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ABSTRACT

Suspensions of Serzatia marcescens (ATCC strain 14041) in water vere
aerosolized in a rotating drum in the presence of various concencratisns
of oxygen. Colony-forming ability of aerosolized organisms was rapidly
destroyed by contact with 0,257 or sore oxygen at 407 relative humidity
snd 25 C, but was almost unimpaired for at least 5 hours in nitrogen con-
taining not more than 10 ppm axygen. Completely hydrated organisums were
insensitive to oxygen at pressures up to 100 pounds per square inch for
four houre. No loss in viability occurred in aerosols of wagshed cells
in air 3t 927 relatlivc hwumidity., It {a proposed thac dehydration of the
aevosolized cell results {n sensitization to lethal effects of oxygen
but i{s not the primary cause of death. Hn*t, Co*t, glycerol, and thicurea
enhanced the biological stability of aerosols in air. Numerous aimilaricies
between the effects of oxygen in this system and in systems using lyophilized
or iriradisted organisms or cell-free enzymes support the hypothesis that
closely releted mechanisms are involved.
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I. FNTRODUCTION

Dunklin and l’uc:k,:l observing that the death rate of airborme bacteria
veries with relative humidity (RH), suggested that the gensitivity of
microorganisas to ;:ozic agents increased at a critical degree of cellular
dehydration. Webdb attributed lethal effects in the aerosol to collapse
of protein structures upon dehydration and later stated that additives
capable of replacing cellular water increased the survival of aeroscvlized
bacteris. Zimmerman, however, proposed that nonpermeable carbohydrates
enhance stability through a plasmolytic dehydration of the organism.

The tacit assumption, in wost of this work, has been that dehydration,
per ge, causes the death of the celi by disrupting vital structures, con-
centrnting toxic material, or ifmbalancing wmetabolic activity. Mozl: aad
McCafirey showed that the death rate of rehydrated Serratia marcescens
is max{mal at a water content of 337, but remarked that effects of 0, omn
the death rate had not been determined.” 1In this laboratory, studies of
the effects of ascorbic acid on aercsolized S. marcescens suggested chat
interaction between the cells and atmospheric O; might contribute to the
death of the cells. Preliminary experiments indicated that, when S.
maccescens was aexuvsclized into aar diluted with nitrogem, the dezth
rate increased with 0y concentration. The work described here was
undertakan to test the pogsibility that drying sensitizes organisms
to lethal effects of 0y, but is not the direct cause of death of aero-

solized S. marcescens.
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II. MATFRIALS AND METHORS

S. marcescens (Fort Detrick, strain SUK, ATCC strain 140413 was grovm
and stored as frozen pellets by 2 method already described.”
the thawed pellets were wnshed three times with distilled a~“;v_
to 20 x 10° viable cells per ml, shazken for 3 hours at 30 20
at 4 C. When urnwashed cells were requirzd, pallets were thawes

er
£~
‘.

diluted in water only. Thoroughly washed, heat-shocked R2zillus subs

var. niger spores were added to6 the suspensions immeaiarely before dissean

nmation to achieve 2 final concentration of 2.0 x 10° viable gpores par ml.
Sanples for S. marcescens assays were diluted in gel saline sclutinn

70.85% NaCl, 0.17% Bacto gelatin) with C.005% potassium tellurite added o

prevent growth of S. marcsscens in the spore assaye. Viable =211 populs-

tions were determined by the standard surface platiag techniquie on peptone

a2gar, ueing six plates per assay,

E. subtilis spores showed complete biological stablility in the asrosol
rcgardless of RH or ambient gas compositicid. Therefore, the number of
spores recovered from the aercesol indicated the maximum vwiashle cell
Tecovary (g te be expazted for §. mavcescens inm the same zerosol,
Differences in control counts were corrected by the formila

No = Ggu-Npg/Cys

wiere T and Cpe ave the viable cell populations of §. marcescens and

z. subtilis, respectively, in unaerosolized controls, and Npg is the nucbe-

ef viable spores recoverced from the aerosol, Data are reported as the mat?

\fXo, where N is the mumber of wisble 5. marcescens cells rezcvered from
the aeroscl. This method of calculating recovery minimized variables

gssccizted with digseminatisn and collection prozedures and ptysizsl fall-
out from the aerosol (approximately 0.8% per miz limezr decay wate’ .
slthough apprecisbie batch-to-batch wvariation in absclute visble .21t

recovery levels was cbserved, a uniform data pattern was *“taiﬁei o

three sets of trials. This pattern is best illustrsted by th: daiz frem

ocne typical set of trials, which are presented belzw,

Aerospls were gemerated in a 86.6-1iter staialess steel Jrum ~ev:lsicg
&t £ rpm. The RZ was measured bsfore and after aserosol dissermination wiz

2= electric hygrometer element® held 5% the center of the drum i
wag shielded from the aerosol excepr during the time veguirsd tc ez

-
ings. When the atmosphere wzs to contaln oxygen at = praselec .ed ~omsentrs-
e

tioa, the system was flushed for at lesast 30 minutes with gas of zhout th

® Zygrodynamice, Inc., Silver Spring, 4.

ol




desired final composition. Toward the end of this period, either N; or air
wag added until the oxyger analyzer* indicated the proper oxygen concentra-
tion. Ho difference in results was observed when tank oxygen or tank air
{breathing quality) was subatituted for the laboratory supply or when argom
was substituted for nitrogen. The RH was adjusted during the final stages
of this procedure by passing the gas througu either Drierite or water until
an RH 5% lower thsn the preselected value was attained. Addition of aerosol
to the system changed both the RH and gas composition, so final values were
determined after the aerosol had equilibrated for 2 minutes.

When oxygen-free conditions were sought, the apparatus was evacuated
to sbout 10°° torr with a two-stage vacuum pump. This pressure was main-
tained for at least 3C minutes, then sufficient prepurified No** was added
to bring the system to atmospheric pressure. Further purification of No
with pyrogallol-ECH or Fies:r's reagent was not acceptable because of
evolution of CO and H7S from the two sclutions, respectively, both of which
seriously affect cthe aexosol stability of §. maccescens.*k The pumping
and filiing procedure was repeated three times; finally, Lhe N; was pasacd
through degussed water until the drum was filled with gas at a positive
pressur= of 2 cu Hg &#nd at the desired RH.

Aercsole were dissemirated for 60 seconds frow a Vaponefrin standard
nebuligexrkii® with & flow rate of approximately 0.25 graw of iiquid in
5 liters of gas per min at & driving pressure of 400 wm Hg. The driving
ges was either air or prepurified N;, depending on the desired final
composition of the drum atmosphere. The atomizer was inserted into a
large-~bore stopcock attached to the drum axle, permitting ite removal
without admitting air to the system. In experimente requiring the absence
of oxygen, the stomiter and cell suspension were degazsed after insertiom
into the sgystem. This procedure was shown to exert no effect on the
aerosol characteristics in air, and, when eliminated from the te-hnique,
tesulted in only & saall decrease in stability in nitrogen. Aercsols
vere collected for 30 sec in M.S.A, midget lumpingerssx¥*ix* ar 5 flow rate
of 5 litars per min. The collection fluld comsisted of S ml gel saline
with 0,.001% Antifoam A. The 2ercsol age was reccrded as the | te- 1
between the midpoints of the dissewminsiion and collection pericds.

* Model 777, Deckman Instrumc-ts, Inc., Fullertown, Caiil.

“% Matheson Co., Inc., East Rutherford, N.J.; maxfmum Q) conc =~ 3 ppu.
*3% Unpublished “ara.
*t&k Vaponefrin Co., Edison, N.J.

=T A = o ~

Y*hwrs Mine Safetv Appliances T~ |, Tittsburgh 8, Pa.
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I1L. RESULTS

Ratios batweun the nushbers of visble §. marcescens ari B. gubtilis
spoces collected from acroscls storad in various concemirstions of oxyzen
are shawn in Figure 1. Maximm survival of S. marcescens occurred at the
minisus oxygen comcentration attained, and at this point vas nearly equiva-
lent to spore survival. Az the oxygen conceuntration was incressed, loss
in viability increased, so that log ¥/¥, = k Log P/P, + C (Fig. 2). All
aesrosols in this series were generated from suspensicms of thoroughly
weshed S. marcescens free of added solutes. The tests were performed at
40% RE because aerosols of this organiswm routinely yleld ainimum survival
in air at this humidity.

Lethal eifects were observed whea 0, was added to aerosols originally
disseminated into N2 (¥ig. 3), Although only 307 loss in viability occurred
in nitvogea for as long as 5 hours (Taole 1), the addition of as little as
57 oxygen resulted in et least BOZ loss of viability within 30 minutes.

This effect was nbticed at oxygen concentrations as low as 0.25% and
became grester a8 axygen concerntration increaged. The addition of 5%
oxygen after aerosols had been stored in nitrogen for up to 40 min was
selected as an arbitrary exesuple of this syatem,

Unwasked, unshaken §. marcescens were more sensitive to storage as
derosoly in air (Table 1) and respired 5 to 10 times faster than washed,
shaken cells, Stsbility in nitrogean was unimpaiied, however, indicating
8 relationship between respiration and sensitivity to oxygen. This is
consistent with our earlier observation, descrited by Goodlow and
leonard, that wiuiswm survival in air is obtained with actively grow-
ing S§. migcescens,

Effects of several additives on the gtability of aerosolized §.
nky cescens &re shown in Table 2. These compounds were selecced because
of their demomstrated i{nfiuvence on the stebility of enzymes or organisms
exposed to axygen in other systems. The coucentratioan of ea:h Jompourd
inducing optiaum stability in the aerosol, with no toxic effect on coa-
trol organisas, vas determined empirically. Cobalt &and mangznese ¢ ~m-
pounds, a5 wel! as glycerol and thioures, were procective for sirvcrae
orgerisms,; cysteine, CuSQ,, and Mg50, were less effective. ‘i~etrjlmaleimi-ic
»e' was slightly protective ln the presence cf air but induced sowe se--
sitivily under ancxi~ conditioms.
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TABLE 1. SURVIVAL OF WASKYD AWD 8. MARCESCENS
AEROSCLIZED INTO AIR R N,%

1) R
Acrosol Age, Alr %2
minutes Vowashed Washed Unwagshed VWashed
4 0.009 v.230 1.0 1.0
i8 0.0007 0.040 0.92 8.95
32 0.0001 0.024 0.90 0.90
150 Too low to 0.007 0.72 0.70
assay
300 Too low to 0,004 0.70 0.69
assay

a. Suspensions contl}nnd 20 x 10° S. marcencens cells
per ml and 2 x 10" B. subtilis var. niger spores per
ml, All serxosuls gencrated at 40% WY, 25 C.

b. Ratio of §. maxcescens to B. subt{lis apores in the
same aercsol, corrected for differences in control
countas.

Aerosols of S. marcescens in air or nitrogen were collected, concen-
trated by centrifugetion, aud incubated in Bacto nutriect broth at 30 C.
Unaerosolized comntvols indicated that this organisw s 0.5 to 0.75 micron
in length in the resting stace and normally divides before a maximum
length of 5 microns is attained in log-phage cultures. Cells in ~ulr.res
generated from air aerosols, however, showed three distinctly ditierent
worphologies after the lag phase had eaded. A number of organisms,
roughly corresponding to the expected viable population, elongatel a-d
divided normelly. A second group, presuaably dead cells, did not chawge
in size, and zgradually lost optical density as incubation progressed. Tre
remsining cells ware unusua’, however, in that they elongated without
signs of division, attaining lengths of 15 to 30 microms. Several of
these giant cells were observed to burst under the phase microscope.
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TABLE 2. EFFECTS OF VARIOUS COMPOUNDS ON SURVIVAL
OF ARROSOLIZED S. MARCESCEWSS

N/ b/

Concentration, Aerosol Age. wminutes

Compound woles/1liter 4 18 32

None (Alr 977 &) - .07 1.03  1.00
None (Air 407 RH) - 0.23 0.04 0.02
Nome (N;) - .00  0.95  0.90
MnS0, 5x 10°° 0.77  6.51  0.48
MnCly 3x 107° 0.47  0.37  0.34
Ya{NO3)y 2x 10" 0.41  0.35  0.19
MgSO0y, 2x 10° 0.28  0.11 0.7
S 2 x 10744/ 0.52  0.22  0.13
NuC1 8 x 10°° 0.06 0.03 0,01
Cuso, 2.5 x 10°% 0,20 0.4  0.¢3
Alycerol 1x 10° 0.47 0.28  0.18
Thioures 1x 1072 0.4«  0.25  0.21
“ysteine K21/ s x 107 6.26 0.1  0.06
r~ethylmaleimide (air) 1x 13“1/ 0.20 .07 0.us
N-ethy lwaleimide (Np) 1 x 10%¢/ 0.75  O.4L  .an

——

&. S.spensions conteined 20 x 10° §. marcescens cellas per ml and
2 x 10’ L. subtilis var. niger spores per ml. All aecnscls
were generated ia air at 407 RE, 25 C except as noted,

b. katfo of §S. wmarcescens to B. subtilis spores in the same

aerogcl, corvected for differences in control countr.

brought to pil 7.0 with NaJ:-.

higher concernirasicms were toxic *o conrrol suspensions,

0
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Experimeuts ver: periermed to deiermine ithe smsitivicy of complately
hydrated §. wmapcescens to 0. Two-ml portioms of cell suspsmsions coatain-
ing 20 x 10° viable cells par ml wvare stored under 07 at pressures from
15 to 100 pounds per squars juch for & hours at 25 C. Both a static system
and one in vhichk ges coetinuously bubbled thrcugh the suspeasions were used.
No change in viability was odserved, compared with controls under ¥,. Aero-

sols disseminated at 377 EH retained viability for at least 32 wmin (Tsble 23},

R DY
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%o faformation i{s evailable on the extemt of dohyiiutlm occurring in
serosclized washed microorganioms, but Bateman et ai.”® deacribed changas
in vater conteat of lyophiliszed £. mprcescens as a function of aquecus
vapor prassura. Although some hysteresis is spparent, essentially the
sams curves are shown for water sorptica and desorption at 20 C. Approxi-
mately 835% of the ovriginal weight of sorbed water was lost from §.

. equilibreted at 407 RE, but only 10% or less was lost at
9772 BH. It 1ie¢ assumad that a #ilmilar relationship between water loss
and RH exfsts in the aerosols descrild here.

Asrosolized §. ssrcegzcens cells rapidly becoms non-viabla in the
presance of Oz at 407 RH, dut not at 97% BH. Siwmilar aerosols are nc:
inaccivated in M7 at either R. Evidently some wate. loes from the
organism must occur baforea lethsl interaction with 0; becomes possible,
Furthermore, it appesrs that dehydration of aercosolized S. marcescens
is not itself the priwary cause of the death of the organism. Studies
of ths effects of (2 on ssrosolized micrcorganisus have apparently not
heen reported previcusly. Effects of 0; {in other biological syatems are
well known and arc mentiocued below a4s « possible yuideline for future
investigstions into the basic mechanisw involved in oxygen toxicity iIn
the aerosvul.

Stadie, Riggs, and H‘uaurd‘ 1 reviewed the early literature describ-
ing effects of 07 on enzymatic systams, They suggested that 02 at ordinary
pressures acts &g an axidizing agent to produce enzywmatic inhibitiona.

A toxic actiocn of O on gluccse aud pyruvate cxliglatiou in a cell-free
multienzyms syetem has been observed.”’” Barron  mnoted that pyruvic
oxjidage from gonococci {s inactivated by exposure tc gaseoua 0).

Dickens * showed thet brain tissue respiration was inhibited by 0o
and that Ma*t, CO‘H', llg“", and Cu'H', in that order, decreased the extent
of iohibition. He aleo cbserved that Mnt¥, Cott, and Mg™ enhsuce pyruvic
oxidase activity and suggested that the primary effect in axygen poison-
ing of braiu tissue may be through inhibition of this systam. Aw citer-
nate explanaticn of the protective effects of Co™ and Matt may be derived
from the vork of Giiberr, et al.,” who reported that thege ious decreased
the net formatior. of B~y in glutathione wsulutions expcsed to high O)
pressures. Whether efther of these mechanisams exiasts in aeropolized
bacteria i{s not known, but it is interesting that relatively low concen-
trations of Cott, Hn"" tend to stabilize airbornme §. mmrcescens {Table 2).




18

Dbia indicating thar sxposurs to O induces e
sclizsed and lyophilised §. mErcescens have baen obtai in this labora-
tory, and ars baing preparad for publication. Comtact between O, and
lyophilized K. results in tho death of the cells'® and the formatiom
of free radicals.'’*® jo method is svailable at pressmt to collect
sufficient sercsolized crgsnisms aftar dafined conditioms of comtact
with 02 for fres radical Jdeterainaticas. Attempts to determine whether
changes occur in nicotinamide sdenine dinucleotide (NADH} oxidsse activity
in aitrborne bacteriz have been umsuccessful, but Lion and Avi-Dor'® have
shown that MADH oxidase activity is inhibited in lyophilized E. ccli after

exposure to 03.

ixiler sffect

iz in sereo-

-—a

Tallentire, Dickensou, and Collett’® found that gasms-irradiaced
Bacillus megsterjum spores were inactivated at the maximun rate when in
equilibrium with water vapor at a presgure corrvssponding to 40% RU.
Aerosolized $. warcescens cells are particularly unstable {n air at
this RH. Lethal effects 05392 on irradiated organiswme are well known,
and Powers, Webb, and Ehret  suggestead that reaciions between free radi-
cals and 0y in irradiated dry spores resulted in toxicity. Thiourea and
cysteine protaect agaiust radiation-induced mtation 2nd inactivaetion of
E. coli through processes not involving 03. Thiourea, an excellent
@etusui sceoilizer, helps protevt iyophiliced E. ccli againat Q2 damage,"
but cysteine i3 less effective in both systens.

21,232

Clyc§:o§4 in a class with thiourea and cysteine in irradiation
studies, is an effiient aerosol stabilizer, but it is possible that
this occurs because of effects on the loss of water from airborne organisms.
Jevey, ¢ however, noted that glycerol may act as a radical scaveager in
irvediated §. morcegcens. The affects of NEM ona:urosolized S. marzeg:els
are consistent with the resulis noted by Bridges  and Dewey,*® using
irradiated cells, in that sansitization occurred under anoxic conditions
1n both syatems, but slight protection was observed in the preserce of O .

20 , .
Jerschman, et al. noted that decreased metabolism has & prore tive

effect in 0; poisoning and possidly in X-irradiation systems als.. T-e,
oac luded that incressed metabolism wmighc result im an increased p-~duciiom
of free radicals and thought it not surprising that varistlons - . -ypen

tmirity with metabolic activiety have been found. This latrer relasin--
s21p is similar to that observed with airborne S. marcescens.

Tne tilamentcus growth of bacteria following X—irtadiatiﬂn,a‘ e
i:zaaiatxon,' and other treatments is well documented., Filamentods
scowth of S, marcesceas after exposure to air and inc.bation in nutrient
nas becn noted, and recently Cox and Baldwin®® reported similar results
with E. ¢33i. The mechanism respensible for this abnormal growt:n Las
not heer iavestigated «ith airborre wrganisms, b.t Errera®® and cu-:vs
have proposed that DNA synthesis 1s iahibitea after frradietiom su t*a’
~orxal aivision does not ozcur.



——

L9

At sressmt; only S. marcegcens has been used in this study, but effecis
of 0 on . coli snd several other orgacisme are being investigated and will
he praseated later. It is not proposed here that the mechanisme causing
death of firrsdiated, lyophilized, or aerosoclized organises in the presence
of 02 are Mnnttfgl, but only that there are msny similarities among them.
Serochmin et al.” hypothesized 2 common mechanism Setween 09 poisoning
and the infitial effects of X~-{rradiaticn in blological systams. I proposc
that 0y poisoning and death ¢~ airborme bacteris way be similarly related.
The cuncepi that cell Jdeath {u the presence of 0y in the four systems men-
tioned occurs for closely releted reasons has helped me to explain and
predict the behavior of aerosolized $. marcescens. This was found to be
difficult or impossible via the hypothesis that dehydration alome caused
the death of afrborme wmicroorgacisms.
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