture 5.K.¥F. 14
naCl G.5% nu* (5.23 110%
KC1 0.65% 7.1 18* 91
K804 0.78% 4.7 11 123
Nag50; 0.63% £.9 33 106
cacly 0.47% 0 95

* Arithmetic means of between two and five « sts. Other
values are the results of single tests.

Table 2 shows what happens to purified vaccinia in similar
conditions, using & smaller number of suspending fluids. Viability is
high io all the test conditions and appears to be relatively indepen-
dent of the suspending fluid used. These results with young clouds
show that with & virus sensitive to RH (polio), and despite evidence
that level of viability can be considerably influenced by the composti-

tion of the suspending fluid, the influence of RH is unchanged.
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Vaceinia wirus, previcusly found to be insensitive to RH in young
clouds, retsing this characteristic when sprayed from a oumber of
iuids.

TABLE 2. Vaccinig virus. % visble ! see after spraying.

20-21 ¢

i % Relative Humidizy
Syspending Fluid

20 50 80
Crude T 97* 93* 112*
Watar 100 102 52
Mellvaine buffer {.002 ) 111
Water + 1% serum 110
Meilvaine buffer + 17 D.H.S. a9*
NaCl 0.5% 96 102 114*
K.Cl. 0.65% 135 82

* Avithmetic means of between two and five tests. Other
values are the reesults of single tegis.

Tables 3 and 4 show levels of viability found after atoring
clouds for 24 hr in the dark. Viability of poliovirus kept at high RH
after spraying from water, phosphate buffer, cysteine or gelsatin is
much superior to that found at intermedists or low RH where, at the
most, only & trace amount of viable virus is recovered. Failure to
r2cover viable virus et low RH, where it had previously been found to
survive in significant amounts, was a8 dit disturbing. To see whether
che ability of this virus to survive at low RH had been lost during
the purificstion process, @ test vas made in Which the suspending
fluid was the superviatant fluid from & hear-killed suspunsion of
poifo grown in ERK-D cells, the original growth medium of the purified
material. In this test, viability at low RH i3 satisfactory, indi-
cating taat failure to recover viable virus is & function of the sus-
pending fluid and not due to any change in the virus. At this stage
of the investigation it appesred that the aurvival of poliovirus stored
in clouds at intermediate and high RH was little influence by the com-
position of the suspending fluid. A number of salts were then teated
for their effect on survival and these were found to have i marked in-
fluence on viability. At low RH, clouds sprayed from sulutions of

sodium chloride, potassium chioride and potassium sulphate show
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viabilities of the ssme H rder a8 those found previously with crude sus-
pensions. AU intermediste RM, viabilities sre higher than those from

crude suspensions. However, &t high RH, previcusly found {o be the -
best conditions for survivel, viabilities are low when gpréaved from _
these saltes. The considerabie influence of KH found with & number of

the suspending fluide 18 grestly zeduced when gpraying from the two

vy

potsssiuk salits. The substitution of potasailum i. potsssium chioride
by calcium resulte in failure to revover viadle virus st low RH with-
out markediy affecring survival at high RH. wWhen the polessium (& re-
piaced by sodium, the {nfiuence of RH iz reversed. Substitution of
potassfum in potassium sulphate by sodiuw results in failure to recovet
visble virus at low and intermediate RH but does not make smch differ-

ence to survival at high RH.

TABLE 3. Poliovirus {Brunhilde). % visble 23 ht after
spraying. 20-21 C.

s
Suspending Fluid % Relative Humidity
0 50 80

Crude 1.1* Tr¢c¢* 35*
Water o* o* 50*
Phosphate buffer 0.02 M ¢ ¢ 23
Cysteine 0.1% 0 ¢ 32
GCelatin 0.5% ¢ Trace ae
Caif serum 1% 0
Tissue culture SKF 3.7

NaCl G.5% 1.2* 0.9) 0.2*

KC1 0.65% 4.3 2.2% 9.1

Ky80, 0.78% 3.1 2.9 9.6

NagsO, 0.63% 0 0 3.9

caCl, 0.47% 0 15

e 3

* Arithmetic means of between two snd five tests. Other
values #are the results of single tests.

Vaccinia virus sprayed from water {(Table &4) shows the seme re-
sponse to RH as that previously found when 8 crude suspension was
sprayed from Mcllivaine's buffer plus i% diaiyxed horse serum. Wwhen
the purified virus is sprayed from buffer plus serum, viability at
high RH is much higher than that found previcusly with the crude
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guspension The proteciive effect of serum {3 &lgo evident when the
buffer is replaced with water. Tests with virus sprayed from sodium
chioride show simiiar viability at the three levels of RH, and from
potasgium chioride there is an indication that the influence of RH is
less than whes spraved fvom water. Mcllvaine's buffer 8lso mives zome

protection &t high RH.

TABLE &. vaccinig virus. ¥ viable 23 hr afier spraving.
20-21 €
% Relstive Humidity
Sugpending Fluid
20 50 80
R %* ok ’
Crude 15 12 6.G2 :
Waiter R 8.3 0.6
Mclivaine buffer 5
Water + 1% serum 23
Mcllvaine buffer + L% serunm 18*
NaCl 0.5% 25 31 32%
KC1  0.65% 30 10

* Arithmetic means of between two and five tests. Other
values are the results of single reagts.

The limired number of tests carried cut so¢ far have notr yielded
enough information for useful discussion of the possible processes
leading to loss of viabllity in airborne virus particles, They do

show, however, that the survival of polio and vaccinia viruses, like

ERPIVIVI R,

that of some bacteria, 1is in pairtc dependent on the chemical composi-
tion of the fluid from which they arte sprayed. The demonstrarian that
the influence of RH can be largely eliminated and in one case reversed
by the choice of suspending fluid, goues a long way toward explaining
conflicting reports of the influence of RH on the survival of airborne

viruses.

The finding that the survival of two unrelated viruses, one &
DNA, and the other a RNA virus, can be considerably improved in what
had previously been found to be the cunditiona showing most rapid de-
cay by spraying from sodium chloride or potessium chloride, is of con-

siderable interest.

Although 1 have not been able to demvunstrate such striking
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differences in Survival as Webb et gl. (1983) found with Rouse Sarcoms
virus, - results with poliovirus support his findings more closely
than those of Hemmes &t al.{192). This may in part be due to the age
of clouds sampled; Hemses et 81, (1962} meazured viability for up o
1-1/2 hr sfter spraying, Webb et al. (1983} up to 5 br after spraying.
My results wicth clouds aged for 27 hr before sampling ghow = very dif-
ferent picture, An example of the effect the duration of an exoelsment
can heve on agsessing the influerc woi o parciculsr suspeadine fluid is
given in Table 5. This shows the visb{lliiy of poliovirus at different
cloud ages asfter spraying from sodium chloride. The large initial loss
of viability at low RH overshadows the much slower decay rete in this
condition with the result that ! hr sfter gpraying, viability is 7-fold
greater at the high than low RH, after 4 hr viability is similer in

both conditions, and after 24 hr highest viability is found at low RH.

TABLE 5. Poliovirus (Brunhilde). ¥% wvirus
viabie at given times after
spraving from 0.3% Hall, 20-21 ¢

% Relstive Humidity
Hours After Sprayiug
20 8¢
0 ! il 108
i 3.8 27
4 2.5 2.4
23 1.2 0.2

MEANS OF TWO TESTS
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DISCUSSLION

ggggf: Maybe vou mentioned it sand I missed (i, what did vou use
&8 & tracer’

Harper: P3¢,

YEIF: Having the tracer snd thus knowing how much osterial,
physically st lsast, wves acill suspended, was there evidence that
there wes lose of infectivity o biclogical sectivity on the part of
the viruas?

Harper: What you are comparing with fuiarensis ig growth on an
artificial medium as opposed to infection of & susceptible host. As

by definitien, a virus has o infect a cell{s) to demonstrate its
presence, every virus titration is in fact an infectivity titration;
therefore you would not expect any effect to be as great as when com-
paring growth on artificial media with anims! infectivity. A col-
league of mine (Hood) has just publighed the results of an investiga~
tion with influenza virus in which he compared infecrivity in mice with
viability measured by two different techniquer. He used the PRS and
Asian strains and assesged impinger samples in whole eggs and by the
chorioallantolic membrane piece technique. Ther< was no difference be-
tween viability measured with the two assay methods or in either IDgp
or Lbgy for mice exposed by the respiratory route with young and eged

clouds. Does this answer your question?

VFTE: Yeg, it does. This can also be demonstrated with Coxiells.
Morton: With hemagglutinating viruses, did anyvone compare in-

fectivity with hemagglutination activity after spraying from various
fluids and after varying period of aging?

Harper: Not to my knowledge.

VETFE: 1f a virus {8 aerosolized, is there any ralationship be-
tween the materials we know will stabilize the virus in solution,
such as servatol, or certain metals such as magnesium, in the case of

poliovirus; does it have a similar effect in the case of the aeroscl”’

My second question is -- how were these viruses purified’
Harper: The only substsnces [ have tested are the ones I have

mentioned. When we first started this work I asked some of my viro-
logical colleagues to suggest suitable suspending fluids. The sugges-

tions I received indicated thst some of the stabilizing mixtures were

* VFTF = Voice from the floor.
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rather chemically complex. As ] received & Iot of confliciing &dvice,
I took up A suggestion that I start with water and found thet the pur~
ified viruses survived very well when spraved from vater.

The methods used to prepars the gsuspensions wers; poliovirus,
Brunhilde strain, was grown in EBK-D cells and purified by ultrs-
centyifugstion followed By the use of anion exchange columne prepared
sccarding to the swthod of Sober and cothers.  Suspensiona contained
between 1.5 and 2.0 x 10%! plaque forming units/mg of protein. Vac-
cinia virus, obtained from infected rabbit skin pulp, was purifiled by
differential centrifugacion followed by succome density gredient sep-
sration., This is & method published by Zwartouw and others. The sus~
pension contsined about 1 x 1010 poek-forming units/mg of protein and
the hemagglutination titer was less chan 1/8.  Electron wmicro-
scopy showed that the susipensions were free of extransous matter. The
suspensions used in this work were prepared by my collesgues i{n the

virus section of MRE.

Jensen: in the )} sec reading, thesge were compared to what per-
centages?
Harper: We put a physical tracer into our suspensions and

measured the ratio of plague or pock count to tracer count in the sus-
pensions and in all the samples collected during the course of the ex-~
periment. What we finished up with is a series of ratics. We regerd
the suspension sample ratio as equivalent to 100% viability and express
the cloud sample ratios in terms of percentages of that rstion: that
ig per cent viabilities.

Jensen: Yesterday you seemed to imply that you took vour sam-

ples Dbefore 1 sec.
Harper:  You must not regard 1l sec as a short period of time ip

which the RH cculd have very little effect. In some circumstances,
particularly with poliovirus at low RH, a1l the virus 1is killed

within 1 sec of aercsoliration.
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Proc. Firet intern. Symp. Aerobicl., Berkeley, Caiif., 1963

PROTECTING AGENTS AND THEIR MODE OF ACTION

C. 8. COX

Micrsbiclogical Research Establishmant
Experimental Htatcion
Forton Down, Nr. Zalisbury, Wilts., Englend

This subject, in an overaimplified way, will be trested from a
physical aspect by cong.Ll~ing what happens tc a system consisting
of a proteciing agent, convavisg this wmodel with that of & bacterium
contained within & droplas »f pure water, and examining in what as-
pects these two nodels may diifer as the droplet:

{1} Loses water owing tu evéporation,

(2) Comes to equilibrium with air of controlled humidity, temper~
ature and pressure, end is maintained under these conditions
for & given interval of time,

{3) Gains watar upon reconatitution during collection in an
aqueous medium,

Such possibilities as:

(4) Effects cf metabolites and matabdolin inhibitors,

{5) Differences in viability which result from the choice of
growth conditions and bacterisel species,

L bR

(&) Dsmsge to the bacterium csused by the mechanism of sercssl
generation and of collection,
will be excluded for the purpcse of this paper. ;

As a result of processes (1), (2) end (3) -~ i.e., the processes

L s, b

which cccur as a direct consequence of seroscl experiments -- other
factora such a8 (7) - (10) will be considered, viz,

{7) The rate of loss of water,
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(8) The saffect of relative humidity (RM) upon this and upon the

equilibrium concentration stiained by the protecting sgent,
{9) The rate of regain of water upon ¢ollection,

(10) the distribution of the protecting sgent #nd its sffect in
terms of solvent modificstion, {.a4. a solvent system in which
many weiter moiecules are repisced by aome arher species.

For the model of a bacteriwm contained iz & droplet, consider Fig. i,
which wmay be split into three zones:
Zone 1 - defined ss thut zone between the droplet/sir interface
and the cell wail,
Zone 11 < defined an thiat zone between the cell wall and the
cytoplasmic gambrane,

Zotie 111 - defined a9 that gone containes within the cytoplasmic

membr ane .

Droplet/air
Interface

Cell Wall

Cytoplasmic
Membrane

W AR O RS VR AR daly AVD S B N e Sy W N

Cytoplasm

tig. 1. Model of & rod shaped bacterium conteined in & droplet

Furthermora, let the system be defined also in terms of its equilib-
rium state (8), with st rapresenting the initial state which corres-
ponds to that of an unevaporated droplet (also that state in the bac-
terial spray suspension). As a consegquence of water evaporation, the

system comss to equilibrium with air of controlled humidity, pressure
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and temperdture -~ this equilibrium state will be 67 and will be go-
prudent upon the humidity. At equilibrium, the water sctivity (8;) in
eongs 1, Y1, 111 must be equal and the same &8 the water scrivity of
the humidified air surrounding the droplet. 1f the water avtivity [#
rat the same throughout, then mess transfer will oecur in order o eg-
tablish egquilibeium. The squilibrium state §, therefore, may be
velated to water asctivity &% (3 shown in Fig. 2, where

8% = imitial equilibrium staze.

:; = corresponding water sciivity, close o 1,

$} = teat eguilibrios srate.

ﬁg » corregponding wailer asefivity, of value betveen | #nd g,
3% = boundary equilibrius state,

a; = corresponding water sctivity, equsl to zero,
We = rate of loss of weter,

We = rate of gairn of water,

5 = equilibrium state achieved upon collection,

a&; = corresponding weier activity, controllad by the compogi-
tion of the ¢ollecting flutd.
As & simplification Tk and 5° are shown to be the same, but this need

not be 8o since a§ > pr < a§.

Corresponding water
activity state
Initial State s S axafal
Ww- We
Test State N 3} - between 1 and 0
Boundary State So a? -0

Fig. 2. Relationship betwesn equilibrium state ($), water
sctivity (lz), dshydration (W-) snd rghydration {(W+)
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THECRETICAL

A. The rate of loss of water

Stmple theory {(Creen and Lane, 1957} gives,

g

Weoe G

L

a 2Wd-DAp, - pf) (1

where {(dm dt)n = rate of loss of water mags from the droplet in stili

air,
d = diametsr of droplet,
O = diffusion coefficient of waver vapour,
Py ¥ wster vapuur pressure of water at the droplet surface,
p{ &  water vapour pressure of waler in the surrounding air.
i 3 ¥
and - = 2 o 2 WADs - pry {3+ BRI 2
dt S UG @

where dm/dt = rate of loes of water mass from the droplet in moving
air,
P = constent characteristic of the evaporating substance,

R = Regynolds number {cheracterizes the airflow arcund the

e
droplet).
b}
Hence W e /dr = 2 7Fd-D*§i-Fv(al - ai) )]
where Fox {14 b(agﬁ“) = ventilation factor,
T Plf; = water activity in the droplet surface,
i
4
ng = 92/; ~ water sactivity of the surrounding air,
i

¥, = saturated vapour prassure of water.

From equation 3 {t msy be seen that the rate of water loss is relsted
to the droplet size snd to the ventilation factor (slsc dependent upon
droplet size). For given valuss of d and F, the evaporation rate is
related to cg {the RE chosen as the test conditien), such that &
the RH decrsases, the avaporition rate incresses. For given values of
d, ¥, and l%, equetion 3 also shows that the svaporation rate depends
upon the water sctivity at the droplet surfacs. Therefore, if bac-
teris are sprayed from purs vater {(i.e. s! = ai = 1)}, the rate of
evaporation will be maximal, eince the value of a does not change
until most of the water has evaporated from the droplet. However, Lf
bacteria are sprayed from a solution of 2 protecting agant (i.e.,

Si - c% < 1), then as evaporation of water proceeds, the concentra-

tion of the protecting agent, or more sirictly its activity, changes.

k1



Sine = (!
Since, 4, L) ?2 %)
and in &y = nmzxag )
55.51
where 8, = activity of the protecting agent,

@y = @olality of the protecting agent,
d; = molal sctivity coeffietent of the protecring
agent,

L, = oswotic coefficient of the protecting sgent
The sctivity of water, &;, wm the droplet decresses as will the evapoura-
tion rate, which appreaches zero as the droplet approaches equilibriom.
A4 morg detsiled analysisz is complex, but [t would seem that che nature
of the protecting asgent is of importance with respect to evaporation
rate, aince this will depend upon the strength of the protecting agent-
wiater interactions, and the soluhility, volatilicy, viscosity, etc. of
the protecting agent.

An additiecnsl consequence of the loss of water by evaporation
will be that covling of the droplet will occur. The extent of this
will depend upon similar factors ag for the rate cof luss of water,

since fiom eguation 3

W o= g% = 2 7Yd':D:F:TS1 (al - a%}
and (Tj - Ty = %— F;. 31 (al - ag) (reference 1)} {(6)
where T3 = temperature of the surrounding air,

T = temperature of the droplet surface,

L = latent heat of evaporation,

K = thermal conductivity of air,

F” = heat transfer factor.

Hence, any modification citributed to an altered rate of ioss of
water caused by rhe presence of a protecting agent wmay, in fact, be
owing to an altered droplet temperature. Alsc, those properties which
are functions of c% {{.e. the activity of the protecting agent at the
s equilibrium) will be affected in sccordance with droplet tempera-
ture, as wil' those processes which occur as a consequence of changing

rapldly from the Si to the si equilibrium (see Section B).

B. The eguilibrium concentration

At the 5l egquilibrium, the water activity iu gones 1, II and III

will be equal to that in the surrounding air, 1.-. all have a value
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of ai. Hence, from equations & ard 5 the torr sponding activity of the

protecting agent, a%, ig controlled by af, §gince

4 3 4 .
,ﬁg = L+ osu, 4 otey +oum; + v, )
- 14| . 2 3 4
In 3% vmz : xmz + ym2 + zm, {8}

where & t, u, v, ¥, X, ¥, z are coetficients

diis weanzg chet in the abasence ol other ssiuvtes, the activity
schizved by the protecting agent dapends only upor the value of the
rest T and {8 independent of aé, the initial actiwity. However,
this will be important with regard to the size of {he droplet st equi-
librium, since the greater the initisl concentrarion, the greeter wiil
be the equilibrium diameter. This may be of grear influence, bhecvause
in a golution the concentration of the solute at the surface differa
from that in the bulk of the solution and depends upon whether the
solute is positively or negatively adsorbed at the surface, i1.e.,
lowers or raises the surface tensfion of water. McBain and Humphrey
{1932) tound this laver to extend for 50~-100 o beneath the surface of
8 solution, and therefore aercsol droplers may achleve surface, rather

thar bulk sorution activities and properties.

If other sclutes are present at che st equilibrium in comparoble
sct:vities to the activity of the protecting agent, then the compogi~
tion {in rcerms of activities) of the droplet at the Sj equilibrium
will depend upon a% and upon the composition at the st equilibrium,
together with the nature of solutes involved. Therefore, should pro-
tecting agents or other substances De toxic at high concentration, the
valug of a% will govern mainly if such a concentration is exceeded,
reached, or aot attsined.

A further congequence of the presence of # protecting agent is
that the solvent system has been changed. For cells sprayed from pure
water, then at the §/ equiiibrium, the situation is one where the cell
component s are in direct equi.isriun with water vapour, i.e. a solid:
vapour equilibrium. In the presence of a8 protecting agent the situa-
tion is different, because sclid liqu:id/vepour equilibria cam occur.
Depending upon the distribution of the protecting agent, solid/liquid
sclid vapour, and liquid vapour equilibria may exist. Of these, the
s0lid ligquid constitutes the modified solvent system, and {n regions
where it exists, there is opportun.:ty for the protecting agent to op-

erate through functions related to its sctivity, a%, e.§. ., a4 modifier
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of dielectric constant, ionic strength, activity of cther substancss
with which it i3 in associsfion, but not as & water sctivity modifier

for & system &t equilibrium. Such functions might be expressied in tarms

£F

:f tng greater or lesssr susceptibiliicy of protein, lipid and nucleic
#cid to am sitered blological function, for exsmple, to denaturation
or to & physically differeat environment where & disleciric constant

#ight be s0 changed that 8 reaction i3 preventad or acvelerated.

The actudl vaiue of a% {ang perh&ps its rite of achievement within
the bacterium) may aleo be important for changes in structure that
arise snlely as a result of altered water activity. Examples are
changes in structure of the nucleic acids and other polymeric compounds,
such as lipoproteins and proteins. At higher valuss of tg, phenomena
associated with swelling can oecur, whereds at luwer values of ag,
helical configurational trensitions can take piace cto give, eventaelly,
non-helical disordered stares for the nucleic scides. Such transitions
usunlly show hysteresis, 1.g. transitions vhich are not ingtantly, and
pechsps completely, veversible (Falk, Hartman, and Humphrey, 1963).
These changes, lide those arising ti-ough solvent modificstion, will
depend unon the distribution of the protecting agent.

1t the distribotion is known, some indication may be obtained of

possible mechsnisms involved, as shown in Table 1.

TABLE 1. Kelattonship betwesp digrribution of pro-
tecting agent and its mechanism of action

-Z;ﬁe Zone oceupied Zone Mechanis
by  agent effgcted echanism
3 b
T - 7
I W- ay f(az)
. , 1t W- s
111 | w- el
! e 1
! g 1 W al fad
2 1, 13 ; S LT
5 . :
IS Pow- ald
' S i :
E 1 i W- af f{a%)
{ H i
i ; . i i
31 i, 1, nir 11 P ow- e f(ay
| | —
j ¢ I Pous el fia)
I !
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The zone cccupted by the protecting agent is, in the first instance
dependent uypon its permesbi{iity through the cell wall and ¢ytoplasmic
membrane, but the rone can be medifisd by experimental procedures. For
example, 1f a&n agent such &3 raffinose is chosen, which from plasmo-

iysig date {5 thought to penslrste the cell wall of Escherichis ool

163 {(Jepp) extremely slowly (Record, Taylor, and Miller, 1962}, then
by wmixing bacterias and & sclution of this agent immedistely prior o
droplet formarion, and given & short equilibracion time for the achieve-
ment of ﬁj. raffincse will be maintained external to the cell wslil,
i.e., case |. During s short life at the Sj equilibrium, it weold seenm
unlikely that wsuch raffiuose would cross the cell wall owing te the
fantastic viscosity achieved., However, 1f bacteris and tafiinose sclu-
tion sre equilibrated at Si, then the protecting agent occupies zones
I and I, i.e. case 2. At the s+ equilibrium ir would again seem
untlikely that raffinose would transfer across the cell wall because of
the vigeasicy control of ivs diffusion and also becguse of the small
sclute activity gradient across the cell wall, wiz. (ag}l - (aé}ll.
By this example of the technique, for given values of d, F and a%, the

importance of “he ocecupation of zone 1 and 11 may be escimated.

C. The rate of gain of water

After attainment of the §7 egquilibrium state, the ¢ycle is com~
N . . Sy s <
pleted bv collection of the dropler to give the equilibrium state §,

which will depend upon the composition cf the collecting fluid.

Prutecting agencs that do not zrystallize or evaporate can modify
the rehvdration process and the responge of the bacterium upon recon~

stitution by a variety cof mechanisms, for example,

N ; i - . N i < . . coa
{1) a changed interface for the 87 t=2 § conversion, i.e. solid!
~ é‘) El

liguid instead f solid vepour,

.

2y the formation of phase separation, e.g. polvethvlene giveod
nhosphate water, and dextran poivethvliene glycol water systems, which
can ex1s5i as .one o two phases, depending upon compositions (Abbercson,
14960 |

(3 the rate of diffusion of the protecting agent awav from the

dr .oy

suartace coilecting fluid siaterface, and therefore the vate f
d1ffusion acr..ss zone I {and therefore int> the bacterium) since this
mav be difrusion oontrolied and will alss be a ret rate.

(1 the Jistribution »f the protecting agent, s§ince 1i{§ presence

tnozone T (e.x. a pilasn ivzed cellt  will reseit  int the vt piasmic




-

membrane not being able to return to the cell wall until the protecting
egent has diffuysed out of zone I1I. The degree to which the pressnce
of the sgent transiently prevents the recovery of the cytoplesmic mem-
brane (and therefore the swelling rate snd activity of the componente ;
of zone III) will depend upon, for exsmple, the mass of the agent in
zone II, the volume contraction of the agent solution on loss of wsrer -
during equitibracion with nf, the degree of cell-wsll shriokage and
its recovery rate, and the diffusion coeffieient of the protecting
agent through the cell wall.

{(3; simtilarily @s for (3}, the rate of diffusion of the protecting
agent out of zones I and "I7 (if present), since the rate of diffusion

of water into the bacterium will be & net rate.

These mechanisms may be further modified by the temperature of the
coilecting fluld, and by those properties which are functions of itz
activigy, ag, &.5. water activity a?, viscosity, ionic strength, di~
electric constant, etc., and hence alss 2 permegbiiity of the sclutes

present in the collecting fluid.

The rate of rehydration could be of importance by the same rea-
soning, applied to the dehydration process, together with 8t least one
additional resson - specifically, the possidbility of spheroplast forma-
tion. 1f the rate of rehydration is toc rapid, then csmotic pressurs
developed by the components of the cytcplasm, together with & conrribu-
tion of any protecting agent in zones Il and II7, may be sufficient to
cause rupture of the cell wall, especiglly {f rbe wall shrinks as &

3

result of experiencing the 8 equilibrium and has an appreciable relsx-
; c .. . . . i [
ation time (in compariscn with the time for the $° to § transition)

reguired for its conversion back to & more normal state.

In summary, the situation is ervisaged as the following change of

equilibrium states cesused by the movement of water:

7 £ -
§' e 8 >
1 ai <
23 1 9y

5 is the inirial equilibrium stare defined by a:,

i i
34 is the tesr equilibrium state defined by a7

1
[t R . < i
N is the coliected equilibrium scate defined by a; Coay
(1) rates and times f conversion dre reiated to W~ and W+, and

are influenced bv the presence or absence of a protecting agent and

I



3 .
i and ‘1 chosen.

{2} Si — 4 SJ —— 8% conversion for maintenance of biologe
ical activity may be depandent upon tise and a%, since conversions

the vaiues of ‘;’ .

that #rise &5 a direct result of seroscl experiments may

{a) involve movement of soall mslecules and resrrangesent of
the structure of nucleic scids, proteinas, lipoproteins ete., such that
biclegically inective dpecies can oocur.

{k} be subject to the presence of a substance whose sctivity
&t aoy time wiil be dependent upoen -, W, and af, sud upom com-
petitive sction of & protecting agent with which the substence is in
association.

{c) be related ic & solvent-modifving property of the pro-
tecting agent which is & function of f{ts activity snd also, therefore,

of W-, W, n{ and its distribution.

EXPERIMENTAL AND DISCUSSION

The rate of loss of water (W~} depends upon the droplet dismeter

and also upon the ventilation facrtor for given values of a;, nf, etc.

The use of & fibre technique &t different ventilation rates and with
droplets of dismeter of 140 u (wet) ensbles & study to be made of
evaporation rate over & range that included evaporation rates greater
than those schieved in the aerosol. Data in Table 2 suggest that if
viability {s a direct function of the rate of loss of water, then for
the gram negative crganism E. coli 163 (Jepp) the critical rate is
likely to be much grester than, much smaller than, or so critical as
to lie between those rates studied. This is similarly so if the
critical function is the equilibrium time which fell between 10 and
120 sec.  Although one ¢ulture of E. ¢oli 163 became sterile at equi-
libration times of 15 and 20 sec, other cultures of E. coli 163 have
not demonstrated this effect.

Figure 3 shows, for an seroscl age (t) of 15 min, the per cent

viability (traced by Bacillus subtilis spores) of E£. coli 163 with

sucrose in zones [ and II. The experiments were performed during the
same day and the suspensions were prepsred from the same cultures of
bacteria. Collecting fluids of phosphate buifer (FBMA) and sucrose
{IM,/1) were used. Enhanced viability as the sucrose concertration
increased may have resulted from an increased competitive action (i.e.
solvent modification), although droplet size and equilibration time

probably changed with sucrose concentration.
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ML™L syucrose in spray fluid

Fig. 3. Aerosol survival of Escherichis coli 163 at 507
RH 23 C as & function of initial sucrose concentraiion for
an exposure time of 15 min.

Collection by impinger containing PEMA and 1 M sucrose/PEMA.

Culture number 17563
Tracer, Bacilius subtilis

PBMA = phosphate buffer + manucol + antifoam
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Dats in Table 3, which indicsates the per cent viability chtained
with different distributivns of reffinocse, suggest that the presence
of raffinose in zone Il {i.e. between the cell wail and the cytoplasmic
membrane} resulted in & collection phenomenon, while protectiang action
could be expressed with raffinowe outsfde the cell wall. Since vai-
finose i@ thought te be barely permeable chrough the cell wall, and
since asercdol formstion very rapidly followed the addition of raffincse
to the bacterls in experiments with veffinoss mainly externel o the

cell wall, it would seem unlikely that sclute tranasfer across the cell

i 1 .
will secwrred v these expegrimenis during Lhe F ~wwe 4; 87 converasion
#nd during life in the serocsol.

The resvits shown in Table 4, obtalned by Dr. Silver using E. coli

163 in the presence of glycerol, erythritol, and glucose, with E. golf

162 and glucose, and with Serratis marcescens in the presence of glye-

erol and sucrose, were similar in that & protecting &gent externsi to
the cell wall resulted in most, if not ali, of the observed response.
Glycerol and erythritoel may be exceptions to this, but as these sub-

stances arve permeable enough to penerrste the cyroplasmic membrane,

their distribution was not as certain as for the larger molecules.

Therefore, because raffinocse axternal to the cell wall, il.e. case
1, can result in & substantial enhancement of viabiiity, losz of via-

bility is prevented by the mechanisms shown below, viz.

one chani
3 3
1 Ladlh SR 11 t(xz)
11 W- W ‘i
111 W Wt af

provided that ths system is &t eguilibrium with ai.

Hence, {f snhanced viability arises from & direct scivant modi-
fying property of reffinose, the cell wall apparently is a labile
structure of E. coli 163 (provided that solute transfer across the
cell wall did not ocgur). If tooc rapid & rate of rezoval of wvater is
responsible for loas of viability, then the sensitive structure/s
could te i gones I, II snd/or III, the the presence of raffinoses st
an initial concantration of 0.3 M/1 external to the cell well is suf-
ficient to prevent the lethal rate from being achieved. Similarly, if

the rate of water is too rapid, this layer is sufficient to prevent

=2
=
2
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vecurrence of the lethal rate. Ingress rates less rapid than this can
cause ioss of viablility owing to cemotic shock, provided that the sys-~
ten Ls sensitive to this order of ingress; { & osmotic shouk need not

be & primsry death mechanisa.

Since 107 viability wes not obtained with raffinose when In zone
1 or in zones ! and 11, and since the per cent v ability #s & fuaction
of time algo decressed, raffincse only iowers the decay rate rather
than preventa loss of viasbllity, and therevfore the protecting action
of raffinose auy arise through the prevention of some death mechanisms,
while others continue at the same, ur reduced, rates as these in the
gbsance of rvaflincse These possibiriities are suppsried by experimedts

.
veing £. geli {type B) and phage 17 (Cox and Beldwin, 1964), wirich sug-

oo

g

gest that some svesems of fhis bsstertum mxd thiz phage ars capeble of
mainzaining bicicgical function during the course of the processes
which occur a8 a consequence of aercsol experiments for cloud ages of
the order of haif an hour. By I hr some further impsirment of bioclog-
ical funetion apparently oscurs, since under these conditions not ail

the bacteris supported phage growth and became lysed

Because raffincse was able to confer a protecting action, then
perhaps jarger molecules than raffinose, such a8 polyesthviene glycol
{PEC; and dextran of high melecular weight, might be expented to s&i-
fec: the viability when these are used as proteciing égents. Figure &
shews the per cent viability obrained using PEG/sucrycse miztures ac 50%
RH, and thet PEC alone caused & great loss of viabilicy. As the su-
crose concentration incressead so did the viability and the competitive
action. FPigure 5 suggests cthat the viability vesponse is compliex in
the pressnce of PEG If bacreria sre incubated in vitro with PEG at room
temperature for 30 min. Since the bdreskpoint in the curve is ca 23 w/v%
for a range of molecular weight fraccions of from 200-13,000 for E.
cpli 163, the effect may concern sdaorption and intarfacis! cension at
a sslid/solution {nterface. This i{des is supported by the clumping
behavior of E. coli 150 and 163 in the presence of PEG, and because &
stable dispersion was obtained at PEG levels that gave low viabilities.
The phencmencn was a#lso complicated by the choice of platiag mecis and
suggests that the overall effect may have been caused by changed weta-

bility, permeability, enzyme activity, etc.

Dextran st 30% RH for E. ¢olf 160 end E. coli 163 was found to e

P~

& poOr protecting agent; resulls were similar to those of bacteria
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Fig. & Aerosol survival of Escherichia ccli 1u3 at 50% RH 23 C,

as & funcrion of sucrose + PEG in spray fluid for an
exposure time of 15 min

1

Coliection by impinger containing PBMA and 1 M 1 sucrose.
Tracer, Bacillus subtilis
Culture number 10563
PBMA = phosphate buffer + manucal + antifoam.
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apreayed from water lato &ir. Dextran aad especially PEG  lower the
surface tension i water and <an ceuse phese separstion. Hence, i .2

possibility of murkediy different wurface free energy changes exists

L

or these twe clsasses of compounds, i.e. those which vratae or those
which lower the surface temeion, when pressnt in bigh concentratior
The possibility of a large surfece free energy change also occcurs when
cells are gprayed from water, since toterfaces are likely to change
from solid/liquid to solid/vapour, snd back to solid/liguid upon col-
lection of the serosol. Therafove, to elucidate the possible mode of
action of protectivg sgents for the gram negative bacterie, compounds
unable 1o permeate the cell wall readily, but having & range of phys-
fcal propertivs, need to be studied {nm conjunciion with invegrigerions
using phage. In this way some of the mechanisms causing loss of via-

bility after a change of state of water can be elucidsted.

LITERATURE CITED
COX, €. §. and F. BALIWIN., 1964. ©Nature 202:1133.

FALK, M., K. A. HARTMAN, and R. C. LORD. 19863, J. Am. Chem. Soc. B5:
387, 1391

CREEN, H. L. and w. R, LANE. 1957, "Particulate Cloude". E. and
F. N, Spon, Ltd., London.

McBAIN, J. W. and C. W. HUMPRREY. 193%. J. fhys. Chem. 36:301.
o
PER-AKE ADRBEATSSON. 1950. ‘'Parvtition of ceil particles and macro-
molacules™. John Wiley and Sone, New York. Almgvist end

Wiksell, Stockholm.

RECORD, ®. R., R. TAYLOR, and D. $. MILLER. i962. J. Gern. Microbiol.

28:585.
DISCUSSION
Silver: I want to comment a little on thi, paper. (hai we are

trying to do here st this stage of the work is to pin down, Lf we can,
the physical and physico-chemical phenomena aswocisted with the life
and death of organisms. Of course these phenomena asre not just re-
stricted to the bacteriml cell - it is the whole of the system, which
inc ludes the techniques && well, We want to look at the behavior of
coliecting fluids and pleting media; 1f orgenisms don’'t grow on petrt
dishes, has this anything to do with the organiswm itself, or is ¢t &
purely physica! phenomenon which fs induced by the physical properties
of the so-called protective substance! You might as well cay poly-

athylens giycol does nothing else, but wiil stop thie orgsnism from
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growing, where in fact the ovrganism is still alive. C(onsider dexiran

(M.W. 113,000) for ingtance: it can't possibly kill the organism, be-

cduse it 18 never in a position ton.  Presumably it can ~nly —“perate
from ourside the rell sarface By wav ~f elaborazion, this ls what we

are trying to do and we shan't move on, unless we have further detsils
o congider the {aterference of metabolic sctivities genersally -- antil
we feel that we avre moving on fairly certain ground.

Cabeili: I would spprecdiste it 8 great deal if vou would go
over the slide where vou just used sucroge alone, and if 1 understoud
correctiy, the d4ifference in survival rate of percent survival nuombers
is due to the shift in the equilibrium time.

Cox: That is a possibility.

Cabelli: 1f this is the case, how did the numbers compsare; that
is, equating changs in concentration of sucrose to & change in the com-
pesition of the systems and to equilibration time? In other words,
what was the differesnce in time that would be involved in the differ-
ence in equilibrium? You didn't make any conjectures as o the range
of timee ~- were they In micro-secoads?

Cox: I1f one spraya from water, using for example a Collison
spray, nost of the droplets equilibrate in times of the order of a
fraction »f & second. 1 think it 15 ctrue to say that 1{ ovne adds
suctose, for example, then this does extend the equiiibration time,
under comditions of high ventilation rate.

¥
Goldberg: Gn that particular slide, what range of time were you

0% That was for derosols, as opposed to droplets supported

on fibrea, and sc I do net have experimentally derived equilibracion

timesg.
Geldberg: Well, what about your computations?
Lox: The equation given earlier is foo approximate and was in-

cluded only to show some of the factors involved in the rate of evap-
oration of droplets.

Morton: I wonder {f I can ask Dr. Cox to tell us a little bit
more about (this 18 speculation, of course) the posgible competivive
adaorption of substances like sucrose and polyethylene glycol (FEG),
particularly in respect to the work thet he did in suspensions. i
can't anticipate, of course, what ne has to aay, but I think he could
show pome relationship between the ¢two, and slgo in regarc to the

addition of sucrose and what he thoughc about the role of these Ligh
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moleculsrs: how they might sot on the surface of the cell.

Cox- This wes the gsort of responge we obtsined -- pey cent via-
bilivy a8 & funciion of percent peivethylene glyeol {Fig. 5 of paper;
further details are to be publighed elsewhere). What we tried to do
w3s Lv see Whether o nol sucrose could compeie with polvethylsene
giycoi, and thereby preveni the ocbserved respone. I facer, it ap~
perrs thar the per cent visbility gg z funcrion of moies of sucrose
per liter in the presence of different amounts of polysthylene glyeol,
uging E. colf 163, caused & competitive acticn of sucrose in the pres-
ence of 0% PEC (M.W. 1340} . Whercas if polyethylens glycol concea-
trations were increased o BUY, then no matier how much sucrose we had,
up to 0.4 M/1, we couldn't get a reversal of the polvethylene glycol
effect in a test tube. 1In the aercsol the situation is different, be~
cause when one sprays from polyethylene glycol alone, then for egui-
librium at 30% RH the concentration of polyethyleme glycol is pretty
high and probably attains abour 80% PEG. This is & rough estimats,
vecause [ don't have any water activity data for PEG solutions. In
the aerosol we found this "compet.tive actien” of sucrose (¥Fig. & of
papar) . ow thig enuld have arisen, for example, from two reasocong:
either we were getfting competifive actich at binding sites between su-
crose and polyethylers glycol, or the effect of sucrose was one of &
thermodvynamic competition in thar the concentrations achieved in the
aercsol droplet by PEC were less than the critical vegion of Fig. 4;
i.e. the sucrose was acti~s as a PEC diiéent. Cther data on the ef-
fects of polyethylene glyc: | and in this case in glurose mimtures,
ha.= been obtained by Record, Taylor, and Miller (i96Z). 4At different
combinations of PEGC and glucose they found that the two molecules to-
gether gase a more enhanced survival for freeze-dried material then
was obtained with either glucvuse or polyethyiene glycol &lone. This
was not only true of polyethylene glveol, it was also true of other
hiph molecular weight compounds such as dextran and bovine serum asl-
bumin. We have found the same sort of phenomenon with the fibre tech-
nique using mixtures of dextran and sucrose -- this is & high-moleculiar
weight dextran 115,000 (See Fig. D-1.)

The technique here was to take different compositions in terms
of moles of sucrose per liter, plus 5% dextran, to form tiny droplets,
expose them to air at 50% RH then ccllect them in phosphate buffer or
sucrose, or after & slow rehydration process collect them in phosphate
buffrer
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greater than solid to liguid. If the adhesive forces of solid to
sclid are grester, clumping oceurs, wheress if the sciid-ligquid co-
hesive forces are greater, then a dispersion resulcs. S¢ one of the -
things that we have tried to do is Eo see if the viability responss teo
poelyethylene glycol can be explained in terms of either changes in
wetability ox somgthing of that asture., It is extremely difficulr te
make any quantitative measursments of interfacisl tensions and auyrface
tensions, especieiiy of goiids, but some experiments have been
performed on s0lid polymers end {r fe¢ true to ssy that the ifaterfacial
tension of a solid against air is much greater then it is sgainst the
Iiguid 1f that liquid apreads over that surface. Some of the work of
this type is done from the consideration of the way in which glues op-
erdate; it is {nteregting that substances such as dextran, sucrose,
sorbitol, glycerol, ete. are used in the manufacture of adhesives.

One of the consequences arising from aerosclizing from wéter, as
1 meniioned this morning, {s that the interfsre changes frowm solid-
iiguid to solid~alr; whereas 1f one used gomething like sucrose or
some cther substance which does not crystallize or svaporate, 3z solid~
liquid interfsce exists and the actual change that the surface experi-
ences is much less than if one uses & substance that does crystallize
or evaporste. It ie just abour conceivable that the actual stebility
of the cell wsil and/or cytoplasmic membrane may depend upon inter~
facial tensiouns and surface tensionsg, because if one loocks upon these
structures in terms of an emulsior, oil in water, or water in cil tyye,
then stabilicy problems are likely to cccur, and 30 I think we should
pay gttention to the stability of the cell wall and che cytoplasmic
membrane region, and  perhaps in this way we might find one of the
reagons why bacterig die in the aercsol, especially over the initisl
equilibration stage.

yzlg*: During the course of the Symposium, nobody has mentivned
anything about experiments involving the study of the non-ionic surface
active agents. You mentioned surface tension interfaces between the
sclid and liquid and solid~air ,ases. | wonder if the surface active
agents of the non-ionic type have sny effects or relationships with the
other types of stabilizing sgents that have been discussed. Something
on that must have been studied.

Cox: Polyethylene glycol can be icoked upon as a non-ionic

* YFTF = Voice from the Floor.
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surface dctive &; of, a8 ¢an ethane diol, giycerc!, dextran, erc. 0Of
the hydroxy compounds that we have tested for protecting sctiown in the
gerosol, thosa raising the surface tension of water, such 4§ sucrose
#1.d raffinose, secw to confer a stabilizing action, vhereas those which
tower the surface tension tend te be pour stabilizing agents. However,
if thie difference in surfacae adsorption properiies iz the redson why
the polyhydroxy compounds 8ve or sre Hot good prolteciing dgents, then
processes which oceur in the aerosol and in droplets suppovted on
glass fibres would seem to be different, since as mentioned by Dr.
Silver in his pregentation, giycerol does not behave as a protecting
agent for E. goli 163 in the aserosol, but does sc for the fibee tech-
nigue.

YETF: We have done some iovestigations with a few of these sur-
face active sgents without noticing any apprecisble modification in
the aerosol behavior; they neither provided stability nor induced

instability.
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RADIATION, RELATIVE HUMIDITY AND THE
MECHANISM OF MICROBIAL DEATH IN AEROSOLS

8., J. Webb

Department ot Bacteriology
University of Saskatchewan
Saskatoon, Canada

1 would like to start by saying that it is very pleasing to see
sumebody else thinking in terms of water mo' ment because, as most of
v khuw,  we 1n our laboratories have been working along these lines
since 1956, Before 1 describe these experiments, 1 want to gtate
that, with regard to the question of cell survival {n aerosocls and
Jamaye due to the impinger collection, 1in all our work we have found
no  significant effect of the impinger fluid, either with serosols
th:at have been generated from a cell suspension with a protective
agent, or from distilled water; and we have used organisms where we
can tind very little effect of the actusl spraying mechanism itself.
It s true that one does find a iittle effect »f the impinger; by and
large this is never any greater than a factor of two, and I an sure
tiaat most people using seroscis will agree that it is very, very dif-
ficult to tell the difference between a cell count of, say, 1 x 10b

and 2 x lﬁb 201 an aerosol. This kind of argument we felt is insig-

agifr1cant.

In aercsels a8 susceptible organism wili drop some 34 logs 1n
count at low relarive humidities (RH) in quite a short period of time.
Wee have used organisms that will do just this bezause it is not worth-

while trying to find out why @ cell dies in an aeroscl if, {n fact, it

does not die.
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In sn effort to find out why & cell is sensitive, we have studied
many types of cell with or without various protective agents ss, ] am
sure, @ost of you know. I a2 not sure whether to cosnsider it an honor
that no one go far has mentiocned invsitol. We have been using this
compound to procect cells after extensive studiss on the action of
polysaccharides in ope form or suclher, straight-chain compounds, ring
compounds, and so on. These studies led us to conclude that the active
itiex of these compounds rvelied primarily on the presence of hydroxyl
groups and possibly smine groups. I was quite amusged by the mention of
sodium arsenite this morning; it appesars one takes a compound such as
raffincee which dessicates the cell because it will not penetrate and
then adds sodium arsenite to prevent thig extracrion of water -- a sort

af cyclic resgearch.

The work I am going to describe was done to test an hypothesis,
namely that compounds such 4s inocsito! replace removed water. We
have found inesitol to be an extremely good protector of sgirborne
organisms provided vne dves not add compounds such as sodium chloride,
thiourea, or any other hydrogen bond breaking comppund; if you do, then
you will find less or perhaps absolutely no effect of the incsitol, or

for that matter, any like protecror molecule.

The underlying idea was to test this hypothesis by using radia~
tion. We all know that ultraviolet (UV) light will kill celis. You
heard a paper yvesterday on that score and, of course, it has been
known for & long time indeed that UV light wiil kill off microbes very,
very quickly. I have stated thet, by and large, we are hsppy with the
impinger sampler and are not worried about what may happen in the
{rpinger -- because we know any effect is comparatively ingignificant.

We are concerned, then, with what happens to viability in the aserosol.

Of course, there is always a litftle man in bac! who will say: "ah
yes -~- but I looked at the survivors under the microscope and they
changed shape, grew longer or fatter." Well, as [ look around the

audience I see an awful lot of different shapes, but put vyou in the
middle of the desert and you will behave the same way. I don't think
tuch comments have any real bearing on the present argument. It is
true that some cells, having gore through an aersscl procedure, will
perhaps divide once, maybe rnot at al!, may get long, but will not
form colonies. Obviously something 15 wrong with them, ctherwise they

would carre on normally. So we nave preferred 10 ause viab litv, which
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means that sny cell incapable of dividing, or of forming 8 colony, or
of any kind of reproduction, is dead. We feel, yvou see, that anything

that is incapable of reproducing might just as well be dead.

in the first series of experimente, we utilized UV lighet to deter-
mine what effect thiig would have an the survival of cells in &n aerosol
with raspect to RH. We were looking to see whether RH could modify the
effeets of UV. How {n our pérticular case we did not use the sescury
guermicigdal line. Anybody dealing with radistion bilology knows very
well that there ig e threshold level bdeyond whith incressing tha isten~
sity will not increase the death rave &nd we did nor wish to work with
wavelengths where {t (s difficult not to blast the ceils with so much
radiation that we would not see an effect of RH. This i{s like somebody

trving €0 find out why & gless holds together by hitting the thing with
& sledge hamser.

non-irradiated
frradiated

Relative Humidity,
30-80%

FIG. 1. Effect of white light intensity in
terms of distance from source oa survival of
airborne Serratia mercescens as a function
of relative humid:ty.

Figure ! shows the rati{c between survivors in the dark and the
survivors under irradiation from a Genersal Electric RS sunlamp, plocted
against the RH at which the aerosols were held during {rradiation. 1In
this figure, and those following, 11 am showing only trends, becsuse it

ts the similarity of points of change that is imporra.t. Definitive
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data have bevn published ;rcvxaua‘v(l") The irradiation tims in
this particular cas.: was 15 min, You can sce guite clearly that, with
the lamp at a distance of 4 ft from a drum (whlch has beer equipped
with plastic to transmit lighe of abou: 2.80D A: the irradiation had
itttle effect at BU- RH. As -he RH is decreascd below : wt 65%, there
18 a very rapid increase in the sengitivity of cells in aserosols to the
radtation. lf the intensity of the radtation is increased by just
moving the lamp forward (there is really no need to go into units and
how many watts/sq cm, at this par.icular s:age of the game anyway), the
same increase in death rate at around 60-65% occurs, although the mag-
nitude of the decay rate at 807 increases qulte considerably. 1f you
give'high intensity irradiation with the lamp very clnse to the drum,
then the effect of the RH is by and large lost, but there is still a
slight tendency for the change to occur at 65% RH. Now, the point at
this moment was, '"is this new information?” -- and the answer is "No".
This particular kind cf behavior was noted i the early '30s and {s
shown in the book by Wells on Air Hygiene(3). We Lave, therefore, only

confirmed what was already known and perhaés removed some of the cone~

troversy.
The next question was: ''Is there any etfect of different wave-

tengthst”  We examined this by means of filters tested in the Spectro-

photometer. As you can see (Fig. 2), using the same ratios and the

same RH, the sudden increase at about 6542 RH is apparent, using
28-3,00 2 band and with the 34-4,500 X band, although longer exposures
were required. We could still detect the effect of RH even up as
far as the yellow band and the pattern was the same. At the higher
humidities there was no effect of irradiation with the lamp 4 ft from
the drum and as the humidity was lowered there was a sudden change in

sensitivity around 65%.

The only difference between the high and low death rates 1s the
absence of humidity. Berause we used washed organisms aserosolized from
distilied water, ther (. no question of osmotic pressure damage coming
“into the '‘picture a* ™ -ai. offect here appears to be a differ~
ence In the water content of the cell. We then argued that (f this is
true, then vater molecules in this cell can prevent UV dadage under
these conditions and a compound such as i{nositol, if {t is behaving as
we have said, should protect cells against these wavelengths of light

at low RH, because it should replace water molecules.

372 Dest Avall



« 73
-t
L
> Wy
veed e d A
s QL O
e o]
R = e
w3 e
=43 be
@ i ke
R 3 R
ot X
a0
]
— )
4 it
e w2
B
-

Relative Humidity,
3G-806%

¥ig. 2. £ffect of wavelength on survival
cf airbeorre Servatia marcesceng s 8 funce

tion of relative humidity.

In the presence cf inositol there was no effect whatscever of the
radiations. Now there iz =2bsclutely no way vou can expisin an ¢flcct
of such magnitude by assuming that the cell wall is being clogged up,
or thar the subskance 1is not getting into the cell. We aiready know
that it gets into the ccll. We accomplished this long ago by using

dry weight data, ‘nierference microscepy, and so on.

Table | is an illustration of the effect of light Intensity on
the protection afforded bv incsitol againat the light. You can see
that as you incrgase the intensity of radiacion into the drum, the ef-
fectiveness of inositol disappears. Not shown in the table is the fact
that, 1f you increase the intensity of the radiation, the effectiveness
cf your BM dissppears. B5c the inogitol phenomenon is. by and large,

very vuch the same as water.

Q
TABLE 1. Effect of irradiation, 2,800-3,200 A, on survival of
airborne Serratia marcescens with and without fnositol

Survival after 30 min scros-] vime

Ho

. . “ 18 g
Irradiation distance 9 8 4 {rradiation

Inocsitol
+ 10 10 1.2 x 10°
- -- -- 2 x 103 .-
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In the next f-gure (Fig. 4 | have s mmerized &.1 the work we
have dons ocver wmanvy vears and sofe work dene by other people The
abscinse ts the relative decay tete i the orgarisme in the dare ¢
under {rradistion, and the tyends showe here ate noi all n the same
scale since [ only want to shuw the changes in values. [ am quite pre-
pared to accept the fact that is dark aeroscls these K valoes, wer &

full S-hr period, are thermodynamically meaningless, besange the decay

ve.

expressing the resultis.

Under irradiation the plot is & straight

time 1y not & straight line -- but it {a & very convenient way of

line

and the decay rate can be expressed in this way satisfacteorily.

Relat.ve Decay Rate,
increasing sensitivity
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FIG. 3.

Relative Humidity, 20-80%

3-35 g/100 g cells

Combined relationship between water CoODtent

of air~dried cells of Serratia marcescens and gensi~
tivity to drying and UV light as & function of rela-

tive humidity.

The plot, K for r

adiation, wve8. RH, iz the one

I have just shown

you with regard to the UV light and the other is that of cells in dark

aere

sols when they are

aerosolized from distilled water.

The latter

becomes severely modified by any kind of added solid and you may get

the best survival at 60% or at scme other humidity.

t1ll

ed water

However, this dis-

pattern has been confirmed by a number of other people.

As the humidity decremses, there i3 & sudden incresse in decay rate at

65%

as it does in the irradisted ones.

RH but it does not increase quite sc rapidly in the dark seroso!l

The bottom lina v

perience,

protacting agent.
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where its protective ability {es not quite so good, but, by and large,
very good protection is afiorded celle at all RH levels and against UV

irradiatior,

The dorted ¢urve {6 the quantity of water in the cell at these
RH's. Some of these data are the result of my own investigations, and
some of the investigation of other workers on the amount of water present
in various proteins and nucleoproteins. Those workers who irave studied
the water content of various RH generally agree that even drying at 307
RH leaves only something in the order of 3{' g of water/100 g of cell-
ular solids. This particular amount of water is agreed to be the quan-
tity of water actually bound to the proteins., It {s just enough to
glve a monclayer of water and it {s this water only that remains bound
to the components cf airborne cells. As to RH, you can now see what
happens. Life or death appears to rely on the bound water of the ceil,
50 wvhat we are doing in aeroscls is not just taking water away from the
cell but removing a structural entity from a macromolecule. Apparently
these water molecules are vital to the biological integrity f macro-

molecules.

The other thing I would like to point ocut is that this water s
not available as a solvent for anything. It is water bound to cellular
s0lids and i{s part and participle of a macromolecule; it does not act

as & carrier of ifons, or anything else; it behaves much as the water

in organic crystals.

!>y if we view these plots, we can see that the decrease in bound
water at 70% RH coincides with the time at which an increase {n death
occurs. The curves are almost a mirror image of one another and, in
fact, the point at which the water starts to drop very rapidly, at
about 707 RH, 1{s the point at which the decay rates, both (n the dark
and light, increage most rapidly. The other pdint here {s that bound
water will prevent damage due 2o UV 1light under these conditions and
we know that 1{nositol will prevent this damage alsc; in other words,
ic must be replacing the water. Tc test the hypothests further, we
used X-rays because we all know that X-rays are supposed to break water

mclecules.

Figure 4 shows the rtesult of preliminary experiments on the
action of X-radiation from a 250 KV X-ray machine on the death racs
of airborne cells. In this figure the decay rate is expressed {n
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btophysical m-nner (1!537). As you can gee, X-rays produce the oppo-
site effect to that of UV with respect to RH. There is the same sudden
change at about 65% RH, but {nstead of getting protection at the Lilgher
RH ranges, very high decay rates are obtained, end as the humidity is
lowered decay rates decrease. Many people have stated that dry cells
are more resistant to ionizing radiation than are wet cells, but to my
knowledge no one have ever correlited this with RH. The interesting
point from these preliminary studies is that {inosftol will protect
even againgt X-rays up tv a certain point; and maximum protection by

inesitol {s afforded cella at around 65% RH.

no
inositol

inositol

Relative Rediosensitivity,
increasing sensitivity

Relative Humidity, 20-95%

[IC. 4. Effect of X-rays on sensitivity of Serratia
marcescens, with and without inositol, as a function
of relative humidity.

At the wmoment, the role >f DNA in the death of cells 1{s uncertain,
but we are fair.y confident tha: inositol by virtue of its protective
action with X-ray, UV light and straight desiccation, {s able to
replace water molecules when they are removed from macromolecules tv
means cf varyinp the RH. Again there is no way in which you can ex-
plain the X-ray picture through osmotic or impinger effects or by
assuming thet fnositc] affixes itseif to the outside of the cell wall.
We ail know where the damage is done as far as UV light is concerred,
and we also have some rough ideas as to what X-ray does to water

rolecules.

To summarire, then, we must look at the whole picture of this
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aerogoiizatiuvn buginess. We know lots of things; we know first of
=11 that certain compounds protect through hydroxy or anirc groups.
1If these groups are blockeC by ::thylation , then protection is lost. We
know that the actlon of UV "{ght can be prevented by water, and we also
know that under cornditions where an RH effect is apparent, we can pre-
vent the action of the UV 1light by protective compounds such as
inositol. We alno know that certsin cells are very stable to aers-
solizatjon and that inositol and odd sugars are natural ingredients of
those cells. We know too that during aerosolization one of the main
things to happen tu a cell is the prevention of its ability to synthe-
size protein, and hence long lag phsses are observed. We also know
that tho organism ioses i{ts ability to synthesize adaptive enzymes,

and a cell appesrs to die because of its inability to synthesize new
enzvmes. We also know that the cell wall opens up and certain things
leak cut. We know also that this leakage cannot be correlated with
death or with survival. Now that we have all this knowledge behind us,
we are pressing ahead and extending our studies to viruses (gsome of

vhich we have already published) and also to animal cells.

This is 'he picture we have in mind right now. Within the cell
there are macromolecules of this kind (this is a nucleoprotein, but it
could be something else); you have UV light of up to 2,800 X absorbed
by the nucleic &cid fracticn and anything zbout 2,800 2 will be ab-
sorbed by the protein moiety. Energy transfer resulting in damage to
e large conjugate molecule is considered to be more easily achieved in
Lhe absence of water whereas with X-ray direct action on these water
linkeges will disrupt the molecule. The concept is fairly simple, and
ail we are suggesting is that inositcl and some of these other com-
pounds, even some of the carbohydrates, can replace structural water

and preserve the cell undler certain conditions of dryness.

LITERATURE CITED

1. WEBB, §. J. 1962. The effect of relative humidity and light on
air-dried organisms. J. Applied Bacteriol. 26:307-313.

2. WEBB, ST J., D. V. CORMACK, and H. G. MORRISON. 1964. Relative
humidity, inositol and the effect of radiations on air-dried
micro-orgsnisms. Nature 201:1103-1105.

3, WELLS, W. F. 1955. Atrborne contsgion and air hygiene. Harverd
Univ. Press, Cambridge. Mass.

377



DISCUSSION

Dimmick: I am glad to hear what you said about the biological de-
cay being thermodynamically meaningless because that is what I have felt
for & long time myself, and I came prepared to argue vociferously here
since I care a lot about that point. 1 think thst what you are doing
18 very important. We need in aerobioclogy, I believe, more of a funda-
mental and theoretical approach, one based upon a well-formed hypothecris
and well-conducted experimente. I think you have done that, but I still
wonder if inoaitol, or {nosf{tol-like compounds, are the whole story here.
1 am still puzzled about the freeze-dried bacteria surviving so lorng
without water, and I am puzz. ed about the possible influence of inos-
itol, »r other substances, on the whole phyidtological state of the cell -~
whether or not we are getting additicnal reactions aside from that of a
purely molecular action of inositol on a particular site.

Webb: Well, I don't see how we can explain the action of inositol
with the threc factors -- desiccation, X-rays or UV light -- any other
way than to assume & molecular action. 1If you have an alcernative, I
should be glad to hear 1t. As far ss freeze-drying {s concerned, en-
ergy. is always needed to distort or change a& molecule -~ the mere re-
moval cf water will not necessarily alter the molecule, especially if
the process is cerried out at very low temperatures, as every enzymol-
ogist knows. We also know that cells do not die in aerosols held at
low temperature, -even tf the RH is also low. w; have tb consider all
these facts in a workable hypothesis as well as our radiation data.

'Dimmick: No, I can't argue the reaction due to your irradiation
studies.

Webb: Well, that is vhy we did {t. The whole icua of doing these
studies was to test whother inositol would in fact do thia. It did.

Dimmick: I have no doubt that {t does, but I do doubt the exten-
sion to the idea that taking the water molecules away from any partic-
ular molecule will thus destroy the cell.

Webb: As 1 have stated, it may nct. Temperature has to be consid-
ered and quantity of water left. 1In any case, it doesn't destroy all
of them. A certain low percentage of them will survive without water,
probably indefinitely.

Dimmick: Why?

Webb: Because when the water is removed from the protein or nu-
cleic acids, or whatever the macromolecule happens to be, its new con-

figuration cr bonds 1is formed by chance, and some allow {t to return to
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nermal on rehydralion., This is a chance aifair Ahich mey vary with
different species but there will be a few that will survive, and wili!
survive irdefinitely until vou s.4rt putting water back in, Then you
have a ditferent phenumenon altogether, becsuse the first thing that
happers oo rehydration, particularly if conducted very slowly, 1is the
abscrption of the wacter amd tremendous heat production. This heat alone
can kill unless yon rehydrate with large amounts of water. There is
alsv lote of coupetition for water, and water itseif may act on a mole-
cule and distort it. ! know the people at Detrick have studied this
phenomenon with dried cells.

Heckly: | think that has a strorg bearing on the point of why the
bacteria die when vou rehydrate, but you alsc. irdicated that death was
due t¢ water reamoval. If you rehydrated at room temperature, we found
that you have greater kill than if you do the rehydrétien in the ice-
box at 29, for instance. So, perhaps it is simply the heat production
at the sites on proteins that kills. Perhaps these two ideas are still
compatible then, as [ first thought that your whole idea was that it is
the taking away of water that produces killing, and we had observed
killing when you put the water back in.

Webkb: You get killing both ways. If you take cells right down to
dryness and follow water loss, then put the water back in slowly, you
get a good hysteresis. It seems that the water does not go back in the
same place. If you rehydrate with lots of water you cut down two
things -- localizatfon of heat and competition between the groups for
molecules of the wacer. 1 feel the latter is equally as important as
far as rehydration kill {s concerned &nd, of course, dehydration and UV
death.

gggg*: I wonder how you explain the difference that apparently
arises in your findings and interpretations with the fact that other
people feel that the formatioa of thymine dimers is the cause of the
insctivation as the result of the UV on DNA.

Webb: 1 am not trying to say anything about thymine dimers,.
All I am taying is that {nositol and water prevent damage. You see,
the UV has to be absorbed by the bases to cause death and this kind of
absorbed erergy has tc dissipate somevhere along the line. Al} T am
saying is that the water and inositol obviously act as Jampers of en-
ergy transfer and allow energy dissipation without molecular dsaage.
In doing so, perhaps they prevent dimer formation.

# VFTF « Voice trom the floor.
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BEHAVIOR OF COLORADO TICK FEVER,
VESICULAR STOMATITIS, NEUROVACCINIA AND
ENCEPHALOMYOCARDITIS VIRUSES

IN THE AJRBORNE STATE

H, M. §. Watkins, L. J. Goldberg, E. F. Deig and &, R. Leif

Raval HBiologicel Laboratory, School of Public Health,
University of California, Berkeley

In recent years, many veports heve appearad descer.bing the in-
fluence of temperature and relative humidity (RHE) on eairborne bacteria;
however, with the exception of gome work priocr to 1930 with influenza
virus, the only reports on viruses have been those of Hemses {n 1960
on influenza and poliovirus, and of Harper in 1U8! on influenza, polio-
virus, vaccinia and Veneguelan equine encephalouyelitis viruses. Ko
reports &re known to us comparing the derosel behavior of different
viruges that have been produced and assaved in & single host gpecies.
This paper primarily presents some reszults of such a study utilizing
four virvses, namely, vesicular stomatitis, neurovaccinia, Columbia-SK
and Colorado tick fever viruses, each aerosoclized in the NBL rotating
drums .

In 1958 Goldberg introduced the use of large, slowly rotating
stainless steel drums of the type depicted in Fig. 1 &8 instruments
suitable for containing dercsols of pathogenic organisms during pro-
longed studies on the effects of temperature gnd RH on the survivsl

of airborne microorganisms.

Physical loss {n such drums is less than 350% in 24 hr. At NBL
such loss is monitored photometrically by means of & device which de-
termines the }ight scatter of airborne particulates. Biclogical luss
is based upon growth or infectivity titrations of organisms in air

samples collected at suitable intervals. In the studies to be desaribed,
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NBL Rotating Drum
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etch virus was harvested from the infected brains of moribund suckling
wice. The brain tissue was usually homogenized in 0.5% lactalbumin
engymatic hydrolysate in Eerie's balanced salt solution, residual
tissue fragments being remeved by centrifugstion. In gome instances,
0.17 bovine slbumin fraction ¥ was added to the sbove fluid. (Colorada
tick fever virusg wag usually harvested i{n 100% rabbic serum, although
& brief series of comperative serosol trialg at 76 F indiceied no pref«
erence for this suspending fluid over the fortified lactalbuminm hydro-
lysate.

Virug was serosolized into the rotating drums at controlled air
temperature with BH established at nominally 10% intervals over a
range, for the most part, extending between 20-80% RH. Virus was en-
trained from 4 Wells-type refluxing atomizer in the ai{r stream, enter-
ing the druwms during & 10-min period, This was followed dy & 3-min
equilibration pericd prior to c¢ollection of & 5-min aercsol aample in
an all-glass impinger containing lactalbumin hydrolysste and antifosm.
Samples were collected from the air stream and, &t suitable intervals
up to & hr of serogoel age, from the drums. At the lower temperatures
tested, samples were alsc collected at 28, 48 and 72 hr of aercsol
age. Virus survival was asssayed on the basis of infectivity of the
sampleg titered by intraperitoneal inoculation in suckling mice; in
many experiments with vesicular stomatitis end neurovaccinia viruses,

plaque assay in chick fibroblast monclayers was &isc used.

Data typical of our observations sre plotzed in Fig. 2, vhich
iilustrates the decay of airborne vesiculsr stomatitis virus at 90 ¥
and a nominal 35, 40, 45 and 507 BH. Typically, such data indicates
a rapid early decline in surviving wvirus, $ollowed by a8 second, sub-
stantially more resistant stage. Such two-stage decay curves are

esgentislly similar to those that have bean reported for many bacteria,

Rotating drums, as emploved in this study, are not particularly
useful for detailed examination of the first rapid stage of viral
decline; sccordingly, further comment in this paper should be under-
stocd to apply to the second-stage portions of serosvl decay observed
during the period from 15 min after the start of aerosolization to

6 hr of aerosol age thereafter.

One mey inquire what veproducibility of observations could be

attsined in eerosol studies as we have conducted them. Two exanples
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FIG. 2. Effect of relative humidity (RH) on
vesicular stomatitis virus aecroscl decay 2t 90 F

are shown in Fig. 3. The two curves illustrate the marked variation
cecaslonally encountered between (wo batches of mouse passage virus
seemingly prepared in the same manner and possessing similar initial
titers, but showing substantially different aerosvl stability. This
varigtion may be contrasted with the results obtained from seroscliza~
tion of either one of these Dbatches 1in one drum in comparable trials
on geveral successive days. Under such conditions, using a single datch,
comparable observations fluctuated over & range of titers somewhat leas
than 1 log. Assays in tissue <culture, as might be expected, gave

better replication than did assays inmice; otherwise, results obtained
by elther method were comparable. Reproduction of operating conditions
and of observations became more difficult in serosols maintained for
several! days, the apparatus being incapable of maintaining predicted
temperature more precisely than approximately #+2 F over such a time
period. Temperature and RH variation in trials on successive days are
also illustrated by examples in Fig. 3, wherein the temperature range

for four successive iuliz war 90-92 F and the RH range 24-407%,
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BATCH 2

RELATIVE AEROSOL RECOVERY
IVIRAL INFECTIVE UNITSJUITER
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*
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FIC, 3. variability in similar veésicu’sr stomatitis virus aerosols,

Accordingly, although reproduction of operdtion conditions and of
observations was difficult te obtain and maintain, with the result that
data cited in this paper canesot be considered strictly quentitative
with respect to the designated temperatures and RH, vreplication of ob-
servations within the ranges iIndicated above is considered quite ade-
quate to establish the trends and contrasts with which the remainder
of this paper is concerned,

Within such limitations, the response-patterns of vesicular stoms-
titis virus aercscls have been examined at four temperatures over a
wide range of RH. The results are illusrrated in Fig. 4, whece the
relative viral loss after 5 hr aerosol sge is plotted for 50, 70, 80
and 9C F 4t RH ranging between 20-~80%. It is apparent that the rea-
sponse to changes in RH is complex, with maximai stability occurring
in the regions of 20 and 807, whereas minimal stability was observed
near S50%. With successive increases in temperature, the rate of aero-
sol decay was enhanced, but the general pattern of response to RH
remained essentially the same. Again, the loss of viral activity was
most marked near 50% RH; in this region at temperatures of 80 and 30 F,

no virus was recovered after 4 snd 3 hr aerosol age, respectively,
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Similar, but more limited, studies have been made of three other
viruses selected for thelr capacity to produce high titer virus in
infected suckling mouse brain following intraperitoneal inoculation.
These were single gtrains of neurovaccinia and of Columbia~8K viruses,
and several strains of Colorade tick fever virus. With minor exceptions,
all were produced, suspended, serosclized and aasayed from sercsocl
samples in & similar manner. Yet, ar shown in Fig. 5, each of these
viruses differed markedly in its aerc=ol stability at RH ranging be~-
tween 20 and 80%. The response pattern of the neurovaccinias strein was
similar to that of the vesicular stomacitis virus; however, the neuro-
vaccinia virus was substantially more temperature-resistant in that
its serosol stabilicy at 80 F was comparable to that of vesicular stoma~
titis virus at 76 F. Both of these viruses showed midrange RH sensi-
tivity, but high stability at both extremes of low snd high RH. This
may be contrasted with the rosponse-pattesa of the other two viruses,
namely, Columbia-SK and Colorado tick fever, both of which showed good

stability &t high RHM, but high sensitivity at low RH. Further, these
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two viruses were different, both with respect to RH region of meximal
decay ratp and the degree of serossl sensitivity st low RH. Accordingly,
the response-pattern of each viruse cheracteristically differed from
that of the other three.
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FIG. 5. Effect of relative humidity on four viruses in air.
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In the introduction (o this paper, we implied that the varfation
In the resgponse-pattern of vaTious vigusus Wighl in some degree be #t-
tributable to thelr production in different housts. We have recently
attespted to demongtrate this by producing vesicular stomsritis virus
both by mouse pasgsage and by passage in chick fibrsblases. These
gtudies ave gtlil incomplete, but in general they indicate that a singie
virus praduced in (woe difierent host gystems may indesd vary markedly
in aerveol characterisricg. Secondly, Jdifferent viruses produced in a
single host system may manifest &n sgrogcl-response patlern that, te
& iarge extent independent of tresrment, 1is characteristic of the

particular virus emploved.
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DISCUSSION

L. Miller: You had two kinds of curves -- did you have a DNA and
RRA in esch set of curves?
Watkins: Not sach set. We have two other viruses in there -~ I

don't know which they are.

L. Miiler: You have no ides why they should be sc different -~
no chamical or physical explanation?

Watkins: At this stage, no. We have worked some with vesicular
stomatitis produced in chick fibroblast and find that it is markedly
more resistant that when it is produced in mice, and on a very pre-
liminary glance at it over a range of RH, it follows the same pattern

but at a more resistant level. We haven't gone beyond that.
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THE INFLUENCE OF STORAGE, AEROSOLIZATION
AND REHYDRATION ON THE PERMEABILITY
OF PASTEURELLA TULARENSIS TO PHOSPHATE ONS

D. K. Haves, W. L. Bumezbergerv, and V. 3. Cabell:

bugway Proving Cround
Dugway , Utah

uring the development of a solution for collecting serssolized

Pasteurells tularensis, Cabelli {1962} observed that the viable tacov-~

evies of this organism were greatly enhsnced by the presence sf phos-
phate ion in the collecting fluid. He also nheerved that & number of
carbohydrates, particularly melezitcose, trehsiose and sucrese, and the
polyhydric alcohol, (nogitnl, improved recoveries. Cabelli suggested
that the etfectiveness of these compounds was releted to their ability
to cbviate the effects of changes in cell permeability due to the

stress of collection.

In the work repcrted here, the behavior of the phosphate fon was
examined in greater detsil in order to eiucidate processas which occur
within the bacterisl cell and at the cell sembrane during collection.
Since properties of aged celis are different from those of fresh rells,
some of the changes occurring during aging were alsc tz be examined in
both unaerosclized and serosclirzed cells.

Phosphates and phosphorus compounds are important in a nusber of
synthetic cellular processes and in intermediary metabolism. Phos-
rhates alsoc constitute one of the buffer systems of the cell. It {s
logical to expect that & disturbance in phoaphate transport could af-
fect culrurability of the cell. 1If reasons for the phoaphate requirs-
ment were elucidated, a sound bdasis would be provided for prevention
of the deleterious effects of collection and holding.
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A nunber of vorksrs have ohserved that phosphste melfabolinm 1a al-
teted during #ging end siress Turing the aging process phoaphatase
activity increases 1n snimsi ceils and there is uncoupiing of oxidation
{roz phosphorylation {(Bourne, 196I). S3tresses, such as carbon dioxide
intocication, alter body fluid phogphate levels in both invertebrates
and vertebrates (Brown and Prasas. 1957, Haves, 1961). Cellulsr phosa-
phaie metaboligm in F. ful#renslis may be affectzd in one or more of the
foliowing ways:

I. The ability of the cell to take up phosphate iong may be de-
crassed due to decreases in goesivety of  gnzywmes which &re related to
the ryaasport of phosphste or due to itjiry to & gpecific phosphate

tTangpory site (n the piasms membrane.

? Tndury to the suspending fluild {ncerface wmay res Ir - an
incredse in the size of “'pores” in this interface. Tons and small
crganic matabolites could then diffuse in or out depending on  the
direction in which the concentration grsdient existed. In an unfavor-
able collecting fluid such as gelatin-saline {(0.1% gelarin, 0.85% XaCl),

a cell could lose many low moleculer weight cell constituents.

3. Injury may incraasse the intracellular space avatlable to

phosphate tons.

2

4. Stresses tay activate csterases which hydrolyze organic
phosphates, thus increasing the intra&celiular inorganic phosphete
which can then diffuse cutwerd or exchinge with extracellular phosphate

ions.

in the experiments deacyibed here, the ~rganism studied was the
Schu § strain of 2. tularensis. To study ion movement, cell suspen-
aions were washad in a sucrose (3%)-inoaitol (2.7%) solution, and then
resuspended in the test sclution. Aervscls were producing using & Uni-
varsity of Chicage Technical laboratory Atomizer im the Reynier chame
ber. Clouds were dynasic and collections were made for 10 min, using
the all-glass impinger with a £111 of 1B.5 ml and an air flow rate of
6 liters/min. Trichloroacetic acid-soluble phosphorus was determined
by the method of Fiske and Subbarow (1925) and totel phosphorus by the
same mechod on sulfuric acid digests of collecting fluids and washed

cells.

Prel‘minary experiments were performed to determine a suitable

wash fluid for the bacterial cells. The composition of the wash
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gsolution wag hagsed on &n observation made by {Labelli (1952) which
{adicated that meleritose-inositol soiutions were extremelyv effective
in enhancing culturable cell recoveries and thal sucrose was neariy as
effective as melezitose. Melesitose is expensive and difffeuit to
obtain in the kilogram guantities required for prepsvation of col-
lecting solutiuvns. Sucrose was therefore utilized 88 & substitute.
washed cells were suspended in scluticns contairing 2.7% fnoetrnl
angd varving concentrations of sucross. The cells were held at 4 O,
roows temperature and 37 C for 24 hr. The solution containing 5%
sucrose permitted recovery of 951 of the original cell populatisn,
In 2Z% guscvose, only 357 of the originsl populstion wak cultursbhle.
Intracellular inorganic ghosphorus in the cells held &t the high su-
¢rose concentration was B88L of that obgerved in cells held in the 5%

sclutiocn.

At & helding temperature of 37 €, intracelluviar inorganic phos-
phorus of cells held in concentrated sucrose solution wes only 382
cf that observed In cells held in the dilute solution. No sucrose-~
inositel solution was favorable for holding 24 hr at 37 C. However,
in the solution of lower sucrose concentration, the recovery of 0.4%
>f the original population was greater than teice the recovery in the
solution containing 227 sucrose. {n solutions containing sucroee in
concentrations intermediaste between 5 and 227, valuex for cellulsr
incrganic phosphate lyiry betwsen these extremes were obtained. At
room tempersature, valuem for the recoverable proportion of the orig-
inal population and the phosphate content of the cells lay between

those obtained at higher and lower temperatures.

In the cell prepacvations held st room temperature, it wvas ap-
parent that more inorganic phosphate was lost than could be sccounted
for by inorganic phospha#te found in the cell held at 4 C. This sug-
gested that, as the temperature increased, inorganic phosphete was
produced by entymatic sctivity or by decomposition of orgenic phoa-
phate. In Table 1, data obtained with the 5% sucrose-2.7% inositol
solution are presented. In one experiment, total cellular phosphate
was alsoc determined. The last twe columns in the table indicate that
almost all of the phosphate loat {s inorganic phosphate, since the
levels of the inocrganic and total phosphate are nearly the same, within
the limits of experimental error.
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Washed celfls suspended for 24 hr in 57 sucrose<Z.7/ inositcl
sciution. Initial concentration of cells per cc suspensgion:
i a1l T i P x 5 3
trial 1 10 x 10°%; fria: 11 8.1 x 1030,

Figure 1 indicates the method used to prepare cells for phosphate

anslysis. The 1G-min co.lect:on period results in approximately the
same number of cells init:8l . in all three collecting fluids, as
indicated by plate counts. Table 2 :ndicates the composition of SYN

fluid. Of particular interest is the presence of phosphate, inositel,
and sucrcse. Afver holding l18-24 hr, recoveries of culturable cells
in SYN are demonstravly superior to those in gelatin-saline. Table 3
containg the resulis of stuydies conducted at 507 relative humidity
{RHY. These datz indicate that there is a desrease in the inorganic
phosphate in gelatin-saline after 18 hr of holding. Di{fferences at
1 hr among cellivlar icorganic phosvhate concentrations in these c©ol-
lecting fluids probably have less meaning than those differences ob-
served at 1B hr. Differences after holding are observed between SYY
and the other fluidse a- 33 days and 48 days. Differences between
sucrose-inositol and gel seline are significant at 33 davs, but not
at +7 devs. This suggests that sucrose-inosirdi is no longer abvle -
provecr aged cells against the effects of aerssclization at 50% RH.
In cells coliected atr 80" RH, higher corcentrat.ons ©f ~eliular inor-
ganic phosphate are maintained in 5YN alter (8 hr of hellding. At the
highar RH, differerces between Sucrose-.nositol and gelatin-gsaline

after 18 hr of holding are significant at 20 days. but not at 47 days.
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FIG. 1. Freparatior of cells for inorganic phosphats ansalysis.

TABLE 2. Composition of S¥N Fluid.
Per cent
Sucrose 2.6
i-Inositol 2.7
Thiourea g.1
i~Crateine HCY 0.1
1-Histidine .HG1 0.05
S;;:e:‘m‘din«e,P‘D{4 3.002
KZHPOQ 0.38
KﬂzPOQ 0.11

pH adfusted to 7.0
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TABLF 3. Inorganic nhogphate content of aerosolized*
1 Pasteurelia tularensis {Schu 5)

ug Inorganic Phosphorus (ontent
Cell Age | Holding Time | (+ gtandard error) of Cells™ Collected in
Days Hours 5 T
SYR Gel Baline ! Sucrose~imositosl
19 1 3.7 3.6311.87 ¢ D.28 3,977 + .04
18 2.3% £ 0,25 1.064 £ 0.0 -
12 i 3.30 £ 0,291 2,53 & 0.48 .23 + 0.17
18 3.25 ¢+ 3631 0.7 2 0.1 1.77 2 0.07
- 1 1.84 £ 0,64 | 1.3 £ 0,081 1.53 +©.20
* 18 3.04 £ 0.3911.79 £ 0.09 1.93 2 §.27

* Relative humidity, 50%; Temperature, 50 F; Dynamic Cloud,
Reynier Chamber, 18.5 ml impinger £i11, all-glasy impiager,
& l/win flow rate, 10 win collection.

<> Celis harvested from 35 ec fmpinger fluid.

¥ Cultursdle cells coilected per cc SYN « 19 days - 4,78 x 109
32 days - 3.10 x 107
47 days - 1.31 x 167

These observations are consistent with the hypothesis that organic
phiosphate is lost from the cell as it is held in a phosphate-free Fluid
for an extended period of time. Up to a culture age of 34 days, a
sucrose-inositol solution {s more effective than a gel-saline solution

in preventing cutward movement of phosphate from the cell.

Inorganic phosphorus levels, although significantly diffsrent in
the ceils collected in these three fluids, did aot drop to undetectable
levels. This suggested that there was & source of phosphate ions
within rhe cell. Figure 2 shows & schematic diagram of the thecoret-
ical phoasphate equilibria existing in the cell in the steady state,
Under stress, and certainly as the temperature is changed, the posi-
tion of the equilibrium could be gshifted. This could be a mechanism
for maintaining the cellular inorganic phosphate within defined ]limits.
The process of transport at the ccll-external solution interface could
be the critical one in maintaining the internal intracellular phosphate

within limits consistent with culturability,

Table 4 contains a compsrison between inorganic and total
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phosphate content of @serosolized cells before and afvet holding. In
gel-saline, sn undesirable collecting fluid, inorgenic phosphate drops
approximately 30%, while in three trials, total phosphate drops 60%.
This indicates that under stress & breakdown of toral phosphace occurs
and that fnorgsnic phogphate iz meintained at the lowest limir the

cell membrane can retsin.

Stable Intraceliular
ORGANIC P

intraceliular el Extracetiular P;

"
Labile intracellular {Possibly iposely
ORGANIC P associated with

nacromoiecular
constituents)

FIG. #. Theoretical steady state, phosphate equilibria in s cell

TABLE 4. Cellular inorganic snd totel phosphate in serocsclized
Pasteurella tularensis (Schu 5)

% change after holding 18 hr

Inorganic

Collecting ¥luid phosphate

Total phosphate

Trial II Trial I Trial II Irial III

SYN -16.7 -10.1 + 4.3 +23
Gel-Saline -29 ~63 -64 -55

Sucrose -15 -30 - + 2.5

Irials I and 1@ - SO% RH, 50 C. Chicago atomizer, Reynier Chamber,
Dynamic Cloud, 10 min colleciions, all-glass
impiager, 6 1/min flow rate 18.5 ml £ill.

Trial III - 80% RH, other conditions similar.
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In summary, there appe#site to be a factor which s age dependent
i the abllity of the seroswelized cell to maintain phosphate against a
concentration gradient. Organic phousphates appesr te be the source of
a portion of the inorganic phosphate lost by the cell.
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HAYES, B. ¥. 1%R1. Ph. b, thegls, Univ, of Misnescts, Himneapoliis,
DISCUSEION
Middlebrook: You didn't wmention anything ahout che srudy of

poly-phosphates and 1 wondered if you had done any studies of poly-
phosphate in morphological terms of granules or measurement of poly-
phoaphate in the cell at different 2ges, aerosolized and so forth.

Haves: I think this would be & very worthwhile thing to do but
I haven't had time to do it.

LeJeune: We have had problems with sspiration of 3C 1; I think
br. Cabelli has alsc experienced trouble with collecting fluid in
which you could aspirate BG. We found that by tripling the concentra-
tion of phosphates we climinated this aspiretion loss ~- this may have
some bearing on the same problem. Why it should be manifested in P.
tularensis in an aerosol and ygt not show up in 8 spore uatil you get
it back into the collection fluid and start aspiration -- whether the
same process or same mechanism is involved -- I don't kaow. But cer-
tainly this could help to explain why the mere addition of more phos-
phate to the collecting fluid solved our aspiration loss.

gggg*: In this respect you might like to know that Dr. Frank
Harold has experimented with different types of phosphate and poly-
phosphate metabolism and his findings might be extremely useful in
this sort of study.

VFTF: We, too, have found that the viability of the cell is
highly dependent on collection method and on the phosphate concentra-

tion, similar to the results presented here.

* VFTF = Voice from the floor.
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Prec. First Intern. Sywp. Aercbiocl., Rerkelay, Calif., 1963

SUMMARY OF DISCUSSION OF PROBLEMS
RELATING YO THE SAMPLING
OF MICROBIAL AEROSOLS”

T. W. Kethley, Moderator

A committee composed of Messrs. Dimmick, Ehrlich, Kethley, Madin,
Stiver, and Wolf« chose the topic "Sampling Microbial Aerosels” for
Saturday morning’s discussion. ¥or the purpose of concigeness, only
the motv pertinent ideas have been included herein. Nsmes of individual
speakers have, for the most part, been omitted. References to prac-
tical problems and to theoretical questions not directly associasted
with sampling were retained since they point to needed areas of re-

search.

Professor Kethley moderated the discussion, pointing out that
sampling is still an art. The gsampling umethod employed must be se-
lected according to the specific answers desired since no single sam-

pler, or sampling technique, <can possibly satisfy all requirements.

1t was suggested that if cach investigator reported the results
of at least a few samples from a reference sampler, we might be better
able to interpret the data presented in our own frame of reference.
It was pointed out that whenever s wmechanical sampler wae considered
for use by everyone, all of the sampler's pecularities and all spe-
cifics regarding sampling procedures must be spelled out; otherwise

incorrect sampling techniques could yield erroneous results.

* Mr. Willisz=m Miller, Fort Detrick, Frederick, Maryland, provided
editorial assistance (Editor).
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There was 4 suggestion that a ‘“predictable” percentage of organe
isms would be killed by & mechanical sampler. Many consider this un-
acceptalle; no sampler should affect viability of the urganism. Others
argued that as long 48 the perceuntage iz known and consistent, there
is no problem. It aggmed reazonsble ‘to suppose that a standard sam-
pitag techuigue ! - lied establishing standards for particular groups
af problema, but not for the entire sampling problew existing through-
out aerobiology. A few argued that an important part of the problem
concerns those factorsg influgncing the survival capacity of organisms.
The influence of “vehumidificazion™, as reported at this conference,
wag listed as an example. Although death mechsnisws ere important, we
simply do not have enough inforsmation at this time to make meaningful

stategments.

We need to ba able to predict what will happen to animals exposed
to the uumber of wvisble cells determined by our sampling methods.
There is a decided interest as to the relative importance :f the var-
ious acts leading to infeetion; i.e. the c¢onditions prevailing when
the organism is alvhorne, when the organism {s traveling toward the
hogt, and when the orgaaism alightas in the alveoli, as well as the de-
gree of infectivity at any given poilnt as influenced by temperature of
the vrgenism, relative humidity, etc. Of fourse, thers is & vast dif«
ference and no necessary connection between the anigal as @ sampler

and the animal #s 8 host responding te infecrion,

Mr. Wolfe pointed cut that we should look at sampling as a refer-
ence point and not try to simulate what will happen if an animel in-
haled a given number of crganisms; this can be determined by simultan-
eous experiments with animals. is it not possible, someone asked, to
have an jinfective orgenism that does not form colonies in laboratory
situations? The question was answered affirmatively, and it was fur-
ther pointed out that there is indeed some danger In confining one's
experiments tv non-living samplers.  If behavior of the organism is
well understood, good correlation between the mechanical and the host
sampler ought to be obtained. However, 1if one had a mechanical sam-
pler simulating the physical capability of the lung to collect
particles, it would still not simulate the capability of the lung to
collect viable particles, or the capability of the lung to eliminste

pathogens.
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Other related probiems were whether or not viruses can be col-
lected satisfactorily in ssmplers currently in use. In addition, both
in the laboratory and in the field the concentration of viable cells
may vary from more than 105‘[1&@: te as low 48 1/liter. Is & single
samplar sdequste’

Professor Kaethley then cutlined the problem ap developed to this
point; nasely that we need three types of samplers: {2} one which
gimalates cthe respirstory system ciocsaly -~ for specialized work; (b}
one for fleld work when organiss contentrétions are wsually low snd
long sampling times gre undesizable -+ & sampler that would enable
sampling of large quantities of air is & short vime; and {¢) a highly
flexible, complicated if need be, sampler for laboratory work «- one
that would ensbie the worker tc contrel parameters iike aspirstion
rate, temperature, gampling rate, fluid guantity, awl &uy other
desirable parameter. Obviously, &ll of these problemsa could mot
be sattled without further knowledge, and the question was discussed
vhether it would be desirable to have & standard reference asampler.
Several samplers were suggested as possible refarence pamplers, but it
was evident that only the impinger and the Andersen (stacked sieve}*
sampler might be applicablie for this purpose. it was emphasized, for
example, that the impinger iz (a) simple, (b) rugged, (c) inexpen-
sive, (d) easily obtained, (e) easy to learn to use, and (f) the
parameters could be apecified in considerable detail, During this
discussion it was agreed that the Andersen sampler should alsc be 2
standard reference sampier vhen concentrations of orgenisms were too
low for the impinger. After some discussion of the most desirable
flow rate for the impinger, Mr. Goldberg pointed out that the impinger
knowst as the ACI-30 was svailable from commercial :aurcea!, s point
thst had bothered many persons, that its flow rate was 12.5 liters/min
which was a compromiss between suggested vrates, and that this, az
least for the present moment, was the most suitable instrument. Gen-
eral agreement was then reached that the AGI-30 should be the stendard
reference sampler, providing that the particular techniques and meter-

ials used should be clearly spelled out by each investigator vhen his

* Andersen Samplers and Consulting Service, 1074 Ash Ave., Provo, Utah.

¥ Ace Glass Inc., P.O, Box 192, Vineland, New Jersey, and
Chatas Glass Co., 570 Rroadlawn Terrace, Vineland, New Jersey.
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wOTk was repart&d(l).

Discussion of the Andersen ssmpler then continued. It wae recom-
mended for use in sampling air of hospitsls and there wag an indica~
tion that it was well sulted to the method of transfer to a tissue
system, leace sight be suitable for coliection of virus. Again it
was pointed cut that if the Andersen sampler was to be & referencs
samplier, the techniques and saterialg, that is the kind of media, the
lgvel! to which the pistes were poured, the particular flow rate, ste,,
should ke specified. The modified Andersen sampler was discussed, but
it was pointed out that thiz particular wodel will probably not be

avaitable in 3 manufactured fora for some fime.

There followed a vigorous discusgsion of meny uf the parameters of
the Andersen sampler. Its primary usefulness is that it ie a high
volume sampler and it does perform some measure of particie sizing.
Considerable interest was generated i{n the relarionship of particle
sizes found in the natural environment to those which might enter the
alvesli, egpecially in regard to 4 suggestiou that an additional stage
having smaller holes might be added o the Andersen sampler, but there
wag 8 question as to whether natural forces tend to create particies,
even with viruses, sasaller than ones capable of seing collected in
usual gamplers it was evident that there i3 a congiderable interest,
coupled with & lack of (nformation, regarding the host-parasite rela-
tionship. Roth are biologleal systems, and both are changing, and the
problem of sampling is closely associated with the problem of "infec-
tivity” and ‘viability". Having admitted that the problem i3 serious,
and having admitred that there are no adequste answers at the pres nt,
the audience generally ggreed thst the Andersen sampler was the best
field sampler, as 3 reference standard, that we curvently have avall-

able, and that its use should be reconmmnded(l).
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