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A•'rlRAMT

Approaches to the study of lethal effects of dehydration and relevant
experimental results obtained by the author and co-workers since 1958 are
suarized informally. The paper includes (1) 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 needed for application of the hypothesis.
(iii) 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 Serratia 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 slcw
residual water transfer.

PRECEDING PAGE BLANK
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This paper contains an informal statement of the ideas that have guided
our laboratory work on the survival of dehydrated microorganisms, and a
preliminary summary of experimental results obtained since June 1958.

The need for working hypotheses concern' ; lethal processes is stressed,
and the idea of interacting intracellular ct..-iges resulting in self-limiting
decay curves in developed briefly. It is maintained that hypotheses of this
kind may serve as a basis for fruitful experimentation directed toward the
identification of lethal mechanisms.

It is argued that in research relating to the stability of microbial
aerosols there is need for the study of isolated contributory processes,
and the effects of lowered relative humidity are showen to be amenable to
examination by very simple, inexpensive techniques involving deposition
of cells upon filter paper. The decay kinetics of such simidated aerosols
are attributable, directly or indirectly, to water loss, with relatively
smil- contributions from the other stressa.s that accompany ordinary
aerosolization.

Possible approaches to the identification of lethal interactions
include both physicochemical and biological modification of cells prior
to, or subseqt Lt 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 relate" stresses such as
extremes of temperature, dryness, or salt concentration. Particular
importance is attached to the use, in studies of relative humidity, of
physicochemically well defined additives. Since such substances usually
have limited solubility, 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 przvide a clue to the properties of the addi-
tive in its 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
Serratia marcescens 8 UK deposited on membrane filters are reported for
13 values of the ambient relative humidity in air. There is a general
incr•veu in initial decay rate with decreasing humidity; this rapid
initial decay rate is 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, lithium bromide, and urea. In each case
a cut-off was observed but it was gradual, and it did not occur at the
predicted relative humidity. All three substances appear to have a
slight stabilizing effect at zero humidity. It is predicted that, in

I
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general, the effects of sensitizing or stabilizing additives will be
humidity-dependent and not necessarily related in any simple manner to
their behavior in aqueous solution.

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

Experiments are described in which sle, residual water loss from
dried cells was prevented by covering the cells with mercury. The
effect, however, appeared to be due largely to the concomitant exclusion
of air. During sultersion in mercury or exposure to vacuum the cells
became sensitized, so that accelerated decay occurred upon subseq,.ent
access to air. This is explained in terms of accumulation of an oxidiz-
able precursor of a lethal substance.

Several physicochemical properties of cells relevant tco the dehydration
problem ate discussed briefly. It is thuught that, in particular, dielec-
tric dispersion measurementz -::d determination of the collig"tive proper-
ties of normal and added solutes in the presence of cell substance should
be particularly powerful tools in examining the properties of thL intra-
cellular continuum of normal and dehydrated cells.

.I

?I
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I. INTRODUCTION: AN APPROACH TO THE STUDY OF AIRBORNE INFECTION

In the long chain of processes fnvolved in airborne infection, a few
of which 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 ur.-ess we 1- 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 isolate the individual stresses, take them
apart, so to speak, and study them in depth, no matter how iar 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 assume that you
sympathize with this wish to isolate the components 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
simplifying the system for investigation.

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

TABLE i. PROCESSES IN AIRBORNE INFECTION

Dissemination

Impingement
Temperature change
Shear

Rapid Transients
Evaporation j
Solvent migration
Influence of gas phase

Delayed Adjustments (Pseudo-Equilibrium)

Solute migration
Structural rearrangements

Uptake by Host
Rehydrat ion
Oomotic shock
Metabolic recovery
Temperature change
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The starting point for our work was in the intriguing discovery of
Monk* ane co-workers that a particuzlar microorganism -ehvdrated under
iarticular conditions appeared to die extremely rapidly when exposed to

certain relatiP-e humidity around 94% and very much less rapidly 8a both
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 present at the "critical water
content" is obviously also presert ýn the normal fully hydrated cell, co
that it cannot be the water itself that is producing the lethal effects,
but rather the absence of the wat•.r that was removed in attaining the
"critical water content." The important conclusions to be drawn from
Monk's work are, first, that withdrawal of a ce'tain fraction of the cell
water sets in motion certain processes thc.t eventually have a lethal out-
came. Second, that these lethal processes cannot be instantaneous or
all-or-none affAirs, because removal of even more water zither slows
them dowrn or permits competing nonlethal reactions to take place. The
final and equatly significant conclusion to be drawn is that since these
observations force us to Indulge in comparisons, such as "slower" or
"faster," we can scarcely hope to learn much about the mechanisms of
loss uf cell viability without getting involved in physicochemical and
biological kinetics, and there is not much point in proceeding unless
these qualitative distinctions can be cý,lidly grounded.

* 6,W. Mork. Personal con~jnir-eZion.

[I
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II. WHAT ARE THE REQUMEENTS FOR A SIMPLE QUANTITATIVE PREDICTION
OF DECAY RATES OF DEHYDRATED ORGANISMS?

A. INTRODUCTION

During the course of our work on humidity effects we have arrived
at opinions about the way 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 woule like to run
over this development before going on to discuss experimental results,
because I think it quite importavt in designing experiments to have a
model to refer to, and •ne that offers some promise of leading to the
genuine identification of mechanis-s, rather than merely giving values
of one or two cýýstants (or more frequently non-constants) that can be
16Lterpreted only by taking refuge in such vague concepts as population
heterogeneity or intrinsic probability.

B. SHORTCOMINGS OF FIRST-ORDER flNETICS

Like most of our colleagues, we have committed the fault of forcing
reluctant data into a first-order pattern, largely because it feels more
comfortable to be able to Sive a number instead of simply saying "faster"
o0. "slower." This is only one of the serious objections to the uncritical
use of first-order kinetics; equall; serious is the fact that, when applied
to finite populations rather than to the continuously varying concentrations
of the physical chemist, first-order rate constants may lead to quite false
predictions of the time taken, for instance, to achieve complete sterility.
Sooner or later, after a more or less predictable number of "half-lives,"
the population will be down to a single viable organism, ai then, after
a less exactly predictable but nevertheless reasonable time, that too will
die or disintegrate and the system will be sterile, One thinks of polio
infections from supposedly killed virus, and in the context of airborne
inictcion 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 combinations of first-order processes
without bringing in the idea that the surviving organism* represent a par-
ticularly resistant fraction of the population-an attractive hypothesis
because of its ability to explain almost anything, buL a dangerous one
because it is so very refractory to all attempts at experimental verifi-
cation. Otto Landman* once did an experiment in which he collected the
survivors from a large population of aerosolized cells inactivated by

* Otto E. Landman. Personal communication.
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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 same conditions, would behave in exactly the same manner as the
initial population, instead of being able to 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 astonisbed and frustrated to find that it
was impossible co distinguish these cells biochemically or in any other
way from the original population. it is, of course, manifestly true that
cell populatioi,- are heterogeneous; the hazard is in using this too
readily as a crutch, .nstead of as a last-ditch position to take when
everything else has failed.

C. THE N&TURE OF THE DEVIATIONS FROM FIRST-ORDER KINETICS MOST COHMONLY
ENCOUNTERED EXPERIMENTALLY

When a decay process is measured and when the logaritim 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 greater, 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 enough reliable measurements. Sometimes one can
get back to the correct starting population more or less convincingly by
drawing two intersecting straight lines, and sometimes a third straight
line will take care of the flattening off after longer periods of exposure.
However, the data are seldom good enough for one to be even reasonably
certain that two intersecting straight line& would not be better repre-
sented by a single c.rve, and there are difficulties in interpreting such
intersecting straight lines in terms of two or more first-order constants,
unless one assumes that these apply to separate and independent portions
of the population.

D. THE NATURE AND IL'ORTANCE OF RELAXATION PROCESSES

If 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 behavior will be shown instead of the lines in Figure 1. It
in iint difficult to think of quantitative explanations fot au4 ýurvwt.

If the reaction starts slowly and then speeds up, it mav be that there is
a reactant that takes a certain amount of time to reach the site of action
or to accumulate; if an initially rapid action levels off, it could be
because it is a self-limiting process as a result, for example, of the
disappearance of something essential to the lethal reaction. 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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Figure 1. Linds of Data Frequently Interpreted in Ter=s of

Apparent First-Ordr Reaction Constants. Abscissa:
time. Ordinate: log N, whore N is nuxbor of
unreacted entities.



In all this we have spoken vaguely of processes, reactions, chang3s,
and so forth. The important idea underlying this in that the kinetics of
loss of viability must be determined by processes occurring at definite

rates, of whose detailed natv:'e we may be, and usually are, ignorant.
An all-inclusive descriptive term for these processes is "relaxation,"
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, ad all the
rest are throw" ^ff balance, and each in its way swings to a new position
of equilibrium. Giving tha term relaxatlon the most general possible
meaning, this will take care of everyth.ipg that happens when a cell is
subjected tc a change in its environmento, and each individual proceas
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 d•_cay
Among all these processes, there must be som that are more signi,icaiL
for survival than others, and we make the simple assumption that for
each type of lethal process there are only two such relaxations. In
order to avoid the idea of heterogeneity within the cell population, we
make the assumption that in each cell there are a sufficient number of
representatives from each type of process for it to be represented by a
first-order equation. If we consider only one such process, and think -f
each cell as a little test tube in which the identical process is cavina
place, and if approach to within a certain critical distence of equv librium
for this particular process defines the lethal cor'iitiun, the en.•re popu-
lace 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 )relaxaL.'n

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 states of relaxation, thereby assnming that random
competing events eliminate the inevitability of the lethal condition and
permit a gradual decrease in the viable population. If, furthermore, one
of the two relaxation processes leads to the complete elimiation 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 immortal, at least
as far as this particular machanism is concerned. Their chance of sur-
vival thereafter will depend upon the number of other lethal processes
that my occur in the system, and upon their time constants.

1. SlhFML, QTVONS DEiIUVK FlOK IMRACT1ON OF •0 F71ST-'O•If PROCESEKS

Follo~ing the procedure just sketched, one arrives at a decay equation;
it is winncessary to bother you here either with the equation ite-lf or
with its derivation. The equation is really very simple. If we call the
ratio of the initial populAtZon, %,, to the ssrviving population, N, the
decay ratio, No/W, then the equation shms that instead of proceeding
toward iifinity as the reaction progrsses,, the decay ratio levels off

-~ z' . 7
-~77777
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to a constant value. Its logarithm, instead of being represented by a
constant multiplied by elapsed time, as in a first-order process, is
equal to the logarithm of *%i limiting value diminished by a term con-
taining two negative exponentials of time. An illustration is given in
Figures 3 and 4. The equation contains essentially three constants when
arranged .n its most simple form, the three constants themselves being
simple functions of the time constants for the reactions concerned. With
this modest number of parameters it dhould be by no means impossible to
test the validity of an equation of this form and to derive values of the

three parameters. One notable feature is that even this equation predicts
a certain degree of quasi-first-order behavior over a more or less limited
range, and Indeed, because the limiting value of the decay ratio is deter-
mined by the time constants 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 infinite to finite populations; the range
of values of the parameters for which experimental verification is feasible
even in principle depends upon the absolute magnitude of the available
initial population.

F. EQUATIONS 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 as to prob-
ability of a lethal outcome of the Interaction, to arrive at an equation
rather similar to the one just discussed but shoving an induction period.
Such curves are illustrated in Figures 3 and 5; after long periods of
reaction they possess exactly che same features as those in the first
equation.

G. DIFFUSION-LI)M DECAY PROCESSES

The recent finding of De~ald* that some bacterial decay curves appear
to have a linear dependence upon the square root of exposure time has l1d
to the suggestion, by the same investigator, that the lethal event ii
diffusion-limited. This possibility it readily incorporated in the present
hypothesis by postulating that upon removal of water from the bacterial
cell a cell component, available in limited quantity, diffuses into another
region of the cell, and that upon arrival there it is instanteneously con-
verted to & lethal reaction product. iZhe nature of a diffusion process
that can continue for several hours at least within such a small volum
remains a mystery. It is understood that a more sophisticated matheamtical
study is being undertaken by Lieutenant Ddlald.

* .R. Dadald. Unpublished observations.
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Fiue4. SowTereia Decry Curves Siia oteLettw fFgure.

exposure time ptsa. functionofterlxintmecsat.
Ordinate: the double logar~thm of the decay ratio (see text for
daftaftion) plus functiono h xwamtlrlxto i
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H. C(OMEINATIOeI OF 'IWO OR MORE LETHAL INTERACTIONS

Given the multiplicity of cellular processes, one would think it

unlikely that death would necessarily occur by only one route. One
might indeed fear that the number of~ overlapping processes would make
it quite impossible to unscramble them individually. It in 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 a diminished rate of decay rather than a zero rate of decay, necesmi-
tating transfer to a new time scale in order to represent the results. It
is easy enough in principle to combine as many lethal processes as one
wishes, and to obtain equations that would undoubtedly be amsenable 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-
sonnel of Biomathematics Division.

I. TREATMENT OF THEOREICAL CURVES FOR CWNFRONTATIMl WITH UEZIPIMEAL DATA

Although our theoretical eq-'iations are by no means complicated, it would
still be quite difficult to find nunierical methods of solution. This would
be true even in cases where 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 i'p only necessary to
present the experimental data graphically in somewhat unconventional form

* in order to be able to determine the values of the parameters, in principle,
by a procedure of curve-matching by superposition. The experimental data
are plotted with the logarithm of the expnsure time as ahecissa, against
the double logarithm *f the decay ratio as ordinate. The theoretical
curves, on the other hand, are plotted in families having various sets
of values of the parameters in such a vway that the abscissa is equal to
the logarithm. of the satposure time plus a canstant, while the ordinate

* is equal to the double logarithm of the decay ratio plus another constant;
the"e constants are related to the time constants of the relaxat ion pro-
cesses. 5om examples of these theometical curves are give in Figure 6.
Viere are seversl ipteresting features, not all, of vtaich will1 be easy to
ide~~tify Q~epr'LOtlly. Foyr instaftcet in casesS where there is oaly one

* lethal interactioc, the c'.rveas tart off at short -asqosuro times with a
* uinp of two an the double logaritthic chart; as the exposure is prolonged,.

this wy either eventually Level off to a horizontal line indicating that
the decay process is terminated., or any go~ thr&4~h an in terwed Late stage
is which there is a well-defixed sl1pe of untmy,o carrespooding exactly
to an appaerent first-order procoss; this is the succeeded gradually by,
levelirq olf to a horftantal line. When there is as Ln4oction period at
the begamismg of the procoss., the initial tlope,, itnstea of being two,
is five in the forms of equation that *# have been maing. If there are
tm, lethal pronesasa, the curves are of course mete cooplax, and whether
th. two processes ca be clearly resolved ts suchb by visual isp#ection
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Figure 6. bumele3 of Theoretital Decay Curves Involving Two Sets of Lethal
Interactionts Occurring Similteziaoualy. AbseLc.a an ordinate are
agaln respectivoly logarithm of exposcre time and doubts logaritlm
of decay ratio, bt)th dlpl.ar-d linearly by functions of the various
relaxation time constants. Eacb curve approach** a diffrrent lioit-
In& value of the ordlaatet Tn later calculations they have been
fthrther notulized (o as to coverget to a common liring ordinate.
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depc-Is on how widely aeparsted are their respective sets of time constants.
If a rease,-table degifee of -ýsolution occurs, then the first decay process
app(-ars to level off for come time, but at a i-cer timp. the slope again
irereases to that characteristic of the-main portion of the second lethal
process, which by this time is taking care of the major fraction of the
rem~aining population. Then this in turn levels off to a constant value.

The use of double logarithmic plotting of data is often thought to be
a questionable -'oce~dure because of the reassuring way in which it irons
our rather large irregularities. However, in the present context., it seems
to have several decisive advantages. The first .'s 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 a nuisance. Anotber point is that unless the experimental
results are manifestly complet-ly incompatible with this type of decay
curve, which seems an url kely eventuality, any deciaive comparison of
experimental data with theory will require sets oi experimental observa-
tions taken over the most extended time period that may be feasible. This
_ieans observation over several logarithmic cycles on the time axis, and if
graphical methods are to be used, the logarithm (eir some function with1
similar properties) would seem to be unavoidable.- Finally, variabilit-
in biological measurements being what it is, we should conaider ourselves
fortunate if we can obtain data to which any curves can be fieted without
ambiguity even when the double logarithmic scale is employed.

M~. TEMEXPERINENTAL APPROACH TO TH*E STUlL OF DECAY PROCESSES

A. IIIRODUCTION

A nodern biologist might well adopt as his motto "tThe Proper Study of
Manlkind it. Ai~ce." The opinion underlying our work on humidity effects is
that the proper study of aerosols is almost anything but aerosols. For
the good reas . that irreifr-nt processes in aerosols are virtually
uncontrollable, while their preparation and sampling both involve stresses
that may be alaost as serious as those nominally undier inxvestigation, we
have look-d for syscenwh, without complete success, indeed, in which the
effects of the dehydration stress can be studied without interference.
The ideal requirements are easily stated: an assembly of a suitable
numbor of separate and independent identical t~iological units., brought
instantaneously to a quasi-equilibriumz Wfth an envir~nment precisely

p. defined as to chemical composttion, humidity, and temperature, and 'after
a suitable period of exposure irast~artaaeausly broughý back to a condition

* ~~~under which a precise and 14miu~s~otogical property zan be measured
witzh precision.
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S. PREPAHATION4 OF DEHYDATED CELLS: KWP~AME FILTM TECHNqIQUE

Monk tried to get away from~ aerosols by using the aert of technique

that a physicist or physical chemist might uat on a simpler kind of system.

He used lai.ge masses of cells, 1yophilized &nd then exposed them to pre-
sumably cows nut relative huxaidityvwhile still in vacuo. For a while we
continued to uje oir~jr techniques, and in particular were able to shcv
that the so-called critichl water phencr~..enn was a great deal less striking
when the cells weea kept: in *'- inatead of in a vacuum, and also that at
very lowi humidities there was a very pronounced transient effect of Air
that caused the recoveries to be mucl' lover than theyr had been in vac~uo,
However,, the rej.- ducibility in such experiments is atrocious, and we soon
a me to the conclusion that thtv kind of techniqueuigmsdcel

iknstead of aerosols, i8 like Jumping from tue frying pan into the fire,
11f one can use such i1ae~ey In talking of freezedre 'At.~lW

mad& a good many atte-mpts to get away from these difficulties, includtng
a study by T. Greeitof minute drops on pinpoints, but the most satis-
factory solution always r-emed to be to find a soli.d carrier upon which
single cells could be uniformly distributed. One method investigated was
to incorporate the nells in a monmolecular film of prrtaiv tnd. to transfer
them to a solid carrier by dipping a slide through the iagierfaca; such
preparations had many advamuages, esipecially for electron microscopy, but
the mortality was considerable. No doubt a careful study of the reasons
for thit instability would be rewarding. The requirement of "instantaneous"
equilibration with the ambient relative humidity i-s fundamental,, and the
water that delays equilibration most is the ordinary "'met" water in a cell.
suspension (Fig. ).It is imperative therefore to find some way of blot-
ting the r-lls as soon as they are deposited. For a number of years nov
we have been doing this by placing a very small volume (0.02 ml) of the
cell suspension upon a membrane filter to ihich is attached., on the under-
side, 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 a secoond or two, it is stripped off the backtig &ad
placed in a suitable vessel containing a saturated solution of defined
relative humidity, and this vessel in turn, in the most careful work, is.
placed on a shaker and Immersed in a constant tempev.ature bath.

C. BIOLOGIC" L CRITERIA OF IWJUR; THE QUSSTIOW OF RECONSTITUTIlON AND
ASSOCZATZD LOSSES

Usually a number of these membrane filter preparations are pliced in
separoate vessels at the a&= time, snd are withdrawn after various Limes1.of exposure to the chosen relative humidity. The cells are iii 'edlately
eluted with vater or nutrient broth and suiLable molutions are mad-s for

* plating and incubation. Of course this it; a very primitive mathod of

*T.D. Green. Personal commnmication.
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Figure 7. Relative Equilibratio Times for Bacteria Exposed to Different

kelative Wumiditiez. Abe,"issa: final relat/b- humidity.
Ordinate: relai•ve time for 90% equilibratioi with final
h.A 'dity. The curves are based upon eimperivintal water
abirptior isotherms for bacteria, together with simple
assumptions as to the relationship between rato of eapira-
tion and vapor pressure differential. The upper curve
applies to fully hvdx ted cells vith an initial water conttent
2A grami per gra• dry vleigbt. The loer curve refers to

cells that have first been dehydrated to the up- r level of
the seorptlon isotherm, corresponding to an equxtibri"
relative humidity in t-A vicinity of 90, the initial water
tonternt in this case being 0.63 gram per gran dry weight.

It is seen that If large differential rates of evwnoratiom
at different relative huid#-ios a, o be avofdied a pz:*-
l~imnary equilibratiou for ýaemval ot most of the ordiu&,ry
intoreelular vuter would be desirable.
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dotectng injur7; it-isnot tways theall-or-one phen~omenon that one

cautd b th reonsituionprocedure Itself. One has to be ani the look-
out fir owatirchoock effect#., which we have found particularly troubla-
some in the case of preparations containing glycerol,. although v,,a3-a_`y
enough they do not seen to occur In the case of urea. One also has to
be alert to any abuiormality in the colonies or in the time of their
aptearance; in preparations containing ~efor ezeaple, both in bulk
suspension and in memb~rane filter preparations we have alwrays found that
the colonies are extremely variable in size and that there is considerable
delsy in their firat appearance on the plate. It is interesting to ask
whether cells that do nfl divide within the r"--nal interval after platiag
ought to oe considered dead frci Liie point of view of tests of this kind.,

711 the presumption being that if they do not behave normally they must have
suffered the snme injury as dead cellsj, with the difference that there is
some sort of recovery mechanism that enables them to divide later on.
Obviously there is a need for the study of various possible criteria of
Injury, and cur work certainly has suffered from the shortcoming that it
has dealt only with viable counts done by conventional methods.

D. CONTROL OF THE E KIROW(EN

In a considerable number of cases the relative humidity in equilibrium
with a saturated aqueous solution of an inorganic substance is known,, and
such solutions provide a convenient ueanu of establishing the desired
environment with respect to the. partial pressure of water vapor. The
properties of these solutions are fairly well documented physicochemically.,
at some single teupý,rature in sost cases,, but independent check of some
of these valuea ii. certainly to be desired end will perhaps prove possible
lin our laboratory by vapor pressure methods.* One also has to be aware of
the poossbility that traces of volatile decomposition products or contami-
yymts my produce some of the biAogical ef fects observed,, or that the
solution my madify the carbon dioxide partial pressure in the atmosphere
of the .2cperimsncal vesioel. Indeed., the partial pressure of carbon
dimide is a fa-tor of possible significance in the variability of our
dqte and rme that has zot hitherto been controlled. In the experiments
that we are about: to begivti we are planning to replace these constant-
humidity solutionII by a stream of Sas previously moistened to the desired
degree. Vhen Ve-Y LoaW huridittes are needed, -it expect this technique to
be quite successful; at higher husiditics precise equilibration of the
gas stram may prove to be rather difficult.

FX~tplto tha ta QoA Ria~ 1 lpraato should consist of a

fanciful. ie. say ýordinsry method of p *peration the colls certainly
exist io ve&.nus statoot of derelopm=t a"d scmi are dead to begin with.

:1 I
It
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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 havt
done only enough along these lines to hrve 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 phenmePnon, synchronized cultures would of
course be very desirable.

TV. :;M MA APP""7S TO THE RICCXNITION AND IDENTIFCATION OF Lfl'HAL
RELAXATI INTERACIONS

1I

A. DEPENDENCE OF DECAY RATES UPON RELATIVE H•U•DITY UNDER MIMUSE
CONSTANT CNDr. MNS

Relative humidity as such seems to control the mcrtality rate of
bacterial cells. Whether or not there are actualhy maxima _ nlma in
decay rates as a function of relative humidity, any physical ?icture of
the drying process, involving successive uncovering of differeu types
of chemical groupingil- as the humidity is decreased, points 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 4ingle
mechanim, associated perhaps with the uncove.,ng of specific set4 f
chemical grouping, would lead one to expect cells to be quite star e
over a certain range of relative humidities, and then uniformly unstable
at relative humidities below a threshold value. While there is no evidence
that such simple behavior will be encountered, it is clearly relevant to
the whole problem of lethal interactions 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 viewof the theoretical approach outlined abový ;, , ay be msleading to speak
of "decay rates" where one obvir--sly moz •ccider the entire pattern of
decay as a function of ttme and ats com•..ib•2ty with soce kind of
theoretical formulat ion.

3. TO E OF PXfSTC`XEOCKCALLY WEUL-DFINrED AWDrITVES

Important clues as to the lethal interactions ought to be obtainable
by using simple and biologically nonspecific substances and applying a
little quite elementary physical chemistry. The concentration of salt
in a 4M of e adtum chloride solution exposed to reduced relistive humi!-ity,
for 1*stan&c, viii always have a perfectly definite equilibrium value; am

at some perfectly definite threshold valbe of the relative htz-9iLy7 itt

---
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will. dry up completely and at all lower relative humidities vill consist
simply of a crystal of sodium chloride. If sodium chloride in ordinary
solution produces some biological effect that is a function of concentra-
tion, this effect will be observable, when cell suspensions containing salt
are equilibrated at various relative humidities; and if the relative
humidity is so low that the salt dries up and produces a crystal,, then
according to this simple description of what is going on it should cease
to have any biological effect. There should in fact be a threshold for
biological action. If this is not wehat we find in carrying out such
expex! ,vents, then at once we have some evidence that this salt modifies
the effecl' -if relative humidity in sowe indirect way., for example by
being attacheA to some part of the system and behaving therefore not like
free salt, or bq'b.n supersaturated,, or in unome other way. Other
illustrations of this type of experiment will be shown in the experimiental
part of this pape:.-

C. MODIFICATION OF DECAY CURVES BY CHAWI111 COWDITIOUS IN A HAMMU
WlrWCTD TO PRODWA DIFFIERWIIAL CHAEES IN RELAX&TTOýR. TIHES

A traditional approaý.! to the atudy of phenowmea that are not very
reproducible or that are not azm.nble to accurate absolute measurements
is to look for changes, in the belief that these can be more accurately
and reliably measured than the absolute quantities themselves. Because
of the very large number of measuresents needed, even under the beait
conditions, if 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 wach value
until our techniques and the reproducibility of our measuremnents have
improved. However, even if a few experimental points only can be
obtained, such comnarative data may be rather informative, end 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 most unlikely that both will %vary in the sam
meanner under all conditions, and indeed the systematic variation of decay
pattern with relative humidity may itself provide evidence that differential
effect*. in a single set of interactions are involved', rather than the
introduction of no sets. It might also be supposed that other relatively
nonspecf fic physical influences, such as c?_ages of temerature, would pro-
duce differential effects ronulting in modification of the decay rates.
This appreach might be applied in several ways. Ftc oeample, a preliminary

expsa&to a bacteriostatic temperature 'gSht perhaps result in oexssive
accumuation or depletion of one of the reactive substances or statea,
loading to radical changes' in the response to a subsequent alteration of
relative humidity. On the other hband, carrying out the exposures to
loered humidity at Ifferent temiperaiures might itself provide important
clues to the era in which the respective time constants are affected.
An we gradually get a better idea of the precise Interactions involved,
it might welt be that rare specific influence# such &s light or ionizing
radiation might Also be useful tools in the study of hoodity-depemdeut
effects.



28

D. ATTEMPTS TO REDUCE THE NUMBER OF POSSIBLE OPERATIVE LETHAL INTERACTIONS
IN A CELL SYSTE1

We have no conclusive proof that under any specified set of conditions
several lethal pathways are important, but it is not too early to be think-
ing of this possibility, and also to give some consideration to the associ-
ated problem of repair processes. One of the more serious shortcomings of
the viable count method of sAisessing injury is that it really may not
always be an infallible index of a particular lethal interaction,, since
under some conditions the cell may be capable of instituting a bypass
resulting in recovery when, from the timited point of view of the imiediate
experiment, it should be dead. There seems to be 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 most suitable choice of organisumof its physiological
state, and its biochemical environment and make-up. Something might be
done, for instance., with cells having well-defined biochemical deficiences

adgrown in a minimal medium; but the principle of this choice is not
altgeterclear, for one might also argue that the richer the cell's

resources, genetically and oizymatically, the fewex the possible lethal
pathways.

E. EVALUATION OF DECAY PARAMETERS FROM DETAILED LOW-TERN DECAY CURVES FOR
COMPARISON WITH THEORTICAL EQUATION S

Mention ha" already been made of the graphic method by which it ought
to be possible to calculate values of the decay parameters from experimiental
decay curves. There is a need for extended observation,, starting from the
earliest point at which gross equilibration is presumed to have been com-
pleted, up to period* of weeks.

F. BIOLOGICAL MOJDIFICATION OF CELLS TO PRODIUX1 DI.FEUKNTIAL CHANGCES IN1
RLEU? iTIOW TIMES

We have speculated above upon the possibility of producing differential
changes in tims coustants by nonspecific physical means@. In the long run
the study of the effects of biologically specific changes may of course
prove nore valuable and more informative. The number of such possible
eperiments, including the use of cells in different physiological states,

the choice of various strains and mutant#, the moification of the bio-
chemical nature of cells by exposure to drugs, antibictics, metabolites

* and so forth is enormous. One approach in which w" have been particularly
interested is the study of calls coutainiag attached or intracellular
bactertaphoge at various sta&#" of the replication cycle. Miss Mary Davis*
started an this problem around 1957,, attempting to do experiments of this

**Nwy S. Davis. Persoal Commuication.

~ ~ L
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Iort with a bacteriophage for Serratia mIrcescens since we felt that we
had already a good deal of necessary informtion on the sensitivity of
this particular host to humidity changes. This turned out to be a very
unsatisfactory phage to work with, and when a year ago Mr. Abraham L.
Turetaky became available for work of this sort, we decided to turn to
a T3 coliphage, realizing that this would necessitate sooner or later
an independent study of humidity effects upon H glchk coll. We have
had som preliminary success in depositing cell-phage complexes upon
m eirane 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. CBOICE OF OTH PER EP UI AL ORGANISKI

The possibility of choosing an organism more suitable for the study
of decay processes in their simplest form has been touched on in Section
TV., D. Other organisms, suitably chosen, have also a coiparative interest
if they are selected for the sake of peculiarities that may prove to be
specifically coupled to their sensitivity to dehydration. lacterial
spores and halophilic, thermophilic, and psychrophilic bacteria cow to
mind; the viruses, which have been shown by flemses to be humidity-
sensitive, may prove to be of particular interest because of their pro-
suind greater simplicity of structure and functiolral capability.

S • )7
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Y. RESME OF UP92MMA RESULTS TO MATR*

A. RELATIVE HUKMIDT AND DECAY OF WASHED CELLS

Our preliminary survey of the effects of diminished relative humidity
upon washed Serratia marcescens as soon as we wvee zatinfied with the
membrane filter technique, took quite a long time,, but in retrospect it
seems to have been regrettably limited to rather abort 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 curvc s
.are shown in Figures 8 through -.. The actual curves plotted in Figures 8
and 9 for rather widely spaced values of the relative 'humidity show only

t-general trend, which, both for short and for more prolonged exposures,,
is in uha direction of decreased stability wit!, decreased relative humidity.
They also Illustrate a point mentioned previously, that if the observations
are made ever a sufficiently limited period of time it my very well look
as though a first-order process is going to continue indefinitely., as in
the data at zero humidity, or it may seen, as was apparent at 33% relative
humidity, that the curve is leveling off and that no further important
decay is likely to take place. Another point, not very clearly brought
out in the diagram,, is a very annoying Initial lose that seems to be
connected more with the initial :.ontact with the memrane filter than
with a real humidity effect. We have been very much concer~~d with this
because it introduces some uncertainty into the value of the initial
viable count,. which should be used in any calculation done with the data.
We have given preliminary study to a way around this difficulty b'w huldiag
the preparation for some time to settle down at a high humdity such as
98 or 99% before reducing the humidity to the desired value. This may
have the advantage of giving us a definite initial count, but the disadvant-
age of perhaps slowing down the gross equilibration,, since the membrane
filter will have become saturated with water at a rather high humidity.
in Figures 10 and 11 all our early data are summarized by the method that
we have so sharply .-riticised In the earlier part of this paper., namely
that of dividing the decay curves into linear logarithmic segments and
assigning to then apparent decay constants in units of reciprocal hours.
The summries in Ftgures 10 and 11 should be regarded as having little

*The date in this section are presented in conveational manner by plotting
the laoarithmt ot I*h fraction of viable cells against time and by char-
acterisa tg the cuxrves obtaivied in terms of one or more numbers referred
to se"decay ceustants." in preparing these data for SOre fOrmal pre-
sentation it has been bnund preferable to plot the double logarithms of
the "decay rittio" (se* Section U1, 1) against the logarithm of elapsed
time of epo~ure. Within the limits of experiametal error the data so
plotted ca be represented in terms of one straigh.. line or two inter-
sectiag straight lines in short-term experiments of the type reported
to this section.

7---
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more than qualitative value, together with an indication of the fact that
the kinetics involved are rather complicated, and that they are not the
same at all values of the relative humidity. Indeed, at humidities below
about 40% we have had to divide the decay curves into three parts, and
each ahows a distinctive t-end as the humidity is further decreased. An
extremely rapid component becomes more an•d "•-r prominoi all the way down
to zero relative humidity, although here the elowest portion of the decay
is actually somewhat slower than that found at humidities above 90%.
This is simply a way of saying that although exposure to extremely low
humidities results very quickly in lose of mest of the cells, there is
a far greater tendency than elsewhere for a gmall fraction to survive
for a 'rery long time. As a matter of fact, on & number of occasions we
observed after prolonged exposure a very intriguing upward turn of the
recovery figures. which we have the audacity to think of (but not
publicly) in terms of a possible eztremely slow recovery of vi-bility
at extrame desiccation. In Figure 11 the sam decay "constants" are
plotted with the amount of water that has to be removed from the cells
in order to attain "equilibrium" with the ambient relative humidity.
"A very rough curve for the average evaporaticn rate during the process

of equilibration is aslo included. The awount evaporated, of course,
levels off after the gross bulk wa.ter has disappeared, but there is nothing

in the curve to suggeot what appear to be the ainima in the decay rates.
On the other hand, the rapid rise if knitia& decay rate in the lower
humidity ranges might be correlated with a rather rapid rise in the
average evaporation rate, suggesting perhaps that this portion of the

decay has more to do with the transport of water than with any equilibrium
or quasi-equilibriu,.. configuratiun of exposed 3roupir.gs.

B. EFFECTS OF SODIUM CHLORIDE, LITHIUH Bk•WIDE, AKO thA

The rationale of experiments using additives such aso thase has been

explained in Sectim- IV, B. The particular choice of sodium chloride,
li-hium bromide, and urea was dictated by the following properties:
(i) :odium chloride and lithium bromide, although their biological effect

tos ), no means well defined, are intereating in that they are both alkali
bsl&dt4 yet they differ radically in the properties of their saturated
soli 'ons. All the water evaporates from sodium chloride a. humiditi-s
beliv about 75%, but lithium bromide remains in solution until the
h-midity reaches roughly 7% (Figures 12 and 13). According to the
argument alx ady given, therefore, if these substances produce their
effects in a straightforward way related to their concentration in
ordinary aqueous solution. lithium bromide should remain activte down to
very low relative humidities, and sodium chloride should have a cutoff
at about 75%*. It happens, as shown in Figure 14, that both thc3e sub-
stances produce some added mortality at very high humidities, and it
seems that the lethal effecL of sodium chloride persists down to a
relative htmidity of 33%, a long way below its solubility limit. The
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Figure 12. Water Contents of Various Simple Aqueous Solutions Equilibrated
with Different Water Activities or Relativa Humidities. Abscissa:
water activity at equilibrium. Ordinate: water content in grams
of water per gram of solute. The solubility limits or cutoff
points are shown for sucrose, sodium chloride, lithium bromide,
urea, and glycerol. The water adsorption curve for ~.marcescons
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Figure 13. Data of Figure 12 Recalculated to Show the Variation vith
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osmolality (see Figure 11). Ordinate: granm of eater at
equilibrium per &ram dry weight of §. maLeescens. In
Figures 12 and 13 the behavior below the cutoff points
cannot be indicated pr*cisely, because the water contrib-
uted by adsorption on che solute* depends upon the size of
the crystals produced. If gross crystallization is prevented
and aggregates comparable in size to the bacterial cells or
smaller are formed, then the wrter attached to these solutes
could be comparable in amount to that adsorbed by the bacteria.
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Figure 14. Effects of Sodium Chloride and Lithium Bromide Upon
Decay Curves for Washed J. ,,margoog at Your Values
of the Rela.ive Rumidicy. The curves were determined
by the membrane filter technique. Abscissa: ezpos•ire
tims, varying somewhet from one humidity to another,
but usually between the limits two to six hours.
Ordinate: surviving cell fraction plotted logarith-
mically. Continuous curves: washed cells without
additive. Dashed curves: with added sodium chloride.
Rippled curves: vith added lithtum bromide.
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effect of lithium bromide, on the other hand, appears to be rather less
at 33% than it was at 75.3%. Most striking is the fact that at zero
relative humidity both substances appear to stabilize the preparation,
The experiments thus seem to suggest that the injurious effects of thest
substances are not brought about by their ordinary solutions, or if they
are, only because of considerable abnormallties in behavior 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 results
from a physical barrier to residual water loss, or from the blocking of
certain groups susceptible to lethal interaction, cannot be said at present.

Urea was chosen because it has saturated solution properties similar
to sodium chloride, although having a radical and totally different type
of biological action. Urea typically denatures proteins and inactivates
biological systems at a rate that increases with a very high power of
its concentratikn. Since in an ordinary aqueous solution the equilibrium
concentrat'an of urea is determined entirely by the humidity, and since

the urea becomes dry at humidities below about 75%, it is easy on this
simple basis to predict what ought to happei .f urea 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 mortality 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

* 15, 16, and 17 shaw what actually happened when such experiments were
done. In the first place, after a constanc time of two hours at a
relative humidity corresponding to an equilibrium urea concentration of
18 molal, we see that the anticippted rapid decay does take place provided
that we use enough urea; the decay rate seems to depend not solely on the
concentration of urea at equilibrium but upon there being enough of the
substance present. This is not altogether surprising, because all of
these predictions would break down if the actual number of molecules of
active substance available to each cell were insttficient to produce the
lethal environment. Figure 16 shows inch the same sort of thing, at a
higher humidity corresponding to an equilibrium concentration of five
molal. Here, if the initial concentration of urea in suspension is too
low, there seems to be a delay in the decay process, or an induction
period, whereas if the equilibrium concentration, five molal, Is present
in the suspension from the start, the induction period is either abolished
or becomes much less pronounced, and for the first 2 or 3 hours an approxi-
mately first-order decay takes place. This sort of experiment can of
course provide som evidence concerning the rate at %-hich the equilibration
with water vapor takes place in these membrane filter experiments, and what
appears in Pigure 15 as an induction period could be the result of a water
vapor equi "bration rate that is very much 6lover than we had supposed.
On the othor haid, we quite frequOusly observe an induction period also
when concentrated urea solutions act upon Jerratia Ewrcoogg in aqueous
suspension, so that th4 effect may be due in some way to delayed penetration
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Figure 15. Effect of Urea on Survival of Washed 1. wrceggens Deposited
on Membrane Filters *ad Exposed to a Relative Humidity of
76.4% for Two Hours. Abscissa: initial concentration of
ure iu test tuspension before deposition umon membrane
filters in logarithmic scale of mIalLity. Ordinate:
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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 on a
membrane filter at a relative humidity of 92.5% 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 a function of
temperature and concentration in ordinary aqueous suspension, and some
of these findings way have to be qualified in the light of his more
extensive and accurate deta. Figure 17 summarizes the results obtained
at different relative humidities. Here we see in such more striking
form the same sort of failure in our prediction of a sharp humidity
cutoff that we found with sodium chloride. At a relative humidity of
57.7Z%, 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 when one gets down to 33Z% the urea produces a significant but rather
mall 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 seen 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 . CESCERS

When the theoretical equations already 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, could be fitted very satisfactorily to selected theoretical

S.curves. We realized, 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 is necessary for adequate comparison with theo-
retical curves. As illustrated in Figure 18, duplicate measurements
within the sam experim.re, and using of course the same patent cell

* W. 5. Mercer. Pers•mnal communication.
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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 a 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 leading 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
repeated. This only shows that one cannot hope under present circumstances
to get reliable curves without -oulining the results of several experiments,
and it is imperative therefore to improve the reproducibility from one
experiment to the next. Some representative results are neverthelessincluded in Figures 19 and 20p showi'ng respective~ly the effect of chang-
n8 the growth medium, the change that occurred whmn an orange variant

of the organism was obtained accidentally., and the contr~sti% effects
of different humidities.

D. CONSEQUEECES OF EXCLUDING AIR AND OF PREVENTING CONTIE WATER LOSS

We have been diverted tempozarily frco the study uf long-term decay
processes by the need to define our idea of "equilibration" with a water
vapor atmosphere in more exact terms. We have assumed uj to now, and
with several good reasons, that gross equilibration occurs quite rapidly
in a membrane filter experiment, since most of the intercellular water
is blotted sway quite quick,y, and the amounts of water that have be
transferred thereafter from a rather s&ll (10 ) collection of cells is
not very great. In experimeats on the adsorption isothermu of bacteria
for water, Charles Stevens* found some years ago that equilibrium was
only achieved after many hours and it is therefore quite likely that in
any ordinary humidit- experiment the kinetic picture is being complicaced
by what one might call residual water exchanges that would be vezy hard
to detect by ordinary methods. If this is indeed the case, then a strong
argument could be made in favor 3f carrying out measurements of decay
kinetics at constant water content rather than at constant ambient humidLry.
In such an experiment, one would expose the cells to some appropriate
humidity for enough time to accomplish withdrawal of the bulk of the
water, and then ome would in some way prevent further water loss and
follow the decay process from that poi.t on. In first trying to test
this possibility we thought that further loss of water could very easily
be prevented simply by covtriag the erane filter and the bacteria
with mercury. We found at once that the mercury hbad a very striking
effect iv protecting the cells from further mortality, and tere at first
tnclined to think that this indicated alow residual water loss as one
of -he more imporcant processes involved in the lethal event. Further
experiments, hwever, sh-ed that while the mercury prevented water loss

*Persoual cammicat ion.
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it also excluded air, and some, if not all of the protective extect noted

was due to the latter. A number of experiments 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 given us
i rather complicated but reasonably consistent picture of what is happen-
ing. Soae of the findings are summarized in Figures 21 and 22, which are
purely schematic. In our earlier work some years ago we nonsistently
found that at low humidities the cells died much more rapidly in vacuo
than in air; this is shown, since it has been confirmed several times,
in the two lower heavy lines of Figure 21. We now know that the reason
for this finding lay in our attempts to do simple experiments by using
a very sloppy kind of vacuum, namely that piped on in our laboratory.
This provides a vacuum of a centimeter or two of mercury at best, and
possibly permits diffusion of water vapor into the system. When the
cells are subjected to a 30-micron vacuum, gomething resembling tVe top
curve of Figure 21 io obtained; the decay ratp is very greatly reduced
by comparison with those resulting both from air and from the line vacuum.
Evidently air is toxic, and evidently the line vacuum increases the decay
rate in comparison with air by increasing the rate of removal of water
while leaving a sufficiently high partial pressure of air to produce the
toxic effect. If, now, the exposures to these three environments are

suddenly cu. off at some point by the addition of mercury, several tni.Vs
happen. (Vi If the cells have been in a 30-micron vacuum and the vacuum
is restored after adding the mercury, the results are rather variable,
from a slight decrease in decay rate to a rather slight increase. If
the air over the mercury is not removed by evacuation, then the mercury
"fails to protect the cells from decay and after s~me time the surviving
fraction of cells is about the same as it would have beca had the bells
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 neat the surviving
fraction that would have been reached with continuous exposure to air.
(ii) In the second case, where we add mercury after the cells have been
exposed to air for a certain length of time, leaving the mercury at

atmospheric pressure, there is 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 seems to lie in the toxicity of air, and certain proper-
ties of the reaction concerned car be deduced. When the cells are decay-
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 viibility. On the other hand, if the cells are
first dehydrated in a vacuum, where they are for the time being protected
against the effects of air, they also build up a sort of "oxygen debt" or
reservoir of oxidizable material, so that &e soon as air i*eamitted in
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Figure 21. Schematic Represantation of Effects when Washed
S. garcescens. Deposited upon Membrane Filters,
is Exposed at Different Elapsed Times to a Poor
Vacuum, to a 30-Micron Vacuum, to Air, or Covered
vith Mercury. Relative hunmiditv maintained at O0
throughout. Abscissa: elapsed time, up to 2 or 3
hours. Ordinate: logarithm of surviving cell con-
centration, spanning four or five logarithmic unit
Continuous line !abeled Vac 30 microns: decay curve
for cells exposed to a 30-micron vecuum throughout.
Rippled cttrve msrktd Air: decay c- e when cells
are exposed to air throughout. Broken line with
dots labeled Line vac: decay when cells are exposed
t% a vacuum of several cm of mercury t .oughout.
Vertical arrows indicate points at which air is
admitted, in order to cover thu cells with mercury
ox to study the effect of continued exposure to air.
Diagrams show (i)the slight erratic effect of
mercury when placed upon calls that have been
exposed to a 30-micron vacuum only except for the
time required to open the desiccator and apply the
mercury; (ii) the accelerated decay that occurs
when cells kept in a good vacuum are exposed to
air; (iii) the protection afforded by covering with
mercury when cells have previously been allowed to
decay in air; and (iv) accelerated decay produced
vhen cells are exposed thro~ghout to a poor vacuum.
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Figure 22.. Sche,Lt,. ]Eilust.ation of Effei.ts of Interrupting a
icay Ptcess in A&c by Covering Calls with Morcury
or by 1xvavating. Ahe illustration is drawn in terms
of the .or-entra~ion of a Ilypothetical ouidixable
prec,,rrsor i-, letAl substance produced by air.
The upper pa-t of the ,iagram, continuous curvi, shows
the limiied accumulat 'on oi the precursor when the
cells remair in air, a steady state being established
betweeit the race of iormation and the rate of oxidae
tion ot this precursor. When the cells are protected
from air by mercury oý" a vacuum, this steady state is
divtttrbtd and further acruwulation of precursor takes
place, with the result that when air is readmitted the
oxidatton occurs at a considerably increased rate. The
lower part of the diagram illustrates the presumed
accompanying changes in rate oi inactivation of the
cells.
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o-lt- to s4u the mercury .hey take up enoua:h air to satisfy the "oxygen
debt" and suf,.*' the cot.eequences of f~rmatior of the toxic product of
axdationm The game thing happenr wheL the mercury is removed, after a
-wear'- continuoui oeriod in --acuo, and the cells are exposed to air. A
poswiie aualltative mchanisi for these events i, terms of concentration
of an oxidizable suastance and the resu",ing lethae steady state is given
irn Figure 23, wiich once again 1P -=, -_. in the legend.

While all t!, ý'sinly suggests 0--t we ought to regard the toxic
.zt of xygen as an7 ,. sigvtficant components in our inactivation

szheme, It Zoes tt' Z..weL ne V.1,- 4 on orixinally posed concerning the
oosslui.lic', _i wcolonsed slow Losses -f water. Despite its interest and
import•,.-, te -tygen effý;;. kor shoul# I say the air effect, since we
aave not yeL nrfvea Laat z:ygen 16 the villain in the case) is to us
litt•u- ,jL+e .hen a nutsance, to ve avoided if poazible. It would be
luite di_+xent It the effect of air were of &a all-or-none character,
and if c .. Dezw comp!.cel an -.;ýrmanfitly stable in its absence;
but this fa not thc' c• , and •.usirm of air is evidently one quite
effect-',* vay if reducing the nuimber of :ieratlva lethal processes. We
ayv also suspPA that Air has something to !- with the very rapid initial

losses that ar• 6acourte-H .-en the cells are ptaced upon the membrane
filter, aud by cn.rying 04L PUC;iUats in a controlled atmosphere through-
out, sub.tituting nitrogen, hydrugen+ or other gasez for air. we may very
well be killing tVo birds ;:-vn one stone. The question of slow losses of
water can then be tackled a: :n 1=portart -roblem in its own right. It
must be added that carrying nut the utitire procedure in the absence of
air is not such an easy matter, and in alternative may be offered by the
finding of qhon,* some time ago, that -ome decree of stability to aero-
2olization could be produced by, so to z;eak, exhaustively cxidizing the

stock cell suspension by prolonged agitation with oxygen. On the other
hand, the part possibly played by carbon dioxide in this procedure ha.
not been elucidated to our knowledge, and we shall probably be better off
if we can york in gaseous atmospheres controlled accurately with respect
to such potentially important constituents as carbon dioxide.

*Milton Shon. Personal comunication.
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Figure 23. Accumulation of at' Oidizable Precursor of the Lethal.
Substance when Celle are Inactivated i.n a Vacuum and
Later Exjpased to Air. in the absence of other lethal
processes, the rate of cell inactivation in a vacuum
will be zero; whenever air is admitted, even briefly,
rapid inactivation ocrurs through rapid oxidation of
the accumulated precursor.
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Y fl PSICOCU CAL X PEI S o CELS RLs TOM
DERYDRATION nROBLEm

A. INTRODUCTION

It is conceivable that the reactions or interactions that lead to loss
of viability are highly localized processes involving only a smaUl number
of critical molecules or groups within each cell. It is equally possible
that statistically large numbers of loci are concernedo and in the absence
of any method of pinpointing the exact biochemice.1 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 calI's interior and its bounding structures. The possible
approaches to this information are in varying degree somewhat indirect.
We shall discuss briefly a few of those that seem to be of special interest
in connection with the humidity problem, leaving others to .eal with the
more specialized types of meaetrement such aa nuclear and electron spin
resonance.

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

Tlhe water vapor isotherm of bacterial cells provides at least some
indication of the average behavior of the cells, and possibly something
more in the event that particular discontinuities can be established as
a function of relative humidity. The phenomenon of hysteresis also pro-
video a clue to what is going on as the cell takes up and loses water, and
as more is known in detail of the order in which different types of groups'
are uncovered, the better are the cLances for seeing some kind of correla-
tion with mortality rate" it different relative humidities. Of even
greater potential interest is the question of the rate of water loss and
water uptake, over the entire region from fully hydrated cells subjected
to relatively small osmotic gradients down to extremely dry cells from
which all but some minute and not very well defined fraction of water
has been removed. At the end of the humidity scale, where the cells are
nearly fully hydrated, of course, the approach has to be one involving
permeability kinetics, and one in which the effects of permeating and
nonperwating solutes play a vital role. This kind of process, which
usually occurs quite rapidly 6ometimes in fractions of a second) is being
investigated by Mr. Stanely Lowett, our guest from the Microuiological
Research EstablLihmeut at Porten, England. The results are bound to be

* applicable to calculAtion of the time course of various events accompany"As
the dehydration of cells in this range, and therefore of the events that
must occur initially in all types of dehydration. It may b6 of quite
vital interest to know whether a particular solute outside the ceall at
the time of aerosolisation has ..Ins to enter the cell before drying takes
place, or whether it muost remain outside; and by the same token it may be
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important to know whether some intracellular substance able to pass through
the membrane at a certain rate has t chance to leak out before the cell
becomes dry. At lower humidities, in the regions 'whwe solutes are being
precipitated out, and where adsorbed water dominates the picture, different
appioaches have to be used, but we feel that possibly a unified statement
of phenomena covering the entire range of humidities may be possible and
have indeed published a paper, with C.L. Stevens; E.L. Carstensen. and
W.B. Mercer in which such a unified presentation is attempted. In this
adsorption region, again, it is of interest to look at the kinetic picture,
of course on a 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 lasteur Institute, to the effect that he had observed discontinuities
in the rate of water loss of proteins held at constant relative humidity.
Here again, if the existence of such discontinuities could be confirmed
for proteins and extended to microorganisms, an attempt to correlate them
with patterns of loss of vtabili.y would be of great significance.

C. DIELECTRIC PROPEDTIES OF DNMLrF.D CELLS

Measurement of the electrical conductivity and capacity of cell
suspensions at low frequencies provides some !nformatl.o a&'ut the
processes c .onduction along, or through, the external structures such
as the cell walli;, ind about the nature of the polarizad el.aute existing
in their vicinity. As the frequency is increased, to an increoaing extent
the alternating current is able, so to speak, to short-circuit the poorly
conducting cell membrane, with the result that processe* of ',=d*;'tion
or capacitative charging within the cell become of inczeasa.z significance,
so that something can be learned in a very direct manner atlut the state
of the cell interior. Hermann Schwan and Edwin Carsten And. others
have shown that dielectric measurements at high freqencies an, quite
feasible with dried proteins ard amino acid powders, bet saucsiv* work
on bacterial cells as s function of water content ha\i yet to be carried
out. The manner in which the r%&Sr•tudes and the critiral frequencies of
the various d¶ielectric dispersion retions iight vary wtth water content
would be a significant index to the wtate of the call interior, and once
again might prove to be capable of c)rrelstlon with biological pro"erties
such as decay kinetics. At extremely high irequencies the dielectric
decreamet produced by cellular macromclecules might be turned into an
increment if significant concentration& of amino acids or other *sall
polar molecules were produced by cellular activity.

D. PHYSICAL CHEISTRY OF SOLUTES IN PROTOPLASM

We have given some preliminary evidence that the humidity &ones through
which several substances are biologically effective do not agree with the
known properties of their saturated solutions. In the case of urea it is

I.. - - -
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of course recognized that extensive interactions occur with many of the
components of protoplasm, but this in not known in sufficient detail,
especially as a function of urea concentration, to be of uich value in
providing an explanation for the behavior observed. In all these cases,
and in many others, particularly for example in those involving specific
effects of substances active at quite low concentrations, we would profit
greatly by more detailed phyticocheuical knowledge of the behavior of
these substances in the presence of biological materials. The method
of choice in must cases would be the measurement of vapor pressure
depression, and work of this kind has been initiated.

E. SPECTROSCOPIC AND LIGT-SCATTERING METHODS

As a result of developments in our laboratory and on contract, there
are indications that it may become feasible to obtain a reasonably
reliable spectroscopic characterization of intact cells by methods of
diffuse light spectrophotometry, and insofar as the various chromophores
in bacterial cells are sensitive to the nature of their imediate environ-
sent, changes associated with dehydration and rehydration should be
detectable. The scattering of light by these cell suspensions is also
under investigation both by turbidimetric methods and by the study of
the angular dependance oi scattering; mmasurements of this kind may be
made to impinge upon the dehydration problem in two ways. In the first
place, removal and restoratiou of witer may, by virtue of a kind of
hysteresis, result in a redistritution of substances within the celi
that may affect their light,3cattering properties. Seconty,, according
to the observations of Lucille Smith, Lester P. Packer and otberq the
inception of certain metabolic activities by bacteria is sometimes accom-
patied by radical changes in the light-scattering properties, and these
might be used to determine whether change. in the ability to initiate
these metabolic processes might result from remcval and restoration of
water. This section of the discussion has been introduced mainly in the
hope of showing the relevance of sow of the kinds of physical investi-
gation that are being done within oir group, and to show that in conjunc-
tion with other biochemical studies these might ulti-t:ely contribute as
such to the understanding of the effects5 of dehydration as the rore
direct attack that has been the principal subject of this paper.

I ..• . .,, • .... .... .... ,.... ... ... .. .. . • all l
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A number of problems have been touched upon in the toregoing diicussion,
and these need only be recapitulated here, in some sort of order of
precedence:

1) Reproducibility of biological naterials

The problem of first importance is that of getting repr.oducible
test material. The number of possible variables is so great that ain
investigation of them would divert us from the main issue for a larg
time to cone, and the great 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 me'thods of preparing it.

2) Reproducibility of physical envir.iiment

Here the number of possibilities is perhaps less, but compar,-
tively subtle factors such as c&rbon dioxide pressure may need more
attention than has been given to them hitherto. In view of such recent
discoveries as those of Lwoff and of Pollard, to the effect that in some
systems, under some circumstances, changes of te.peratuze of less than a
degree my produce radical changes in the biological properties of the
system, a closer control of temperature may be desirable.

3) Reduction of number of operative lethal interactions

Exclusion of air seems to be one method; there ought to be
others, but whether by simplifying the conditions of growth of the cells,
or by giving them a much richer diet, is by no emand obvious.

4) Criteria of injury

The criteria of loss of viability must be efaluated, as well as
the possible use of other criteria of biological injury.

5) Mlainetion of side effects

Side effects, such as initial losses associated with applica-
tion of cells to membrate filters, uAst be eliminated.
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Approaches to the study of lethal effects of dehydration and relevant
experimental results obtained by the author and co-workers since 1958 are
summerized informally. The paper includes (i) a working hypothesis of inter-
acting lethal processes froa which self-limiting long-term decay curves can
be calculated. (ii) Preliminary experimental data illustrating the types
of information ineded for application of the hypothesis. (iii) An account
of the preparation of "siulated aerosols" by deposition of cells upon
membrane filters. (iv) Approaches to the identification of lethal inter-
actions, including the correlation of lethal effects with the colligative
properties of simple additives. (v) Illustrative data for Serratia marcescens
in the presence of NaC1, LiBr, and urea. (vi) Data on short-term decay •
washed Serratia marcescens at 13 ambient relative humidities. (vii) Prelimijary
data on the effects of oxygen in accelerating humidity-dependint decay and on
possible effects of slwo residual water transfer.
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