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V AIASThCT
it

•; ~Suspe.nsions of Se.rtia marcescen. (,TCC strain 14041) in water ,were '
, ~ ~aerosolized in a rotating druma in the presence of various concencrati~ns

of oxygen. Colony-forming ability of aerosolized organisms was rapidly
destroyed by contact with 0.25% or more oxygen at 40% relative humidity
and 25 C, but was almost unimpaired for at least 5 hours in nitrogen con-
taining not more than 10 ppm oxygan. Completely hydrated organisms were
insensitive to oxygen at pressures up to 100 pounds per square inch for
four hours. No loss in viability occurred in aerosols of washed Lells
in air az 91M relativc hi,=idý'Ly. it la proposed thac dehydratiun of the
aerosolized cell results in sensitization to lethal effects of oxygen
but is not the primary cause of death. nW++, Co++, glycerol, and thiourea
enhanced the biological stability of aerosols in air. Numerous similarities
between the effects of oxygen in this system and in systems using lyophilized
or iriadiated organism or cell-free enzymes support the hypothesis that
closely related mechanisas are involved.
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I. INTRODUCTION

DunklDn and Puck, observing that the death rate of airborne bacteria
varies with relative humidity (RH), suggested that the sensitivity of
microorganisms to joxic agents increased at a critical degree of cellular
dehydration. Webb attributed lethal effects in the aerosol to collapse
of protein structures upon dehydration and later stated? that additives
capable of replacing fellular water increased the survival of aerosolized

bacteria. Zieman, however, proposed that nonpermeable carbohydrates
enhance stability through a plasmolytic dehydration of the organism. U

The tacit assumption, in most of this work, has been that dehydration,
per ae, causes the death of the ceal by disrupting vital structures, con-
centratin1 toxic material, or imbalancing metabolic activity. Mon% and
M4cCaffrey showed that the death rate of rehydrated Serratia marcescens
is maximal at a water content of 33%, but remarked that effects of 02 on
the death rate had not been determined.a In this laboratory, studies of
the effects of ascorbic acid on aerosolized 1. marcescens suggested that
interaction between the cells and atmospheric 02 might contribute to the
death of the cells. Preliminary experiments indicated that, when S.
•LCkUC~f vwas aerus4lixed into air diluted with nitrogen, the death
rate increased with 02 concentration. The work described here was
undertakan to test the possibility that drying sensitizes organisms
to lethl effects of 02, but is not the direct cause of death of aero-
solized m. marcescens.

I
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1i. MATERIALS ANI) .M•THOfS

S. marcescens (Fort Detrick, strain 8UK, ATCC strain "140-',l) ",Tas gr,,
and stored as frozen pellets by a method already describe.- ivo tnely.
the thawed pellets were waashed three ti-Mas vith disti-led wa..-.. +'ll ....
to 20 x 10 visble-cells per mt, shaken for 3 hours at 30 a,7'
at 4 C. When~unwashe& cells were required, pellets were tha+,;ed a-n-I
diluted in water only. Thoroughly washed, heat-shocked Bz.".
var. nizer spores were added to the suspensions immediately before dsZrl-
nation to achieve a final concentration of 2.0 x l0' viable spores per m-1.

Sarples for S. marcescens assays were diluted in gel saline •...
'10.857 NaCI, 0.1% Bacto gelatin) with 0.005% potassium t llurite addea to
prevent growth of S. marcescens in the spore assays. Viable -rl popula-
ticans were determined by the standard surface plating technique oni pptc+r-e
agar, using six plates per assay.

B. subtilis spores showed complete biological stability in the asrosOl
regardless of RH or ambient gas compositicd. Therefore, the namber of
spores recovered from the aerosol indicated the maxiimwn -riablt. cell
zecoavezy ,•'o) to be expz..tei far S, marce~ccnas in. the samne asros:l.
Differences in control counts were corrected by the forruala

No = CSM!.NBS/CBS

-- ' ere -M and C-, are the viable cell populations of S. _arcescens an-d
_, subt~is, respectively, in unaerosolized controls, and NES is the nur•e•
of viable spores recovered from the aerosol. Data are reported as the ti?
'io, where N is the number of viable S. marcescens cells re-::c,-red frzr
tte aerosol. This method of calculating recovery minimized variables
associated with disseminatin and collection prozedures ar.d p!-si:eI fall-
out -zam the aerosol (appzoximately 0.8% per mim linear d£et-ay rate"
?.1+th.agh appreciable batch-to-batch variation in absolute \iable
rEcovery levels was nbserved; a uniform data pattern was oai'-+. :n
three sets of trials. This pattern is best illu-3trated- by th- *•-, from
one typical set of trials, which are presented bel!:-.

Aeroscls were generated in a 86.6-lItem- stainless ste! •.fiir a -

az 5 Zpm, Ite RE was measured before and after aerosol -
e- electric hygrameter element* held at tne center of the drum. E .
was sýielded from the aerosol except during the tinz recuired tc takE re÷•--
ig. • When the atmsphere was to cc-ntain oxygen at a p esee.- •
t•i.a the system was flushed fo at leaat 30 minutes with gas of a',cut, the

I. n, Silver Spriag, Md.
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desired final compowition. Toward the end of this period, either N2 or hir
was added until the ocygen analyzer* indicated the proper oxygen concautra-
tion. No difference in results was observed when tank oxygen or tank air
(breathing quality) was substituted for the laboratory supply or when argon

was substituted for nitrogen. The RH was adjusted during the final stages
of this procedure by passing the gas througii either Drierite or water until
an RH 5% lower than the preselected value was attained. Addition of aerosol
to the syatem changed both the RH and gas composition, so final values were
determined after the aerosol had equilibrated for 2 minutes.

When cuysen-free conditions were sought, the apparatus was evacuated
to about 10 torr with a two.stage vacuum pump. This pressure was main-
tained for at least 30 minutes, then sufficient prepurified N2 ** was added
to bring the system to atmospheric pressure. Further purification of N2
with pyrogallol-KMl or Fies,•r's reagent was not acceptable because of
evolution of CO and fl2 S from the two sclutions, respectively, both of which
seriously affect the aerosol stability of S. marcescens.*** The pumping
and filling procedure was repeated Lhree tims; finally, the NZ waas passd
through degassed water until the drum was filled with gas at a positive
pressurq of 2 cm Hg and at the desired RK.

Aeeaols were d!4s'ti-,.Ltcd foc 60 reconds from a Vaponefrin stanlard
nebulizer**** with a flow rate of approximately 0.25 gram of liquid in
5 liters of gas per min at a driving pressure of 400 ma Hg. The driving
gas was either air or prepurified NH, depending on the desired final
compositiou of the drum atmosphere. The atomizer was inserted into a
large-bore stopcock attached to the drum axle, permitting its removal
without admitting air to the system. In exp*riments requiring the absence
of oxygen, the atomizer and call suspension were degassed after Insertt'n
into the system. This procedure was ahown to ex.ert no effect on the
aerosol characteristics in air, and, when eliminAted from the te,.hnique,
resulted in only a small decrease in stability in nitrogen. Aerosols
were collected for 30 ae, in N.S.A. midget impingers*-rk* at a flow rate
of S liters per min. The collection fluid consisted of 5 m= gel saline
with 0.001% Antifoam A. The arosol age was reccrded as the ý te- ii
between the midpoints of the dissewinaion and collection pericds.

* Bodel 777, eckman tnstrume-ts, Inc., Fullerto,., CalL.

**"Matheson Co., Inc., East Rutherford, N.J.; waxiftm 02 conc - $ ppM.
SUnpublished atva.

**** Vaponefrin Co., Edison, N.J.
mine Safety Ppplices C , IittIbur.. . Pa..
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Ratios between the minsru of viable I. Marc Miss and ][. subtilis
spaces collected from aerwals stored in various cancwetrstiona of caygen
are sheen in 7igure 1. Houimn survival of §. mecescens occurred at the
sinimsm canon coaeimtration. attain"d, and at this point was nearly equiva-
lent to spore survioral. As the oxygen concentration yas increased, loss
in viability Increased, so that lag N/NO - k Log P/Po + C (Fig. 2). All
aerosol& Lu this series were generated from suspensions of thoroughly
wmashed S. r~ceacevs free. of added solutes. The tests vere performed at
40%. IM because aerosols of this organism routinely yield minima. survival
in air at this humidity.

Lethal eifects were observed when 02 was added to aerosols originally
disseminated into N2 (Fig. 3). AlthoWgh only 30%. loss in viability occurred
in nitrogeal for as long as 5 hours (Table 1), the addition of as little as
51 ox~ygen resulted in at least 807. lose of viability within 30 Xi'aUteB.
.1is effect was nbticed at oxygen concentrations as low as 0.25%. and
becamie greater an caygen concentration increased. The addition of 5%
oxygen after aerosols had been stored in nitrogen for up to 40 mini w.as
i~elected as an arbitrary exam2ple of this system.

Unwashed, unshaken §. marcescens were more sensitive to storage as
aerosols in air (Table 1) and respired 5 to 10 times faster than washed,
shaken cello. Stability in nitrogen was unimpatted, howvever., indicating
a relationsh~ip between respiration and senaitiv'.ty to oxygen. Thisa is
cansisLeflt wixth our earlier observation, descrited by Goodlau' and
L'eo-nar.d, that siuimzm survival in air is obtained with actively growm-
ing 1. marcesctms.

Effects of several additives on the stability of acrosolized S.
wrecesrens are sbcon in Table 2. These compounds were selected bec~ause
of their demonstrated influence on the stability of anzymes or organisms
exaposed to oxygen in other systems. The concen~trationi of ea*t. IOMPO'x:d

indiucine opttiam stability in the aerosol, with no tcoxic effect --m :an-
trol organisms, vas determined empirically. Cobalt and manganese c -r
pi.unds, &as el7 as glycerol and thiourea, w~ere procective for &irbcene
- r;s.as; c~ysteine, CuSO4, and X&SO4 were less eftectiv'e. et-,mli2
si. wa~s slightly protective in the presence of air but induý'ed some s --

siLtivi:L under anozin conditicms.
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-,I& L . S,•Y--&AL • • U. AM S 1a- M ESC]•IS
AKEDM-T IU DO AnI _&

Aerosol Age, Air N2
minutes Uuwashed Washed Unwashed Washed

4 0.009 u.230 1.0 1.O

18 0.0007 0.040 0.92 0.95

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 contained 20 x l0• S. marcesceus cells
per ml and 2 x 10 J. subtilis var. nixer spores per
ml. All .- oaosi esualated at 40% RHU 25 C.

b. Ratio of S. ýsarcescens to 1. subtilis spores in the
same aerosol, corrected for differences in control
counts.

Aerosols of S. marcescene in air or nitrogen were collected, concen-
trated by centrifugation, and incubated in Bacto nutriect broth at 30 C.
"naerosolized controls indicated that this organism is 0.5 to 0.75 micron
in length in the resting state and normally divides before a mcim.&
length of 5 microns is attained in log-phase cultures. Cells in "'31tr'res
generated from air aerosols, however, showed three distinctly ditier~nt
morphologies after the lag phase had ended. A number of organisms,
roughly corresponding to the ezpected viable population, elog-3te," .- d
divided normally. A second group, presumably dead cells, did nor :-hange
in size, and gradually lost optical density as incubation progressed. Tr~e
remaining cells vwre unusua', however, in that they elongated witho;.t
signs of division, attaining lengths of 15 to 30 microns. Several of
these giant cells were observed to burst under the phase microscope.
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TAbiz 2. aK-36MtSO MW VAP.ITYS COh('URDS CH SarVIVAL

Concentration, Aerosol AL2. inutot
Compound moles/liter 4 is 32

None (Air 97% ;'#- 1.07 1.03 1.00

None (Air 407. RH) 0.23 0.04 0.02

None (N2 ) 1.00 0.95 0.90

NnSO4  5 x 10-2 0.77 0.51 0.48

MU~C12  3 x l0-3  0.47 0.37 0.34

Y-a'N03)2 2 x 10l' 0.41 0.35 0.19

MgS0,S 2 x 10-' 0.28 0.11 0.07

""oC 2 x 1074d/ 0.52 0.22 0.13

Nic.L 8 X 1I 0-06 0.03 0.01

CuSO4  2.5 x 10-'d/ 0.20 0.04 0.C3

^,lycerol i x i 0da 0.47 0.28 0.18

T-. ioure& I x I0-, 0.4-. 0.25 0.21

"yateine H.'I-/ 5 x 107, 0.26 0.13 0.06

t-erhylmaleimlde (air) I x 10"4d/ 0.20 0.07 0.u

N-et~hylvaleis~ide (N2) 1 O4/0.75 0.!,'. ,.'

a. S-..spensions conteinei 20 x l0e S. marcesce-na cells per ml ard
2 x l0e Z. subtilis var. miger spores per ml. All aer.scls
were generated in air at 401 R-E, 25 C except as nor!.

b. katio of S. mrcescens to B. subtilis spores ini the same
aerosol, corrected for diffe-ences in control counti.

c. 'rought to pK 7.0 with Namci.
d, -diher con,-•.r&•.io-.a were tn3xc.: -c, cotrtrrol suapensions.
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Uperimnts vera pIrferiud to deternium the miLtv1.y Qi •it•c-)-
hydrated m. mrgami to 07. TWo-mi portionm of cell suspesiaons co"tin-
ing 20 x 10" viable ce*ls per al were stored under 02 at pressures from
15 to 100 poundas per square inch for 4 hours at 25 C. Both a static *ystwm
and one in which gas continuously bubbled through the suapensions were used.
N•o change Lu viability was olserved, compared with controls under V2. Aero-
sols disseminated at 97% IA retained viability for at least 32 sin (Table 2).
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So taforimtion is available on the extent of dehyiaratLoe occurring in
aerosolised washed microorganisms, but lateman at aL.' described changes
in vaLer content of lyophiliZed L. M as a function of aq•aons
vapor pressure. Although some hysteresis is apparent, essentially the
sam curves are shan for water sorptioa and desorption at 20 C. Approxi-
umtely 851 of the original weight of sorbed water was lost from I..
MSSILM equilibrated at 401 RE, but only 10% or less vas lost at
97% 3K. It it assumed that a similar relationship between water Loss
and RE exists in the aerosols descriLW here.

Aerosolined j. g e cells rapidly becms non-viable in the

presence of 02 at 40. II, but not at 97% U5. Similar serosols are net
inactivated in X2 at either RE. Evidently som vat*.. loss from the
organism must occur before lethal interaction with 02 become poseible.
Furthermore, it appears that dehydratiou of aerosolized S. vc n
is not itself the primary cause of the death of the organism. Studies
of the effects of 02 on aerosolised microorganisms have apparently not
been reported previousiy. Effects of 02 in other biological system are
well known and arc mentioned below as a possible guideline for future
investigations into the basic macha•ise involved in oxygen taicity in
the aerosol.

Stadia, Riggs, and Mauga41a reviewed the early literature describ-

ing effects Of 02 on 0eymatic system. They suggested that 02 at ordinary
pressures acts as an omidizing agent to produce enzymatic iphibitiona.
A toxic action of 02 on glucose and pyfuvate midation in a cell-free
multienayim system has been observed. Barron noted that pyruvic
axidave from gonococci is inactivated by exposure to gaseous 02.

Dickens 4 showed that brain tissue respiration was inhibited by 0-,
and that Pk-• Co, Me, and Cu++, in that order, decreased the extent
of inhibition. He also observed that Mn+, Co4, a&a l4+• enhance pyruviz
oxidase activity and suggested that the primary effect in oxygen poisoa-
ing of braiu tissue may be through inhibition of this system. A,. iiter-
nate explanation of the protective effects of Co+' aud Nn•-• may be derived
from the work of GiLbert, at al.,is wto reported that these ions decreased
the net formatior. of H-Zr2 in glutat'ioue sulations exposed to high 02
pressures. Whether either of these mechanisms exists in aerosolized
bacteria is not known but it is interesting that relatively low concen-
trations of Co4+, N64 tend to stabilize airborne J. marcesceits (Table 2).



Daapaa to~ 02 indcc fl. .a. 44 egf,'n- in* acre-

solised and lyoshILsed . qgnhave been obtained in this labora-
tory, and are being prepared fo~r pubibcation. contact between 02 an
lyophilised 5,. 1; reswlts in the death of the cells to and the fortation
of free raitica a.&7 N o o method is available at present to coll~ect
sufficient aeroeolised organisms after defined conditionas of contact
with 02 for free radical tleterstinatious. Attempts to determine whether
changes occur in nicotinamide adenine dinticleotide (RADII) oxids-se activity
in airborne bacteria hawe been unsauccessful, but Lion and kvi-Dor1 9 have
shown that ULMD oKidase activity is inhibited in lyophilixed E. cajj after
exposure to 02.

Tailentiret, Dickenison, and Collett 80 found that gamma-irradiated
Bacillug ma~qateriumi spores voea inactivated at the msximm rate when in
equilibrium with water vapor at a pressure -correspondivng to 407. ul.
Aerosolized S. glgoc~ calls are particularly unstable in air at
this RH. Lethal effects of 0-. on irradiated organisms are well knon,~'
and Powers, Webb, and Ehrees'sa ese that reac.-Aoaa betwe~een free radi-
cals and 02 in irradiated dry spores resulted in toxicity. Thiourea and
cysteiue protect against radiation-induce~d Ntation and itiactivotion of
E. coil through processes not involving 02. Thiourea, an excellent i
aetu&wl 5L4iiUxer, huljo& PzZLwo.C &yophilized E. c-. against 02 damage,'
but cysteine is less effective in both systems.

Clyclro~ in a class with thiourea and cysteine in irradiation
stidies, *is an effi'ýient aerosol stabilizer, but it is poibsible that
this ocurs because of effects on the loss of water fram airborne organisr~-s
-)e,#'ey, however, noted that glycerol may act as a radical &cavenger in.
irradiated J. mrcegcorth. The affects, of NEK an parosolized S. marzeuzens
&-e consistent with the results, noted by Bridges and Dew~ey, 48.ing
i~rraiated Lells, in that sensitization occurred under anoxic canditions
in both systems, but sliegh protection was observed in the presftiý, cf 0.

eurschmnen, et &I.~ noted that decre~ased met~abolism has a c .crw
eftfct- in 02 poisonaing and possibly in X-irradiation systems &Is,-. 7.e
oatlol~ded that Increased mecabolism aighc result in an increased p-'dý.CA..L

of free radicals and thought it not surprising 0i-at varistio:.s
t.-mirjtywithk metabolic activity have been found. This latter rla'u'--
s.-ip is'am-milar to that observed with airborne S. uarzesc'ens.

Tnie rilanetc-us grow'th of bacteria followiit- X-irradiati'.jn,3
32i: rakiatioai, and other treatments is well documented. Filamentoi~s

Lrawth "nf S. marceacenas after exposure to air and in,..ibation In~ nutrien~t
nas been-t oted, aria recently Cox 3ndi Baldwin as reporctd similar results
%ith E. c-Jl. 7he maQhanisa responsible for this abnormal gzctý. has

not"ce icresigce- Uhairarn ýIL~nisa, -LErrere,' a-A ct-ý-S

har'e proposedsthat DNI aiL-. &lrbn!-is i-nLibitema 3fe irradistin-' so t&Z-

-.:rm.al '1vj6ic'n doee not oCcur.

U 1
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At 'resent, Only S. " hag been used in this study, but effecs
of 02 on a. i and several other organism are being investigated and will
be presented later. It to not proposd here that the mechanmiss causing
death of irradiated, lyophilized, or aerosolized organisms in the presemce
of 02 are identigal, but only that there are many similaritite amng them.
erachman et el. hypothesized a common mechanism Seteen 02 poisoning

and the initial effects of X-irradiation in biological system. I propose
that 02 poLsonulg and death c- airborne bacteria any be similarly related.

The cvucept that cell death iu the presence of 02 in the four systems men-
tioned occurs for closely related reasons has helped me to explain and
predict the behavior of aerosolised 1. marcescens. This was found to be
difficult or impossible via the hypothesis that dehydration aloue caused
the deatb of airborne microorgsanism.

i l l l l l l l l l l l l l I
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upensions of rrata mrcescens (ATCC strain 14041) in water were aerosol-
ized in a rotating drum in the presence of various concentrations of oxygen.
Colony-forming ability of aerosolized organisms was rapidly destroyed by contact
with 0.257. or more oxygen at 40Z relative hu1ivdity and 25 C. but was almost
unimpaired for at least 5 hour& in nitrogen containing not more than 10 ppm
oxygen. Completely hydrated organisms were insensitive to o=ygen at pressures
up to 100 pounds per square inch for four hours. No loss in viability occurred
in aerosols of washed cells in air at 97% relative humidity. It is proposed
that dehydrarion of the aerosolized cell results in sensitizAtion to lethal
etfects o = xygen but is not the primary cause of death. W&-b Co ý 21-cerol,
and thioura enhanced the biological stability of aerosols in air. Nuerou,

ii•tc�_ 'b"etwt•ep the efiects of o.xyger in this system and in systemt- using
Ivooh~lized or irradiated organismis or cell-free enzymes suppor' ýhe hypati-esfia

that clospelv relited mech'anisms are involved.
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