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ABSTRACT

. Approaches to the study of lethal effects of dehydration and relevant
experimentsl results obtained by the author and co-workers since 1958 are
summarized informally. The paper includes (i) a working hypothesis of
interacting lethal processes from which self-limiting long-term decay
curves can be calculated. (ii) Preliminary experimental data illustrat-
ing the types of information nesded for application of the hypothesis.
(111) An account of the preparation of "simulated aerosols" by deposi-
tion of cells upon membrane filters. (iv) Approaches to the identifica-
tion of lethal interactions, including the correlation of lethal effects
with the colligative properties of simple additives. (v) Illustrative
data for Serratis marcescens in the presence of NaCl, LiBr, and urea.
(vi) Data on short-term decay of washed Serratia marcescens at 13 ambient
relative humidities. (vii) Preliminary data on the effects of oxygen in
accelerating humidity~dependent decay and on possible effects of slow -
residual water transfer.
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DIGEST

This paper contains an {nformal statement of the {deas that have guided
our laboratory work on the survival of dehydrated microorgenisms, and a
preliminery summary of experimentsl results cbtained since June 1958,

The need for working hypotheses concern’ 3 lethal processes is stressed,
and the idea of interacting intracellular cu.nges resulting in self-limiting
decay curves is developed briefly. It {ie maintained that hypotheses of this
kind may szerve as 3 basis for fruitful experimentation directed toward the
identification of lethal mechanisms.

It is argued that in research relating to the stabfility of microbial
aerosols there is need for the study of isolated contributory processes,
and the effects of lowered relative humidity are shown to be amenable to
examination by very simple, inexpensive techniques involving deposition
of cells upon filter paper. The decay kinetics of such simylated aerosols
are attributable, directly or indirectly, to water loss, with relatively
sm~11l contributions from the other stresses that accompany ordinary
aserosolization.

Possibie approaches to the identification of lethal interactions
include both physicochemical and biological modiffcation of cells prior
to, or subsequ it to, the examination of the decay kinetics at reduced
relative humidity, as well as the examination of organisms that are
unusually sensitive or unusually resistant to related stresses such as
extremes of temperature, dryness, or salt concentration. Particular
importance i{s attached to the use, in studies of relative humidity, of
physicochemically well defined additives. Since such subetances usually
have limited solubiiity, there should be a cut-off point in their biologi-
cal effectiveness as the relative humidity is reduced, and failure to
observe such a cut-off may prcvide a clue to the properties of the addi-
tive in {ts biologically active (combined) form. Finally, the importance
of long-term decay measurements, which would not be feasible in conven-~
tional aerosol studies, is emphasized in any appraisal of the effects of
additives.

The decay curves over limited periods (up to 72 hours) for washed
Serratis mercescens 8 UK deposited on membrane filters are reported for
13 values of the ambient relative humidity in air. There {s a general
incredse in initial decay rate with decreasing humidity; this rapid
initial decay rate {s succeeded by slower decay with much less marked
humidity dependence.

The predicted cut-off phenomenon has been examined for cells in
presence of sodium chloride, 1ithium bromide, and urea. In each case
a cut-off was obgerved but it was gradual, and {t did not occur at the
predicted relative humidity. All three substances appear to have a
glight stabilizing efrect at zero humidity., 1t {s predicted that, in




general, the effects of sensitizing or stebilizing additives will be
humfdity-dependent and not necessarily related in any simple manner to
their behavior {n aqusous solutiom,

Several long-term decay curves, for exposures up to 26 days, are
presented to {illustrate the procedure adopted for checking conformity
uith theoretical equations. Poor reproducibility continues to hamper
this operationm,

Experiments are described in which slor residual water loss from
dried cells was prevented by covering the cells with mercury. The
effect, however, appeared to be due largely to tha concomitant exclusion
of eir. During svl-ersion in mercury or exposure to vacuum the celle
became gensitized, so rhat accelerated decay occurred upon subseq.ent
gccess to alr. This 18 explained in terms of accumulation of an ox.diz-
able precursor of 8 lethal substance.

Several physicochemical properties of cells relevant co the dehydration
problem are discussed briefly. It is thought thst, in particular, dielec-
tric dispersion measuremen:: >=d determination of the colligative proper~
ties of normel and added sclutes in the presence of cell substance should
be particularly powerful tools in examining the oroperties of the intra-
ceilular continuum of normal and dehydrated cells.

 chomoma 1 13 5 tat - nae
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I. INTRODUCTION: AN APPROACH TO THE STUDY OF AIRBORNE INFECTION

In the long chain of processes involved in airborne infection, a few
of whicn are listed in Table 1, many can be considered to involve stress
upon the infectious agent, the effects of which can only be manifested in
terms of biological end results if they are able to bring about some intra-
cellular event. We can hardly expect to be able to understand or control
the course of airborne infection unless we !  re some understanding of these
events, and our success in reaching such unde ‘standing is not likely to be
at all impressive unless we can 7solate the individual stresses, take them
apart, so to speak, and study them in depth, nc matter how :ar this may
take us from the employment of professional sneezers, or from the entrap-
ment of aerosol particles or the stationing of guinea pigs at the entrances
to subway stations. In this interim report, I shall aasume that you
sympathize with this wish to isolate the compcnents of a very complex
process, and shall try to point out some of the difficult problems that
remain even when one has gone about as far as possible in isolating and
slmplifying the system for investigation.

It has long been reclized that a loss end uptake of water even by
primitive organisms may have quite profourd biological effects, and in
electing to study these processes as they ure trignered by the transfer
of water we were mindful of the fact that changes of water content
probably occur at every stage of airborne intfection listed in Table 1,
from the ejection of the organism into a comparatively hostile atmosphere
to ita arrival at a comfortable destination within the host, so that water
may be of paramount significance throughout.

TABLE i. PROCESSES IN AIRSORNE INFECTION

Dissemingtion
Impingement
Temperature change
Shear

R&pid Transjents
Evaporation

Solvent migration
Influence of gas phase

Delayed Adjustments (Pseudo-Equilibrium)

Solute migratiom
Structural rearrangements

Uptake by Host

Rehydration
Oamotic shock
Metabolic recovery
Temperature change

ot
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The starting point for our work was in the intriguing discovery of
Mork® #nd co-workers that a particnlar microorganism ushydrated under
sarticular conditions appeared to die extremely raplidly when exposed to
. certain relative humidity around 947 and very much less rapidly af bHoth
nigher and lower relative humidities. The idea that was generated by
these findirgs was that of a "critical water content"-—an unhappy way
of putting it, perhaps, since the water presant at the “eritical water
content” 1is obviously also presert I=n the normal fully hydrated cell, eo
that it csnnot be the water itself that is producing tha lethal effects,
but rather the absence of the water that was removed in atlaining the
"critical water coatent." The important concliusions to be dravm from
Monk's work are, first, that withdrawal of & certain fraction of the cell
water sets in mcticn certain processes thet eventually have a lethal out-
come, Second, that these lethal processes cannot be instantareous or
ell-or-none affairs, because removal of even more water zither slows
them down or permits competing nonlethal reactions to take place. The
final and equa.ly significant conclusion tc be drawn is that since these
observations force us to indulge in comparisons, such as "slower' or
"fagster," we can scarcely hope to learr much about the mechanisms of
loss of cell viebility without getting involved in physicochemical and
biological kinetics, and there is not much point in proceeding unless
these qualitative distinctions can be g~lidly grounded.

¢.W. Moprk, Paersonal comuunicelion.

TN NI St v,
RN

e e PR

o e —— Y 5.




i AR SO LRI

b et e S e
SLRTYAAIA S M e v e N B e ol e A e - N AR T T R e s e Y TR R RN RO

11

II. WHAT ARE THE REQUIREMENTS FOR A SIMPLE QUANTITATIVE PREDICTION
‘ OF DECAY RATES OF DEHYDRATED ORGANISMS?

A. TINTRODUCTION

During the course of our work on humidity effects we have arrived
at opinions about the wav in which kinetic data should be obtained and
manipulated, and using only very simple mathematics have arrived at some
decay equations that illustrate our point of view, even though they will
undoubtedly turn out to be too primitive, and perhaps even wrong, when
we are confronted with adequate experimental data. I would like to rua
over this development before going on to discuss experimental reaults,
because I think it quite important in designing experiments to have a
medel to refer to, snd vae that offers some promise of leading to the
genuine identification of mechanis~s, rather than merely giving vaiues
of one or two constants {or more frequently non-comstants) that can be
j.uterpreted only by teking refuge in such vague concepts a8 population
heterogeneity or intrinmsic probability,

B. SHORTCOMINGS OF FIRST~-ORDER XINETICS

Like most of cur colleagues, we have committed the fault of forcing
reluctant data into a first-ovder pattern, largely because it feels more
comfortable to be able to zive a number instead of simply saying "faster”
or "slower." This is only one of the serious objections to the uncritical
use of first-order kinmetics; equall; serious is the fact that, when applied
to finite populatfions rather than to the continuouely varying concentrations
of the physical chemist, first-order rate constants may laad to quite false
predictions of the time teken, for imstance, to achieve complete sterility.
Sooner or later, after a more or less predictable number of "half-lives,"
the pcpulation will be down to a single viable organism, ay then, after
a less exactly predictable but nevertheless reasonable time, that too will
dic or disintegrete and the system will be sterile. Ome thinks of polio
infections from supposedly killed virus, and in the context of airborne
ifnicccion of whatever origin the behavior of residual viable populations
of extremely low density is surely of considerable importance. We cannot
get far with first-order processes or combiaations of first-order processes
without bringing in the idea that the surviving organisms represent a par-
ticularly resistant fraction of the population-—an attractive hypothesis
because of its ability to explain almost anything, bui a dangerous one
because it 1s so very refractory to all attempts at experimental veriii-
cation. Otto Landman* once did an experiment in which he collected the
survivors from a large population of serosolized cells inactivated by

* Otto E. Landmar. Personal communlcation.
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desiccation, and he was surprised when I predicted correctly (after the
experiment had been done) that the surviving cells, again aerosolized
under the game conditions, would behave in exactly the same manner as the
initial population, instead of being sble tu come through unscathed., No
doubt many other examples could be found in the literature; I seem to
recall one case in which investigators collecting cells that had survived
exposure to an antibiotic were astonished and frustrated to find that it
vas impoasible to distinguish these cells biochemically or in any other
wvay from the criginal population. It is, of course, manifestly true that
cell population~ are heterogeneous; the hazard i{s in using this too
readily as a crutch, ‘nstead of as a last-ditch position to take when
everything else has failed.

C. THE NATURE OF THE DEVIATIONS FROM FIRST~ORDER KINETICS MOST COMMONLY
ENCOUNTERED EXPERIMENTALLY

When a decay process is measured and when the logarithm of the number
of surviving organisms is plotted against time, it is not unusual to find
a number of points through which a reasonably straight line can be drawn.
Such a line, however, seldom extrapolates to the correct starting point;
it may suggest the starting population to have been either grester, or
less, than measurements showed it to be (Fig. 1). At the other end,
after longer periods of exposure, the line not infrequently flattens out,
if one is able to take enocugh reliable measurements. Sometimea cme can
get back to the correct starting population more or less convincingly by
drawing two intersecting straight limes, and sometimes a third straight
line will take care of the flattening off after longer pericds of exposure.
However, the data are seldom good enough for one to be even reasonably
certain that two intersecting straight lines would not be better repre-
sented by a singie c.rve, and there are difficulties in interprating such
intersecting straight lines in terms of two or more first-order constants,
unless one assumes that these apply to sepsrate and independent portions
of the population,

D. THE NATURE AND IMJORTANCE JF RELAXATION PROCESSES

I1f we restrain our enthusiasm for straight lines, and do our best to
draw continuous curves through experimental decay data, we can easily see
what sort of bshavior will be shown instead of the limes in Figure 1. It
1 nnt difficult to think of quantitative explamations for sucu cutves.

If the reaction starts slowly and then speeds up, it mav be that there is
a reactsnt that takes a certain amount of time to reach the site of action
or to accumulate; 1if an initially rapid action levels off, it could be
bacause it is & self-limiting process as a result, for example, of the
disappearance of something essentizl to the lethal reactioan. If the

curve does not level off completely, but continues to slope downward at

a reduced rate, it might be that the exhaustion of the first rapid decay
mechanism has made it possible for some second and much slower mechanism
to show through.
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In all this we have spoken vaguely of processes, reactions, changzs,
and so forth. The important fdea underlying this 1s that the kinetics of
loes of viability must be determined by processes occurring at definite
rates, of whose detailed natvre we may be, and usually are, ignorant.

An all-inclusive descriptive term for these processes is '"relaxatiom,”
which has a certain mathematical precision while leaving detailed mecha-
nisms unspecified. When a cell is subjected to some environmental change,
its structures, solutes, chains, radicals, electric charges, emd all the
rest are thrown ~ff balance, and each {n its way swings to a mew position
of equilibrium, Giving the term relaxation the most general possible
meaning, this will take care of everyth%pg that happens wher a ceil is
subjected tc a change in {ts environments, and each individusl process

can be assigned a relaxation time or & rate constant, at least in the
context of the present attempt to set up a model for biological decay
Among all these processes, there must be some that are more signi€icaul
for survival than others, and we make the simple assumption that for

each type of lethal process there are only two such relaxations. 1In
order to avoid the idea of heterogeneity within the cell population, we
make the sassumption that in each cell there are a sufficient number of
representatives from each type of process for it to be represented by a
firet-order equation. If we consider only one such process, and think of
esch cell as a little test tube in which the identical process is taxing
place, and {f approach to within a certain critical distance of equ* librium
for this particular process defines the lethal corditiuvn, the eniire popu-
iace will die almost simultaneousiy after elapse of a certain time related
to the relaxation time for the process in question, If instead we assume
that the lethal condition is dependent upon two simultaneous relaxai._on
processes as shown in Figure 2, then in place of the certainty of death
when a certain stage is attained, we can postulate a probability dependent
on the product of the two staces of relevation, thereby aseuvming that random
competing events eliminate the {nevitability of che lethual condition and
permit & gradual decreage in the visble population. If, furthermore, one
of tha two relaxation processes leade to the complete elimivation of one
reactant, as in Figure 3}, then the decay process will be self-limiting,
and those cells that managed to escape death will be itmmorcal, at least

as far as this particular mechanism is concerned. Their chance of sur-
vival thereafter will depend upon the number of other lethal processes
that may cccur in the system, and upon their time constants.

E. SIMPL! BQUATYONS DERIVED FROM INTERACTION OF TWO FIRST-ORDER PROCESEES

Yolioting the procedure just sketched, ome arrives at a decay equation;
it {s unnecessary to bother you here either with the equation fie~1f or
with its derivation. The aquation is really very simple. If we call the
ratic of the initial posulation, X,, to the surviving population, N, the
decay vatio, N,/N, then the equation shows tha® instesd of proceeding
towerd {1fini{ty as ths reaction progresscs, the decay ratio levels off
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Exawples of Calculated Decay Curves Plotted in Conventional
Manner. Abscissa: a linear function of exposure time.
Ordinate: & multiple of logarithm of the surviviog ot
unrescted fractiou of the inftial meterial. Left curve:
both postulsted relaxation procoeses exponential. Right
curve: exponential die-away process interacting with
sigmoid accumulation,
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to a constant value, Its logarithm, instead ¢f being represented by a
constant multiplied by elapsed time, as in a first-order process, is
equal to the logarithm of *“is limiting value diminished by a term con-
taining two negative exponentials of time, An fllustration is given in
Figures 3 and 4, The equation contains essentially three constants when
arrvanged i{n its most simple form, the three constants themseives being
simple functions of the time constants for the reactions concerned. With
this modest number of pirameters it should be by no meens impossible to
test the validity of an equation of this form and to derive values of the
E three paremeters. One notable feature is that esven this equation predicts
4 a certain degree of quasi-first-order behavior over a more or less limited
range, and indeed, because the limitirgz value of the decay ratio is deter-
mined by the time congtants for the interacting processes, one can readily
set up conditions under which the entire observable course of the process
does appear to be of the first order; the leveling off would occur at such
high values of the decay ratio that it would not ordin. ily be detected
before the material was virtually sterile. This is one of the obvious
consequences of changing from infinfte to finite populations; the range
of values of the parametere for which experimental verification {s fecasible
even in principle depends upon the absolute magnituds of the svailable -
fnitial population.

Lo

F. BEQUATIONS LEADING TO AN INDUCTION PERIOD

It is easy to replace one of the exponential processes of Figure 2
by one having a sigmoid form, also shown in Figure 2, and, by going
through the same procedure and making the same assumptions 2s to prob-
ability of a lethal outcome of the interaction, to arrive at an ejuation
rvather similar to the ome just discussed but showing an inductiom period.
Such curves sre {llustrated in Pigures 3 and 5; after long perifods of
reaction they possess exactly che ssme features as those in the first
equation.

G. DIFFUSION~LIMITED DECAY PROCESSES

The recent finding of DeWald* that some bacterial decay curves appear
to have a linear dependence upon the square root of axposure time has 1&d
to the suggestion, by the same investigator, that the lethal event {s
diffusion-limited. This possibility is readily incorporated i{n the present
hypothesis by postulating that upon removal of water from the bacterial
cell & cell component, svailable f{n limited quantity, diffuses into another
region of the cell, and that upon arrival there it {s instantaneously con-
verted to « lethal reactfion product., ihe nature ~f a diffusion process
that can continue for several hours at least within such s small volume
remains 8 wystery. It is understood that & sore sophisticated mathematical
study {s being undertaken by Lieutemant DeWlald.

* R.R. De¥ald. Unpublished observatious.
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Soms Theovati{cal Decay Curves Similar to the Laft Cutve of Pigure 3
Plotted on Double Logarithmic Scales. Abscissa: logaritha of
axposure time plus & function of the relaxat{on time constants.
Ordinate: the double logaritbm of the decay ratio (see text for
deffnition) plus a function of the sxpor:.ntial rslaxstion time
constents, The four upper curves are for *L{ferent values of

the rat{os of the relixation time constests; the Iine across

the lower left corper represents first-ordar decay, with & slope
o unity. The theoretical curves are characterized, fou short

exp rours times, by & alope of two, charging under some conditions
to 2 “egion of unit (or pseudo first-c Jsr) slope, snd then level-
fng 01 . The fourth curve fros the top {s for the cass 1in which
there { - no din-sway of relaxation process cas, so that the dacay
continnes indsfinitely, starting with slope two snd chenging to
slope one.

Figure 4.
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Dowdle Logarithmic Plot of Theoretical Decay Curves fov a
Process with an Induction Perfod. These differ from the
curves of Figure & in that the irnitf{al slope for short
exposure tiues (s five {nstead of two.
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H. COMBINATION OF 'TWO OR MORE LETHAL INTERACTIONS

Given the multiplicity of cellular processes, one would think it
unlikely that death would necessarily oecur by only one route. One
might indeed fear that the number of overlapping processes would make
it quite impossible to unscramble them individually. It is experimentally
unusual to see the clearcut establishment of a constant final viable popu-
lation; more frequently, when there are signs of leveli-g off, one sees
only 8 diminished rate of decay rather than a zero rate of decay, necessi-
tating transfer to a new time scale in order to represent the results. It
is eagy enough in principle to combine as many lethal processes 2s ome
wishes, and to obtain equations that would undoubtedly be amenazble to
numerical manipulation by computer., Our ambitions have not extended
beyond two sets of lethal interactions, but we have written the equations
for these and have had a good many families of curves calculated by per-
somnel of Biomsthematics Division.

I. TREATMERT OF THEORETICAL CURVES FOR CONFRONTATION WITH EXPERIMENTAL DATA

Although our theoretical eqations are by nc mesns complicated, it would
still be quite difficult to find numerical methoda of sclution. This would
be true even ir cases vhere only one process was involved, and it would
become prohibitively difficult if two or more overlapping processes took
place, Fortunately the equations are such that it 1is only necessary to
present the experimental data graphically ia somewhat unconventiomal form
in order to be able to datermine the valiues of the parameters, in prisciple,
by a procedure cf curve-matching by superposition. The experimental data
are plottad with the legarithm of the exposure fime as ahscissa, sgainst
the double logarithm of the decay ratic as ordimate. The theoretical
curves, on the other hand, are plocted in famiifes having varicus sets
of values of the parametere in such a wiy thzt the abscissa 1s equal to
the logarithm of the exposure time plus & coustant, vhile the ordinate
is equal to the double logarithm of the decay ratio plus another constant;
these constants are related to the time constents of the relaxation pro-
cessas. Some examples of thess theoret{cal curves sre given in Pigure 6.
Taere are several interesting features, not &ll of which will be asasy to
{dentify exper.mentilly, For instance, in cases where there i{a only one
lethal {oteractior, the curves start off at short sxposurz times with 2
slope of two on the double logarithwmic chart; as the exposure {s prolonged,
this mey aither eventually level off to a horizonta) line indicating that
the dacay process is terminated, or may go through an {ntermediate stage
in which there {s a well-defined slope of umity, correspouding exactly
to an apparent first-order process; this {s then succeeded gradually by
levelirg oif te & horizontal line. When there is an inductioc period at
the begimning of the process, the init{al slope, instesd of baing twe,
fe five in the form of equation that we have besn using. 1f there are
tye lethal processes, the curves are ¢f course more complex, and whsther
the two procasses can be clearly resclved as such by visual fuspection
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Examples of Thearstical Decay Curves Involving Two Sats of Lethal
Interactions Occurring Simultanacusly, Abscissa and ordinate are
again respectivaly logarithm of expoaure time and double logaritbm
of dacay ratio, both dispisred ilnssrly by functions of the various
relaxaetion time constants. Each curve approaches a different limit-
ing value of the ordinate. In later calculations they hesve been
further normlized sc as To converge to & common limirisg ordinate.
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depe~12 on how widely separated are their respective sets of time constants,
If a reas~mable degfee of —=solutiom occurs, then the first decay process
apprars to level off for some time, but at a ..cer time the slope again
ircreases to that characteristic of the main portiocn of the second lethal
process, which by this time is taking care of the major fraction of the
remaining population. Then this in turn levels off to a constant value.

The use of double logarithmic plotting of data is often thoughtto be
a questionable ~vocedure because of the reassuring way in which it irons
out rather large irregularities. However, ir the present ccntext, it seems
to have several decisive advantages. The first is of course the possibility
of determining the parameters of experimental decay curves simply by a match-
ing procedure, although it may turn out in practice that multiple solutions
become rather 8 nuisance. Another point is that unless the experimental
results are manifestly comple! ly incompatible with this type of decay
curve, which seems an url!ikely eventuality, any decisive comparison of
erperimental data with theory will require sets of experimental observa-
tions taken over the most extended time period that may be feasible, This
:eans observation over several lecgarithmic cycles on the time axis, and if
| graphical methods are to be used, the logarithm {nr some function withk
! similar properties) would seam to be unavoidable. Finally, variabilit~
in biologicel measurements being what it is, we should conaider ourselves
fortunate if we can obtain data to which any curves can be ficted without
ambiguity even when the double lcgarithmic scale is employed.
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, I\]. THE EXPERIMENTAL APPROACH TO THE STUL ~ OF DECAY PROCESSES

A. INTRODUCTION

A modern biologist might well adopt as his motto "The Proper Study of
Mankind i» Mice." The opinion underlying our work on humidity eiffects {8
that tha proper study of aerosols is almost aanything but aercsols. Por
the good reas . that irrele: 'nt processes in aerosols are virtually
uncontrollable, while their preparation and sampling both involve stresses
that may be alwost ag serious as those nominally under investigation, we
have looked for syscems, without complete success, indeed, in which the
effects of the dehydration strese can be studied without interference.

The ideal requirements are essily stated: un assembly of a suitable
number of separate and independent identical tiological units, brought
fnstantansously to & quasi-equilibriuxz with an envirvument precisely
defined as to chemical composition, humidity, and temperature, and after
a suitable period of exposure instertanscusly broughi back to a condition

under which a precise znd mambigucus blolagical property can be moasurad
with precisiom,
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B, TREPARATION OF DEHYDRATED CELLS: MEMBRANE FILTER TECHRIQUE

Monk tried to get away from aerosols by using the soxt of technique
that 8 physicist or physical chemizt might use on & simpler kind of system,
He uged laige musses of cells, lyophilized and then exposed them Lo pre-
pumably cors “ut relstive humidity while still im vacuo. For s while we
continved to use ~ir{lar techniques, and in particular were able to show
that the so-called criticsul water phencuenor was & great deal leas striking
when the cells we.2 kept in #°r fnstead of in a vacuum, and alao that at
very low humidities there was a very pronounced transiemt effect of air
that caused the recoveries to be much lower than they nad beea in vacuo,
However, the rey >ducibiiity in such experiments iz atrocicus;, and we soon
zame to the conclusion that thee kind of technique, using msased cells
‘instead of sercsols, iz iike jumping from tue frying pan into the fire,
if one can use such lmsgery in talking of freeze-dried materiais., We
made a good many attrmpts to get away from these difficulties, imcluding
a study bv T. Greer*of manute drops on pinpoints, but the moet satis-
factory solution aiways r-emed to be to find a solid carrier uponm which
single cells could be uniformly distributed. One method investigated was
to incorporate the cells in a monowoleculer film of pratein snd to transfer
them to & solid carrier by dipping a siide through the interfaca; such
preparations had wmazny advaniages, especlally for electron microscopy, but
the mortelity was considerable. No doubt 2 careful study of the reasona
for thi= instability would be rewarding. The requirement of “instantaneouas"
equilibration with the ambient relative humidity {s fundamental; and the
water that delays equilibration most is the ordinary “wet" water in a cell
suspension (Fig. 7). It is imperative therefore to find some way of blot-
ting the ecelia 28 soon as they sre deposited, For a number of yearsz now
we have been doing this by placing a very small volume (0.02 ml) of the
call suspension upon a membrane filter to which ig attached, on the undec-
gside, one of the absorbent pads that the manufacturer used to supply with
the filters, and which he now sells separately. As soon as the filter looks
dry, in a matter of & second or two, it is stripped off the backing sad
placed in & suitable vessel contairning a ssturated solution of defined
relztive humidity, and this vessel in turn, in the mest careful work, is
placed on & shaker snd immersed in a constant tempevature bath.

C. BIOLOGIC:L CRITERIA OF INJUK?; THE QURSTION OF RECONSTITUTION AND
ASSOCIATZD LOSSES

Ususily & number of these membrane filter prepsracions are placed in
sepercte vessels at the sase time, and are withdrawm after variocus times
of exposure to the chosen relative humidity. The cells sre immedlately
eluted with water or nutrient broth and suitable acivtions are madz for
plating and incubation. Of course this is & very primitive mmthod of

* 7.D. Gruen, Personal comemmication.
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Figure 7. Relativa Fquilibracion Times for Bacteria Exposad to Differemt
Relative Rumiditicz, Abasissa: final relat’—~ humnidity.
Ordinste: relative time fur 907 equilibration with final
h. *idity. The curves are based upca experimental water
apaorptior isotherms fer bacteria, together with aimple
sssumptions as to tha relarlonship between rate of #vapora-
tion and vapor pressure differential. The upper curve
applies to fully hvdi. ted cells with an initial water content
2.4 grama per grac dry weight., The lower curve refers te
calls that have ficst been dehydrsted to the up: v leval of
the adsorption {sotherm, corresponding tc an equiiibrium
relative humidity in tha vicinity of 90%, the inftial water
content in chia czee baing 0.63 gram per aram dry weight.
It is seen that if large differentisl rates of evanoration
at differwnt relative humid’*19s 2> 0 be avoided. & pra-
liulnary equilibration for .emovel or most of the ovdinkry
intercallular watexr would be desirsble.




~ degres. Whon very lov bumiditiss are needed, ‘re expect this technique to

dotecting injuzy; it is mot glways the all-or-ncne phenomenon that ome
would wish 4% to be; and there is always the questicn of secondary losses A
caured by the reconstitution procedure itself. One has to be on the look- -
out for osmetic chock effects, which we have found perticularly troubla- )
some i{n the cise of preparatioms coataining glycerol, although a*vangoly
encugh they do not seem to occur in the case of urea. One also has to
ba alert to eny sbnormality in the colomies or in the *ime of thetir
eprearance; in prepsrations containing - .ea, for exawple, both in bulk
suspension and in membrane filter prsparations we have alvays found that

the colonies ars extremeliy variable in size and that there is considerable oo

delgy in their first appeurance on the plate. It is interesting to ask o
whether celis that do not divide within the rn~vmal interval after platiag ‘
ought to pe considered dead froo ine point of view of tests of this kind,
the presumption being that 4§ thay do not behave normally they must have
suffered the same injury as dead cells, with the difference that there is
some gort of recovery mechanism that enables them to divide later om.
Ubviously there is a need for the study of various possible criteria of
injury, and eur work certainly has suffered from the shortcaming that it
has dealt only with visble counts dcne by comventional methods.

D. CONRTROL OF THE ENVIRONMENT

In a considersgble number of cases the relative humidity in equilibrium
with a ssturated aqueous solution of an inorganic substance is known, and
such solutions provide a convenient meanc of «stablishing the desired
environment with respect to the partial pressure of water vapor. The
propercies of these soluticns are fairly well documented physicochemically,
at some single tempcvature in most cases, but independent check of some
of these values ii certainly to be desired snd will perhaps prove possible
in our laborstory by vapor pressure methods. One also has to be aware of .
the poss{bility that traces of volatile decomposition products or comtami-
nants may produce some of the bivlogical effects obeerved, or that the
solution may madify the carbon dioxide partial pressure in the atmcsphere
of the experimental vessel. Indeed, the partial pressure of carbon
dioxidz {s a fartor of possible significance {n the variability of our
data and one that hss nmot hitherto been controlled. In the experiments
that we are abouc to bepiu we are pluuning to veplace these constant-~
husddity sclutionc by a stress of gas previously wofetened to the desired

be quite successful; at highar husniditics precise e uilibratiom of the
ges stream sy prove to he rather difficult.

K. PREPARATION OF UNWIPORH TEST MATERTALS

Our stipulation that tha biclcgical prepsration should comsist of a
suitab e number of idemtical bioclogical entities is of cosren rather
fanciful., Iv apy ordiniry sethod of p~oparation the cells certainly
axist in vacicus states of developmart and scmz ars dead to begin with.
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We have worked mainly, more or less by force of habit, with 18<hour cultures
from agar slants in Roux bottles, suspended in water and twice-washed in
distilled water. It would be better to use liquid cultures, possibly con-
tinuous cultures, although this would by no means necessarily lead to more
uniform material, and perhaps synthetic media should be used. We have

done only enough along these lines to hzve become aware that cells prepared
by these methods show significantly different behavior in the humidity
chambers from those grown on agar. If synchronous growth were a more
reliable and reproducible pheno-euon, synchronized cultures would of

course be very desirable.

A. DEPENDENCE OF DECAY RATES UPON RELATIVE HUMIDITY UNDER OTHERWISE
CONSTART CONDI. ONS

Relative humidity as such seems to control the mcrtality rate of
bacterial cells. Whether or not there are actualiy maxima - .in{ma in
decay rates as a function of relative humidity, any physical picture of
the drying process, involving successive uncovering of differei. types
of chemical grouping: as the humidity is decreased, pointe almost indis-
putably to the existence of more than one decay mechanism as long as the
decay rate and the decay pattern vary with changes of humidity. A single
nachanise, associsted perhaps with the uncove: ing of specific sers ~f
chemical grouping , would lead one to expect cells to be quite steble
over a certain range of reiative humidities, and then uniformly umstable
at relative humidities below a threshold value, While there is no evidence
that such simple behavior will be encoumtered, it is clearly relevant to
the whole problem of lethal fateractions to have the most complete infor-
mation possible upon the decay rate as a function of relative humidity,
at least for one organism and one specified set of conditions. In view
of the theoretical approach outlined sbov: , it aay be misleading to speak

. of "decay rates" vhere one obvic -sly mu.t consider the entire pattern of

decay as s function of time sad its comuaiib:.’ty with sore kind of
theoretical formulation,

3. THX USE OF PRYSICOCHEMICALLY WELL-DEFINED ADDITIVES

Isportant clues as to the lathal interactions ought to be obtainable
by using simple and biologically nomspecific substances and applyisg =
1ittln quite elementary physical chemistry. The coucencration of salt
ir a drop of sodivm chleride solution sxposed to reduced relative hum!lity,
for instance, will always have a perfectly definite equilibrium value; and
at some perfectly definite threshold value of the relative hu—idily it
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will dry up completely and at all lower relative humidities will consist
simply of a crystal of sodium chleride. If sodium chloride in ordimary
solution produces some biological effect that {is a function of concentra-
tion, this effect will be observable when cell suspensions containing sait
are equilibrated at various relative humidities; and {f the relative
humidity 1s sc low that the salt dries up and produces a crystal, then
according to this simple description of what is going on it should ceszse
to have any biological effect. There should in fact be a threshold for
biological action., If this is not what we find in carrying out such

exper fwents, then at once we have some evidence that this salt modifies
the effect ~f relative humidity in some indirect way, for example by
being attache’ to some part of the system and behaving therefore not like
free salt, or bty b.:ng supersaturated, or in some other way. Other
illustrations of this type of experiment will be shown in the experimental
part of thia paper,

C. MODIFICATION OF DECAY CURVES BY CHANGING CONDITIONS IN A HANNER
EXTECTED TO PRODUGE DIFFERENTIAL CHANGES IN RELAXATYON TIMES

A traditional approsiu to the study of phenomena that are not very
reproducible or that are not amcnable to accurate absolute measurements
{s to leock for changes, in the belief that these can be more accurately
and relisably measured than the adbsolute quantities themselves. Bacause
of the very large number of measuremsnts needed, &¢ven under the best
conditions, 1f we want to get an idea of the whole pattern of decay,
it is not at all likely that this approach will be of very much value
until our techniques and the reproducibility of our measurements have
improved. However, even if a few experimental pointz only can be
obtained, such cowparative data may be rather informstive, and might
indeed provide basic evidence for or against the lethal interaction
mechanism that we propose. If at least two processes are involved in
the decay phenomenon, it is wmost uniikely that both will ~ary in the same
msnner under all conditions, and indeed the systematic varistionm of decay
pattern with relstive humidity may icself provide evidence that differential
effect. in a single set of interactions are involved, rather than the
introduction of new sets. It might also be supposed that other relatively
nonspec! fic physical influences, such as chenges of temperature, would pro-
duce differential effects reocuiting in wmodification of the decay rates.
This approach might be spplied in several ways. Fur example, & preliminary
exposure to a bacteriostatic temperature mfght perhaps result in excessive
sccumulation or depletion of one of the reactive substances or states,
leading to radical chenges {n the response to a subsequent altsratiom of
relative humidity. On the other hand, carrying out the exposures to
lowered humidity at J’'tfereat temperscures might {tself provide important
cloes te the mammer in which the respective time constants are affected,
As wa gradually get & better idea of the precisze interactioms involved,
it wight well bs that rure specific influences such as light or ioaising
radistion might also ba useful tools in the study of humtdity-dependent
affects.
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D. ATTEMPTS TO REDUCE THE NUMBER OF POSSIBLE OPERATIVE LETHAL INTERACTIONS
IN A CELL SYSTEM '

We have no conclusive proof that under any specified set of conditions
several lethal patilsrays are important, but it is not too early to be think-
ing of this possibility, and alao to give some consideration to the associ-
ated problem of repair processes. One of the more serious shortcomings of
the viable count method of asseseing injury is that it really may not
always be an infaliible index of 2 particular lethal interaction, since
under some conditions the cell may be capable of instituting a bypass
resulting in recovery when, from the limited point of view of the immediate
experiment, it should be dead. There seems to he no obvious way of reduc~
ing the number of pathways by which a cell can die under given conditions,
although an experienced microbiologist might be able to make some inspired
guesses as to the moat suitable choice of organisw,of its physiological
state, and its biochemical ervironment and make~up. Something might be
done, for Iinstance, with cells having well-defined biochemical deficiences
and grown in a minimal medium; but the principle of this choice is not
altogether clear, for one might also argue that the richer the cell's
resources, genetically and enzymatically, the fewei the possible iethal
pathways,

E. EVALUATION OF DECAY PARAMETERS FROM DETAILED LONG-TERM DECAY CURVES FOR
COMPARISON WITH THEORETICAL EQUATIONS

Mention has already been made of the graphic method by which it ought
to be possible to calculate values of the decay parameters from experimental
decay curves. There is a need for extended observation, starting from the
eariiest point at which gross equilibration is presumed to have been com-
pleted, up to periods of weecks.

F. BIOLOGICAL MODIFICATION OF CELLS TO PRODUCE DIFFERENTIAL CHANGES IN
RELIAYATION TIMES

Wo have speculated sbove upon the possibility of producing differential
changes in time coustants by nonspecific physical means. In the long run
the study of the effects of biologically specific changes may of course
prova more valuable and more informative. The number of such possible
sxperiments, {ncluding the use of cells in different physiological states,
the choice of various strains and mutants, the modification of ths bio-
chemtecal nature of cells by expesure to drugs, artibictics, metabolites
and so forth {s snormous. Oune approach in wvhich we have been particularly
interested {s ths study of cells coantaining attached or intracellular
bacterinphage at various stages of the replicatfon cycle. Miss Mary Davis*
startad oun this probles around 1957, attempting to do experiments of this

*Macy 8. Davis., Personal commmication.




sort vith a bacteriocphage for Serratia marcescens, since we felt that we
had already a good deal of necessary information on the ssnsitivity of
this particular host to humidity changes. This turned out to be a wery
unsatisfactory phage to work with, and when a year ago Mr. Abraham L.
Turetsky became avsilable for work of this sort, we decided to turan to
a T3 coliphage, realizing that this would necessitate sooner or later
an independent study of humidity effects upon Escherjichis coli. We have
had some preliminary success in depositing cell-phage complexez upomn
membrane filters and in observing the burst pattern by the Sinsheimer
filtration technique, but incidental losses of cell viability and bac-

teriophage are serious and erratic, and a definitive technique has yet
to be worked out.

G. CHOICE OF OTHER EXPERIMENTAL ORGANISMS

The possibility of choosing sn organism more suitable for the study
of decay processes in their simplest form has been touched on in Section
IV, D. Other organisms, suitably chosen, have also a comparative interest
if they are selected for the sake of peculiarities that may prove to be
specifically coipled to their sensitivity to dehydration. Bacterial
spores and halophilic, thermophilic, and psychrophilic bacteria come to
mind; the viruses, which have been shown by Hesmes to be humidity-
sensitive, may prove to be of particular interest because of their pre-
sumed greater simplicity of structure and functioral capability,
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V. RESUME OF EXPERIMENTAL RESULTS TO DATE*

A. REIATIVE HUMIDITY AND DECAY OF WASHED CELLS

Our preliminary survey of the effects of diminished relative humidity
upon washed Serratia marcescens, as soon as we werve 3atisfied with the
membrane filter technique, took quite a long time, but in retrospect it
seems to have been regreitably limited to rather short exposure times,
seldom in excess of 72 hours. Curves were obtained at some 13 different
values of the relative humidity ranging from 98% to a nominal zero produced
by solid pot=-<ium perchlorate, Most of the main features of these curv:s
~are shown in Figures 8 through 1. The actual curves plotted in Figures 8
and 9 for rather widely spaced values of the relative humidity show omly
t” ~ general trend, which, both for short and for more prolonged exposures,
is in he direction of decreased stability with decreased relative humidity.
They also illustrate a point mentioned previously, that if the observations
are made over a sufficiently limited period of time it may very well look
as though a first-order process is going to continue indefinitely, as in
the data at zero humidity, or it may seem, as was apparent at 33} relative
humfdity, that the curve is leveling off and that no further {mportant
decay is likely to take place. Another point, not very clearly brought
out in the diagrams, is a very amnoying initial loss that seems to be
connected more with the initial contact with the mesbrane filter than
with a real humidity effect. We have been very much concer.2d with this
becsuse it introduces some uncertainty into the value of the initial
viable count, which should be used in any calculaticn done with the data.
He have given preliminary study to a way around this difficulty bv huldirg
the preparation for some time to settle down at & high humidity such as
98 or 99% before reducing the humidity to the desired value. This way
have the sdvantage of giving us a definite initial coumt, but the disadvant-
age of perhaps slowing dcwm the gross equilibration, since the membrane
filter will have become satursted with water at a rather high humidity.

In Figures 10 and 11 all our early data are summsrized by the method that
we have so sharply oriticized in the earlier part of this paper, namely
that of dividing the decay curves into linesr logarithmic segments and
assigning to them apparent decay constants in units of reciprocgl hours.
The susmaries i{n Figuras 10 and 11 should be regarded as having ifttle

* The date in this section are presented in conveational msmper by plotting
the logarithm of “he fraction of viable cells against time znd by char-
acterizing the curves obtained in terma of one or more numbers referred

to as "decay ceoustants." In preparing these datas for sore formsl pre-

sentation it has been found preferable to plot the double logarithx of
the "decay ratio" (see Sectiom I, E) against the logarithm of elapsed
time of exposure, Within the limite of experimentz]l error the dats so
plotted can be represented in terma of one straign. lins or two inter-
secting straight lines in short-term expariments of the type reported
{a this sectivun.
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figure 10.

Summary of Results of Measuring Slopes of Approximmtely
Linear Segments of Decxy Curves for Washed Jerratis
sarceacens at Different Relstive Humiditiea. Abeciusa:
water activity, or relative humidity dividad by one
hundred. Ordinate: slopes of linear sagments, or
pssudo-first-order time conetents, in reciprocal hours.
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Data of Figure 10 Replotted for Couparison with Avcunts of Water
Lost and Average Zvaporation Rate., Ahscigsa; efrective exiernal
osmolality, which {& related to vhe negative logaiithu. of the
relacive humidity. Lower ovdinate: effective ririt-order constants
as given in Figure 10. Upper i "t ordinate: amount of water that
must be removed to bring cells into equilibrium at the specified
humidity or at the extornal osmolality, in grams of water per

gram of dry cells. Upper right ordinate: average evaporation

rate 1. arbitrary units.




more than qualitative value, together with an fmdicationm of the fact that
the kinetics involved are rather compiicated, and that they are not the
seme at all values of the relative humidity. Indeed, at humidities below
sbout 407 we have had to divide the decay curves into three parts, emd
each ghows & distinctive t—end as the humidity 1s further decreased. An
extremely rapid component becomes more and mcrs promincii sll the way down
te zero relacfve humidity, although here the slowest portion of the decay
is actually somewhat slower than that found at humidities above 90%.

Thie is simply a way of saying that although exposure to extremely low
humidities results very quickly in loas of wmcst of the cells, there is

a far greater tendency than elsewhere for a small fractiom to survive

for a very long time. As a matter of fact, on & number of occasions we
observed after prolonged exposure a very iatriguing upwrard turn of the
recovery figures. which we have the audacity to think of {but act
publicly) in terms of a possible extremely elow recuvery of visbility

at extrame de.iccation, In Figure 11 the same decay "constants" are
plotted with the smount of water that hss to be removed from the cells

in order to sttain "equilibrium” with the amblent relative humidity.

A very rough curve for the average evaporation rate during the process

of equilibracion is alse included. The amount evaporated, of course
levels off after the gross buik watar has disappearaed, but there iz ncthing
in the curve to suggest what apprar to be the minime in the decay rates.
On the other hand, the rapid rise in (nicial decay rate in the lower
bunddity ranges might be correlated with a rather rapid rise in the
aversge evaporation vate, suggesting perheps thst chis portion of the
decay has more to do with the transpsyt of weter than with any equilibrium
or quasi-equilibriui configurativn of exposed groupirgs.

B. FEFFECTS OF SODIUM CHLORIDE, LITHIUM BROMIDE, AXpD UREA

The rationale of experiments using additives such ae these has been
explained in Section IV, BR. The particular choice of sodium chloride,
1i hium bromide, and urea wae dictated by the following properties:
(1) :odium chloride and lithium bromide, alithough their biological effect
ia o, no means well defined, ave interesting in that they are both alkali
halidus yet they differ radically in the properties of their saturated
sol: ““ona. All the water evaporates from sodium chloride a. humiditi-s
beiw about 75%, but iithium bromide remains in solution until the
hwmidity reaches roughly 7% (Figures 12 and 13). According to the
argument ali wady given, therefore, if these substances produce their
effects in & straightforward way related to their concentration in
ordinary aqueous solution, lithium bromide should remain active down to
very low relative humidities, and sodium chloride should have a cutoff
at about 75%. It happensa, as shown in Figure 14, that both these sub-
stances produce some added mortality at very high humidities, and it
seems “hat the lethal effact of sodium chloride pereists down to a
relative husidity of 33%, a long way below its solubility limit, The
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Water Contents of Varfous Simple Aqueous Solutions Equilibrated
with Different Water Activities or Relative Humiditiea. Abscissa:
water activity at equilibrium, Ordinate: water content in grams
of water per gram of solute. The solubility limits or cutoff
pointe are shown for sucrose, sodium chloride, lithium bromide,
urea, and glycerol. The water adsorption curve for $. marcescens
is algo indicated. :
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Data of Pigure 12 Recalculeted to Show the Variation with
Relative Humidity of the Water Content of §. marcescens to
Which Various Substaures have been Added in the Constant
Proportion of One Gram to One Gram of Dry Cells. Abscissa:
osmolalitvy (see Pigure 11). Ovrdinate: grams of vater at
equilibrium per gram dry weight of 3. marcescens. In
Figures 12 and 13 the behavior bslow the cutoff points
cannot ba indicated precisely, becauss the water contrib-
uted by adsorption on the solutes depends upon the size of
the crystals produced. If gross crystallization is prevented
and sggragates comparable in size to the bacterial cells or
smiller are formed, then the witer attachad to these solutes
could be comparable in amount to that adsorbed by the bacteria.
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Effects of Sodium Chloride aud Lithium Browide Upon
Decay Curvas for Washed $. mearceescens, at Four Valuas
of the Relacive Humidity. The curves were detemmined
by the wembrane filter tachnique. Abscisas: exposure
tims, varying sowewhat from one huaidity to anothar,
but usually betwsen the limits two te six hours.
Ordinete: surviving cell fraction plotted logarith-
wically. Continuous curves: washed cells without
addicive. Dashed curves: with added sodium chloride.
Rippled curves: with added l{1thium bromide.
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efifect of lithium bromide, on the other hand, appears to be rather less
at 33% than it was at 75.37. Most striking is the fact that at zero ‘
relative humidity both substances appear to stabilize the preparation. - 5
The experiments thus seem to suggest that the injurious effects of thesd |
substances are not brought about by their ordinary solutions, or if they
are, only because of considerable sbnormalities in behavicr caused by the
physical-chemical environment offered by the cell. Furthermore, even at
zero humidity they both produce some effect, although in the opposite

sense to that found at higher humidities. Whether this protection resuits
from a physical barrier to residual water loss, or from the blocking of
certain groups susceptible to lethal interactiom, cannot be said at present.

e

Urea was chosen because it has saturated solution properties similar
to sodium chloride, althocugh having a radical and totally different t;pe
of biological action. Urea typically denatures proteins and inactivates
biological systems at a rate that increases with a very high power of
its concentratizn. Since in an ordinary aqueous solution the equilibrium
concentration of urea is determined entirely by the humidity, and since
the urez becomes dry at humidities below about 75%, it is easy on this
simple basis to predict what ought to happe:. Lf ures is added to a sus-
pension of bacteria before they are placed on the membrane filter and
dehydrated. As the humidity approaches the limiting value of about 75%,
the humidity-dependent wortality rate should rise extremely steeply;
then, as soon as the humidity passes the solubility cutoff point, urea
should no longer have any effect at all upon.the decay curves. Figures S
15, 16, and 17 show what actually happened when such experiments were BN
done. In the first place, after a constanc time of two hours at a ”~,
relative humidity corresponding tc an equilibrium urea concentration of ! €
18 molal, we see that the anticipeted rapid decay does take place provided b
that we use enough urea; the decay rate seems to depend not sclely on the ’ 8
concentration ¢f urea at equilibrium but upon there being enough of the
substance present. This is not altogether surprieing, because all of
thase predictions would breaak down if the actual number of molecules of
active gubstance available to each cell were insufficient to produce the .
lethal environment. FPigure 16 shows much the same sort of thing, at a b
higher humidity corresponding to an equilibrium concentration of five '
molal. Here, {f the {eitial concentration of urea in suspemsion is too
low, there seems to be a delay in the decay process, or an induction
period, whereas 1if the equilibrium concentrstion, five molal, is present ot
in the suspsnsion from the stari, the induction period is either abolished ' SR
or becomas wuch less pronmounced, and for the firet 2 or 3 hours an approxi-
mately first-order decay takes place. This sort of experiment can of
course provide sowe evidence concerning the rate at which the equilibration
with water vapor takes place in these membrane filter experiments, &nd what
appears in Figura 15 as an induction period could be the result of a wvater :
vapor equiiibration rate that {s very much slover than we had suppesed. PR
On the other haud, we quite frequeuily observe an induction period also .
vhen concentrated urea solutions act upon §erratia marcescens in aqueous ' T
suspension, so that the effect may he due in some way to delayed penetration A
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Bffect of Urea om Survival of Washed §. mércescens Deposited
on Membrane Filters and Exposed to & Relative Bumidity of
76.4% for Two Hours. Abscisss: initis] concentraticn of
urea in test suspension before depositicn unon membrane
filters {n logarithmic acale of molaiity. Ordinate:
logaritiim of surviving cell comcentration. The equilibrium
concentration of urea disaolved in water and &t a relative
humidity of 76.4% ia roughiy 18 =olal.
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affects of 5 Molal Urea upon Washed §. marcescens
tu Newbrane Filter Preparations and in Aqueocus
“wpension. Abscissa: exposure time in hours.
Ter0s.e: logsrithm of surviving ceil fraction.
'~ -he membrane filter experiments suspensicas of
~alls _ontaioing initially 1.5, 3, and 5 molal urea
> remosited upon membrane filters and exposed to
re ot ve humidity of 92.5%. The equilibrium urea
1w nt.3tion at this relative humidity is 5 molal.
Twe e—rariwent oo the cell suspension waa done by
wid'vre ~ avial urea end sampling the cells for
i ot at intervals.




of the urea into the cell or to preliminary changes that it must produce
before any lethal effect can be seen. The figure shows one other interest-
ing point that provides a good deal of support for the validity of our
argument and also for the membrane filter technique, The decay curve for
a preparation of Serratia marcescens in five molal urea equilibrated om a
membrane filter at a relative humidity of 92.57 agrees very closely with
the decay curves obtained when a suspension of similar cells is simply
incubated in a water bath and sampled from time to time. Since these
experiments were made, Mercer* has done a rather detailed study of the
kinetics of killing of Serratia marcescens by urea as & function of
temperature and concentration in ordinary aqueous suspension, and some

of these findings wmay have to be qualified in the light of his more
extensive and accurate data. Figure 17 summarizes the results obtained
at different relative humidities. Here we see in much more striking
form the same sort of failure in our prediction of & sharp humidity
cutoff that we found with sodium chloride., At a relative humidity of
57.7%, well below the solubility limit for urea, the decay rate is
scarcely distinguishable from that produced in the vicinity of the
cutoff point and is actually greater than that found at a humidity of
86.3%. Nevertheless, although the cutoff does not occur sharply at the
predicted point, it does occur gradually at much lower relative humidities,
and vhen one gets down to 337, the urea produces & significant but rather
small increase in the rate of decay brought about by humidity change
itself. At zero per cent the same type of phenomenon is seen that we
found with sodium chloride and lithium bromide, namely, an apparent
protection by urea. Since this has been aseen with three somewhat sharply
contrasting substances, including one of very high biological activity,
it must have a rather nonspecific mechanism, poisibly one of physical
protection.

C. LONG-TERM DECAY CURVES FOR WASHED S. MARCESCENS

When the theoretical equations slready discussed were first developed,
we were encouraged to find that several sets of our data for the decay of
§. marcescens at different relative humidities, and also in the presence
of urea, couid be fitted very satisfactorily to selected theoretical
curves. We realised, however, that nothing conclusive could be said
until better data, covering a much more extended range of exposure times,
could be obtained, Although the membrane filter technique appeared to
be well suited for experiments of this nature, a considerable number of
experiments at several relative humidities have failed to give the sort
of reproducibility that {s necessary for adequate comparison with theo-
retical curvaes. As {llustrated in Figure 18, duplicate measurements
within the same experimeuc, and using of course the ssme parent cell

* W. B, Mercer. Persunal comsunication.
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Figure 17.

Effecta of Urea on Membrane Filter Preparatiom of
Washed §. oagrcsscens at Various Relative Humidit{es.
Abscisse: sxposurs time up to 2 or 3 haurs. Ordinate:
logarithu of surviving cell fractioms. Countinuous
curve: washed cells without additive. Dashed

curves: cells with added urea. The respective
relative humiditias and approximste first-~order

decay constants are indicated on the diagras.
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suspension, are often in very satisfactory agreement; the real trouble
comes when one tries to repeat the same curves either with the same cell
suspension at 4 later date or with fresh cells prepared in exactly the

same manner. Even when duplicate results within an experiment are in
accord, there evidently is some uncontrolled factor lemding to irregularity
in the decay curve, so that the curve may appear rippled, although the
ripples do not of course occur in the same places when the experiment is
repected. This only shiows that one cannot hope under prcsent circumstances
to get reliable curves without -omtining the results of several experiments,
and it is imperative therefore to improve the reprcducibility from ome
experiment to the next. Some representative resulte are nevertheless
included in Figures 19 and 20, showing respectively the effect of chang-
ing the growth medium, the change that occurred when an orange veriant

of the organism was obtained accidentally, and the contrastin, effects

of different humidities.

D. CONSEQUENCES OF EXCLUDING AIR AND OF PREVENTING CONTINUED WATER LOSS

We have been diverted temporarily frow the study of long-term decay
processes by the need teo define our idea of "equilibration” with a water
vapor atwosphere in more exact terms. We have assumed uy to now, and
with several good reasoms, that gross equilibration occurz quite rapidly
in a menbrane filter experiment, since most of the intercelluiar water
is blocted away quite quick:y, and the amounts of water that have -~ be
transferred thereafter from a rather sazll (10 ) collection of celis is
not very great. In experimeats on the adsorption isotherms of bacteria
for water, Charles Stevens* found some vears age that equilibrium was
only achieved after many hours and it is therefore gquite likely that in
any ordinary humiditr experiment the kinetic picture is being complicacad
by what one might call residual wsater exchanges that would be very hard
to detect by ordinary wethods. If this {s indeed the case, then & strong
argument could be made in faver of carrying ocut messurewments of decay
kinetics a2t constant water content rather than st constaot asbient humidity.
Iz such an experiment, e would expese the cells to some sppropriate
humidity for enough time to accomplish withdrawal of the bulk of the
water, and then one would in some way prevant further water loss and
follow the decay process from that poiot on., In first trying to test
this possibility we thought that further loss of water could very easily
be prevented simply by covering the membrane filter and the hacteria
with mercury. We foumd at once that the asrcury had a very striking
effect in protecting the cells from further wortality, and were at first
{nci{ned to think that this indicated alow residual water loss as ome
of che more i{wmporcant processes imvolved in the lethal event. PFurther
experiments, however, akowed that while the mercury prevented water loss

* Personal communication.
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it also excluded air, and some, if not all of the protective ertect noted
was due to the latter. A number of axperiments involving the use of
exposure to different humidities in air and in vacuum, and involving the
covering of cells with mercury both in air and in vacuum, have givem us
8 rather somplicated but reascnably consiatent picture of what is happen-
ing. Some of the findings are summarized in Figures 21 and 22, which are
purely schematic. In our earlier work some years ago we ~ongistently
found that at low humidities the cells died much more rapidly ia vacuo
than in air; this is shown, since it has been confirmed several times,
in the two lower heavy lines of Pigure 21. We now know that the reason
for this finding lay in our attempte to do simple experiments by using

a very sloppy kind ¢f vacuum, namely that piped on in our laboratory.
This provides & vacuum of 8 centimeter or two of mercury at best, and
poseibly permita diffusion of water vapor into the system, When the
cells gre subjected to a 30-micron vacuum, something resembling the top
curve of Figure 21 ia obtained; the decay rate is very greatly reduced
by comparison with thoge resulting both from zir aad from the line vacuum,
Evidently air 1is toxic, and evidently the line vecuum increases the decay
rate in comparison with air by increasing the rate of removal of wsater
while leaving a sufficiently high partial pressure of air to produce the
toxic affect., If, now, the exposures to these three environments are
suddenly cu: off at some point by the addition of mercury, several inings
kappen. (i) If the cells have been in a 30-micron vacuum and the vacuum
‘18 restored after adding the mercury, the results are rather variable,
from a slight decrease in decay rate to a rather slight increase, If

the eir over the mercury is not removed by evacuation, then the mercury
fails to protect the cells from decay and after sgme time the surviving
fraction of cells 1s about the same as it would have been had the cells
been exposed to air throughout the experiment. Again, !f after the cells
have been 'protected"” by mercury in vacuo for some time the mercury is
removed and air is admitted, then there is once again a veiy steep lose

of viability, as far as we can see, ending somewhere near the surviving
fraction that would have been reached with continuous exposure to air.
(i1) In the second case, where we add mercury after the cells have been
exposed to alr for a certain length of time, leaving the mercury at
atmospheric pressure, there 1s a very substantial decrease in decay

rate; but once again, if the mercury is removed after an hour or two

and the cells are exposed to air for a few minutes, the viable count

drops steeply to a point somewhere near the curve for air. The explana-
tion for all this aecems to lie in the toxicity of air, and certain proper-
ties of the reaction concerned car be deduced. When the cells are dacay-
ing in the presence of air, those parts of the system susceptible to attack
by air are attacked as they are formed, or uncovered, or activated, or
whatever the process may be, so that we have a moderately rapid, more or
less uniform, loss of viability. On the other hand, if the cells are
first dehydrated in a vacuum, where they are for the time being protected
ageinst the effects of air, they also build up a sort of "oxygen debt" or
reservolr of oxidizable meterial, se thet ae goon as air {s-edmitted in
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Figure 21,

Time

Schematic Representation of Effects when Washed

8. marcescens, Deposited ypon Mambrane Filters,

is Exposed at Different Elapsed Timee to a Poor
Vacuum, to a 30-Micron Vacuum, to Air, or Covered
with Mercury. Relative humiditv maintained at 0%
throughout. Abscissa: elapsed time, up to 2 or 3
hours. Ordinate: logarithm of surviving czll con-
centration, spanning four or five logerithmic unit .
Continuous line labeled Vac 30 microns: decay curve
for cells exposed to a 30-micron vacuum throughout,
Rippled curve marked Alr: decay cu e when cealls
are exposed to air throughout. Broken line with
dots labeled Line vac: decay when cells are exposed
t» & vacuum of several cm of mercury t .coughout.
Vertical arrows indicate points at which air is
admitted, i{n order to cover the cells with mercury
or to study the effect of continued exposure to air.
Dilagrams show (i) the slight erratic affect of
nercury when plsced upon cells that have been
axposed to a 30-micron vacuum only except for the
time required to open the desiccator and apply the
mercury; (11) the accelerated decay that occurs
vhen cells kept in & good vacuum ars exposed to
air; (if1) the protection afforded by covering with
mercury wvhen celle have previously been allowed to
decay {n air; and {iv) accelerated decay produced
when cells are exposed throoghout to a poor vacuum,
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Precursor Conc.

Rate

Figure 22.

Schemat = Tllusuvcation of Effects of Interrupting a
pucay Frucess in A.: by Covering Cells with Mercury

or by Fvacuating. ‘he {llustration is drawn in terms
of the -.on-entra.ion of & hypothetical oxidizable
precursor i « lathal subatance produced by air.

The upper pa-t of the dlagram, continuous curva, shows
the limited sccumulat’on or the precursor when the
cells remair in alr, a steady scate being established
between the race of formation and the rate of oxida-
tion of this precursor. When the cells are protected
from air by mercury or a vacuum, this steady atate is
disturbed and further accumulation of precursor takes
place, with the result that when air is readwmitted the
oxidat {on occurs at a considerably increased rate. The
lower part of the disgram illustrates the presumed
accompanying changes in rate of inactivation of the
cells.




ovdv - tv ada the mercury chey take up enouch air to satisfy the "oxygen
debt” and sufi¢r the counsequences of formatior of the toxic product of
oxidetion. The sawe thing happenr whewn the mercivy is removed, after a
=ear’ v continucu3 veriod in -acuc, and the cells are exposed to air. A
pos2i-ie aqualitetive nechanis: for these evants 1+ terms of concentratiom
of an sxidizeble susstance and the resu..iny letha: sceady state {s given
iz Figure 23, which once egain if *=rl24-~2 {n the legend.

While all tF’ s coitainly suggests t>-¢ we ought to regard the toxic
2%zt of xygen as on: ¢l tlLe sigrificant components in our imactivation
scheme, 1t loes noil Z.ewel .tie qu~r~*ion originally posed comcerning the
oossivilicy i wcolonged slow Lossee ~f water, Despite ita interest and
importes. s, cae ~ygen cff200 (or should T say the air effect, since we
aave not yeiL nruved wanat cuygen is the villain in the case) 1is to us
it~ sore (hen a nuisance; to pe aveided if poaaidble., It would be
quite di .exeat if the effect of air were of «n all-or-none character,
and if ¢ ... vecame compli.ely anl ;»rmancutly stable in ite absence;
but this 1= notr th: case, and 2x-'usiom of air is evidently onme quite
effect’ o way of reducing the nuwder of cperative lethal processes. We
18y also suspr .t that &ir has something to 2~ with the very rapid initial
ilossas that ar=s cuacountersd ~hen the cells are piaced upon the membrane
filter, and by co_rying cuc exXperimeits in & controlled atmosphere through«
out, subsctituting nitrogen, hyarogen. or other gasec for air, we may very
well be killing two birds !in one stone. The guestion of slow losses of
water can then be tackled az an lzportan” rroblem in i{ts owm right, It
must be added that carrying ~ut *hes eatire preocedure in the absence of
air is not such an eapy matter, and an olternative may be offered by the
finding of Shon,* some time ago, that =ome degree of stability to sero-
solization could be produced by, so to s;-eak, exhaustively cxidizing the
stock cell suspension by prolonged agitation rith oxygen. On the other
hand, the part possibly played by carbon dioxide in this procedure has
not been elucidated to our knowledge, and we shall probably be bettexr off
1f we can vwork in gaseous atmospherss controlled accurately with respect
to such potentially important constituente as carbon dioxide,

% Milton Shon. Personal communicationm,




Precursor Conc.

Figure 23.

Time

Accumulation of an Oxidizable Precursor of the Lathal
Substance when Cells are Inactivated sin & Vacuum and
Later Exycsed to Air. In the absence of other Jethal
procesees, the rate of cell inactivation in a vacuum
will be zero; whenever air is admitted, even briefly,
rapid inactivstion ocrure through rapid oxidation of
the accumulated precursor.
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A, INTRODUCTION

It is conceivable that the reactions or interactions that lead to loss
of viability are highly localized processes invelving only a small number
of critical molecules or groups within each cell. It is equally possible
that statistically large numbers of loci are concerned, and in the absence
of any mecthod of pinpointing the exact biochemice]l reaction and its site
of occurrence, there is a great need for information obtained by every
possible method as to the state and nature, even if only a statistical
average, of the cell's interior and its bounding structures. The possible
epproaches to this information are in varying degrce somewhat indiract.

We shall discuss briefly a few of those that seem to be of special interest
in connection with the humidity problem, leaving others to -jeal with the
more specialirzed types of messurement such a3 nuclear and elactron spin
reaonance.

B. WATER UPTAKE ISOTHERM; HYSTERESIS; WATER-TRANSFER KINETICS

The water vapor isotherm of bacterial cells provides at least some
indication of the average behavior of the cells, and poseibly somathing
more in the eveant that particular discontinuities can be sstahlishad as
a function of relative humidity. The phenomenon of hysteresis also pro-
vides a clue to what is going on as the cell takes up and loses water, and
a8 more is known in detall of the order in which different types of groups'
are uncovered, the hetter are the cliances for seeing some kind of correla-
tion with mortality rater at different reiative humidities, Of even
greatar potentisl interest is the question of tha rate of water losgs and
wveter uptake, over the entire region from fully hydrated cells subjected
to relatively small ocemotic gradisnts down to extremely dry cells from
which all but somez minute and not vary well dafined fraction of wvatsr
has been removed. At tha end of the humidity scale, where the cells are
rearly fully hydrated, of course, the approach has to be ons involving
permsability kinetica, and ore in which the effects of permsating and
nonpermesating solutes play a vital role, This kind of process, which
usually occurs quite rspidly $ometimes in fractions of a second) is being
investigated by Mr. Stenaely Lovett, our guest frow the Microulological
Research Establishmeut at Portom, Efngland, The results are bound to be
appllcable to calculation of the time course of various svents accompany’ag
the dehydratiocn of cells in this range, and thereafore of the evants that
must occur initfally in all types of dehydration. It may bé of quite
vital intersst to know whether a particular solute cutside the cell at
the time of aerosolization hag _ime to entar the cell before drying takes
place, or whathar it must remsin outside; and by *he sama token it may be




important to know whether some intracellular substance able to pass through
the membrane at a certain rate hes 2 chance to leak out before the cell
becomes dry. At lower humidities, in the regions where solutes are being
precipitated cut, and where adsorbed water dominates the picture, different
approaches have to be used, but we feel that poseibly a unified statement
of phenomera covering the entire range of humidities may be poseible and
have indeed published a paper, with C.L. Stevens; E.L. Carstensen, and

W.B. Mercer in which such & unified presentation is attempted. In this
adgorption region, again, it is of interest toc look at the kinstic plcture,
of course on & time scale much more extensive than that encountered in
osmotic interchanges, and we know of little published work of this kind.

It may be appropriate to report here a private statement by D.G. Dervichian
of the Pasteur Institute, to the effect that he had observed discontinuities
in the rate of water loss of proteins held at constant relative humidity.
dere again, 1if the existence of such discontinuities could be confirmed

for proteins and extended to microorganisms, an sttempt to correlate them
with patterns of loss of viabiliiy would be of great significance.

C. DIELECTRIC PROPEKTIES OF DI MYDR..IFD CELLS

Measurement of the electrical conductivity and capacity of cell
suspensions at low frequencies provides gome Informaticia atmut the
processes ¢! ronduction alorg, or through, the external! structires such
as the cell wallz, and about the nature of the polarizud elewante existing
in their vicinity. Az the frequency is increased, to an incrsesing extent
the alternating current is able, so to apeak, to ghort-circuvit the poorly
conducting cell membrane, with the result that procezses of ~onduction
or capacitative charging within the cell become of incr2asing significancs,
so that somsthing can be lesrned in & very direct msnner atout the etate
of the cell interior. Hermann Schwan and Edwin Caiztemssn »nd others
have shovn that dielectric measurements ai high frag.encies are gquite
feasible with dried proteins and aminoc acid powders, tut aldnsive work
on bacterial cells as & function of watar content hava yer tc be carried
out., The manner in which the megritudes and the critiral frequenciss of
the various dielectric dispersion rezions wight vary with water content
would be a aignificant index to the «-ate of the cell interior, and mmce
again might prove to be capable of correlation with blological pronerties
such as decay kinetica. At extremely high rrequenciss the dielectric
decrement produced by celilular macromcilecules might ba turned into an
{ncrement {f significant concentraticns of amino acids or other smell
poler molecules wers produced by cellular activity,

D. PHYSICAL CHEMISTRY OF SOLUTES IN PROTOPLASM
We have given soum preliminary evidence that the humidity zones through

which several substances are biologically sffective do not agree with the
known properties of their saturated solutions. In the case of urea it is
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of course recognized that extensive interactions occur with many of the
components of protoplasm, but this is not known in sufficient detail,
especially as a function of urea concentration, to be of much value in
providing an explanation for the behavior cbserved. In all these cases,
and in many others, particularly for example in those involving specifie
effects of substances active at quite low concentratioms, we would profit
greatly by more detailed physicochemical knowledge of the bshavior of
these substances in the presence of biological materisls. The method

of choice in most cases would be the measurement of vapor prassure
depression, and work of this kind has been initiated.

E. SPECTROSCOFIC AND LIGHT-SCATTERING METHODS

As a result of developments in our laboratory and on contract, there
sre indications that it may become feasible to obtain a ressonably
reliable spectroscopic characterization of intact cells by matheds of
diffuse light spectrophotometry, and insofar as the various chromophores
in bacterial cells are sensitive to the nature of their immediate envirom-
mant, changes associated with dehydration and rshydration should de
detectzble, The scattering of light by these cell suspensions 1is also
under investigaticn both by turbidimetric msthods and by the atudy of
the angular dependsnce of scattering; measurements of this kind may de
ioade to impinge upon the dehydration poroblem in two waya. In the first
place, removal and restoratio. of watar may, by virtue of a kind of
hysteresis, result in a redistritution of substances within the cell
that may affect their light-scattering properties. Secondily, according
to the observations of Lucille Smith, Lester P. Pscker and otharg the
inception of certain metabolic activities by bacteria is sometimes accom-
paried by radical chenges in the light-scattering properties, and thease
might be used to determine whethar change. in the ability to {ait{ate
these matadbolic processes might result from remcval and restoratiom of
water, This section of the discussion has been {ntroduced mainly in the
hopa of showing the relevance of soms of the kinds of physical investi-
getion that sre being done within our group, and to show that in conjunc~
tion with other biochemical studies these might ultim zely contribute as
much to the uaderstanding of the effacta of dehydration a3 the rmore
direct attack that has baen the principal subject of this paper.
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VII. PROBLEMS

A number of problems have been touched upen in the toregoing discussiom,
and these need only be recapitulated here, in gome sort of order of
precedence:

1) Reproducibility of biological macerials

The problem of first importance is that of getting reproducible
test material, The number of possible variables is so great that an
investigation of them would divert us from the main issue for a lorg
time to come, and the graat need is for some sort of inspired advice
from the microbiologists, who might very well wish to suggest an entirely
different organism and entirely different methods of preparing it.

2) Reproducibility of physical envir.mment

Here the number of possibilities is perhaps less, but compara-
tively subtle factors such as carbon dioxide pressure may nedd mora
attention than has been given to them hitherto. In view of such recent
discoveries as those of Iwoff and of Pollard, to the effect that in some
systeas, under some circumstances, changes of temperature of less than a
degree may produce radical changes in the biological properties of the
system, & closer control of temperature may be desirable.

3) Reduction of number of operative lethel interactioms
Exclusion of air seems to be one wmethod; there ought to bde
others, but whether by simplifying the conditims of growth of the celis,
or by giving them & much richar diet, is by vno means obvious,
4) Criteria of injury

The criteria of loss of viability must be evaluated, as weil as
the posseibla use of other criteria of biological injury.

S) Elimination of side effacts

Side effecta, such as imitizl lossas associated with spplica-
tion of cells to membrave filters, must be eliminated.
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