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EVIDENCE FOR METABDLIC ACTIVITY OF AIRBORNE BACTERIA
M.A.Chatigny and H. Wolochow

Aerosols of the bacterium Serratia marcescens, and of
uniformly labeled l4c glucose were produced simultaneously and
mixed in tubing leading to an_aerosol chamber. During a subse-
quent period of about 5 hrs, 14002 was produced metabolically
within the chamber, and labeled material incorporated within the
suspended particles first increased then. decreased, This consti-
tutes the first direct evidence of microbial metabollsm of bact~
eria suepended in the air.

Current NASA planetary exploration projertions include near fly-bys énq
probes of Juplter, Saturn, and possibly one or moTe of thelr satellites. Plane-
tary quarantine (PQ) constraints developed in international agreements are appll-

_cable to such probes. Jupiter has a deep gaseous atmosphere which lncludes methane

‘L"b.

ammonia, and water, all in a dynamic convective mass in which there is a zone about -

80 Km thick where temperatufeland'moisture conditions do not preclude the possi-
bility of microbial growth (1);‘ Examination of the probability of metabolism 'r
and growth (Pg) of spacecraft-borne terrestrial_microorganisms seeded Into such |

clouds, and possibly maintained as aerosols,:is an Important factor in deter-

mining the degree of control required to meet our international commitments.

There are numerous experimental aerobiology publicetions citing prEsumptlve |
evidence thaL airborne microorganisms support metabolic functions (2), but
direct evxdence has been lacking. The question is of importance not only in
the dpploqch to estimatlon of Pg in the Jovian - atmosphere but. also is 1mpl1-
cated in mechnmiSms-of microbial eurvlval in'elr (3), and.le.of fundamental,.

practical importance with respect to the airborne biota of our own planet (4).
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EVIDENCE FOR METABOLIC ACTIVITY OF ATRBORNE BACTERIA

¢

ABSTRACT

Acrosols of the bacterium Serratia marcescens,ﬂand of uniformly
labeled 1&0 glucose were pfoauced simultaneously and mixed in tubing
leading to an aeroso; chamber. During a Subsequen£ period of about 5 hrs,
1hCﬁ2‘was préduced mctabolically within the cﬁambgr;‘and labéled‘materiél
Incorporated within the suspended particles first increased, theﬂ'éé-

Stiree T - '

crezsed, This constitutes the first evidence of microbial metabolism

of Bacteria‘suspended_in the air,



EVIDENCE FOR METABOLIC ACTIVITY OF AIRBORNE BACTERIA

Current NASA planetary ekploration projections include near fly-bys
and probesrpf Jupirer, Satprn,and possibly one or more of thgir'

sateilites;=-PIanetary quarantine (PQj‘cohstraints developeg'in
iuternatiunallaéreeménis are applicable to such probes. ‘Jupitef

has a deep gaseous atmosphere whiéh,includes methané,
ammonia, and water, all in a dynamic convective méss in which there
is a zone abdﬁt 80 Xm thick where ﬁemperqture aqd.moisture ceaditions
de not preclude the possibility of microbial growfh‘(l).. Examipation
of thc‘brobability 6f métaboiism and growth (Pg):of‘spac&craftrborne
tevrestrial microbrganisms sceded intb-suchrcloﬁds, and possibly main-
todva e gerciole, is an imp01taﬁt factor in dcpctminingAthe deg:ee

~of contrel ‘required to meet our international comsitments.

There arc numerousy exberiméntal aerobiology puﬁiications citing
prevsaptive cvidance that airborne microorganisms cupport metaboiic
funyfions‘ (2), but direct evidencé has been lécking; The question is
of import:znece pot only in the_approéch to estimacion 6f fg in the Jo#ian
HiWUthGrE, but also is implicated in meéhanisms-nf microbial suvvival
ipoaiv (3)} and is of fundamental,.practical importance with respect to

e mtrborne biota of our -awn planet (4).



Grbups iﬁ our laboratory are studying the problems in three
pha,es, llsted here generally in order of ease of proof. They.areé
(a) demonstration of the presence of some metabollc functlons, (b)
demonstration of transcriétion or of gene replication and (c) ‘demon-
stration of growth (FPropagation) of selected micro@rganisms in atmos-
phefes providing organfc matter pﬂtentially-presentﬁo; found .fn the

Jovian atmosphere (5). The work described is the demonstration of

the uptake of glucose and subsgquent 602 production by airborne

Serratia marcescens (SM) in fulfil%ment of objective (a).

»

The strategy of the experiment was to mix two aerosols in a

tlﬂwoc ahxmber - one aerosol of qeml—starvcd bacteria and the other
14
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dJroplet, the gIUCOSE=couid be transported into the cell and incor-
porafed-into metabolic pathways for production of labeled COZ' -Labeled

materials withim microbes would increase by incorporation, then decrease

within the chamwber would increase to some

through wetabolism, -and CO_2

manimal level; this sequence is,essentially what was observed,

Culbures of SH were growh‘in_OQOI M phosphate buifer with %dded
Lrice r]cméﬁtg and ammonium ions;léﬁé with 0.5% glucose as sole carbon
wource  which was just ;ufficiént‘to support growth of the popul%tion to
about 5 ox 109 Eélls/ml, Culturcs wéfg inoculated. 16 hirs pricr to a

‘piven expevinent, Cells were harvested by ceutrifugation within
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10 minutes of the expected start time, and resuspended (ca 10 cells/ml}

in growth medium without glucose.

ﬁnifbrmiy-labeleﬂ 14€=glucose (Schwarz[ﬂann) édlutions were
3&justed Qith uqlabeled glucoée to goncentrations.quO.S% and a specific
activity' of iDQ pCi]ml.. Purity was established by.thin41ayef chroma -+
-tOgraﬁh?‘on silica gel using‘n-butanol:.acetcne: water (30:50{20) as the
solvent system. Acidification of the glucese solutions feleasedlless

than 0.1% of the radibaétivity as 1400 Independent tests using the.

¢
labeled géieasé technique (6) established that in vitro mixing of these
3gl§cos¢ solﬁtions with SM resulted in the répid.evolution of-MCO2 of
biological origin.

Mngsuréﬁents of radiocactivity ﬁeré'perfbrmeﬁ on'a Beckman l1iquid
@rinfil]nffon;rﬂunger gquipped with g.cesium externzl sténdérd.  The
countiﬁgi"cdckéail" éonsiéted of 0.25 g of.l,é—bis(2-(5fphehylo#azoiy1))
benzene (POPOPl) and 2 g of 2,5-diphenyloxazole (PPO). added ta 500 ml of

toluene and 500 ml of methanol. Cdunting efficiengy was established

G . ‘ - : . o
with 1*C_benzoic acid (New England Nuclear) as prime standard.

A ée11 shspéhsi0ﬁ and a ¢ lucose éolu;ion were atomized éeparatély
and simuitaneouSly from twb reﬁluxiug:WQlls atOmizefs having outputs
of 0.2 ml/min;‘éfficiency of particulate~émission was abéut 20% of
tetal rass loss from the‘atomizer.(?). Thé two atomizgrs were positiconed
in o Lrgwioint; opposed, and separated by about 4'cm. The sideloutlet

of the tee led to a copper tube 0.9 cm in diameter and 33 cm long which
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was conﬁected to the iﬁput tubing (0.3 ém din diametef, 44 cm long) of one
or the other of a pair oflrotating drums (150Q liters)(8). 1In independent
‘experiments:the coagulation efficiency durihg_the 5-secbnd sojourn of
par;icles in tﬂe tubiﬁg was foﬁnd to be abou:-15,pércenf; interaction of
tlhic two particulate species was not dependent'upon addifional coagulation
within the-drumf; | |
DrumswveréV&acated:inmﬁﬂt@mperaﬁﬁre~ccntro11ed‘chambcr (EIO'C) énd,
prior fa each run, were washéd‘with clegﬁ air at 20-95% relative humidity
until the hﬁmidity of the exif éir wés identical to the input air. Atomi-
zagiﬁn then préceeaed over a S-minute spréy time,.after;whichreacb drum
‘.eonzéined about 22 ﬁCi (30;000 dpm/litér) glucose wiéh {or without, és
5ppr0priate} abﬁroﬁimatgly 1010-(5 x‘10§ cellsliiter)-Viable bécterial

cells suspended in the aerosol state. At various times after aerosoliza~

dy

fa R Y o T 42 1 T P - . 1 o tiEmtem - cmt2d Ioepm N 1
tion, ACI-20 (0} fapingery Famples of 12.5 liters weve collected into 20 ol

of phosphate dulfer during one minute. These samples were analyzed for
radicactive contint and for viable bacterial count by serial, ten-fold

dilution in gelatin-phosphate medium and plating on trypticase soy agar.

Gas samples ﬁere also collected. for 30-minute periods at variogs
tiﬁws Lhroﬁghout a run. The gas sampler system congisted of a 5 ml immuno-
Jogical pipette ﬁith the tip inmersed into 2 ml of liyamine hydroxide held
iﬁ a small cup.  The pipette and cup were ihqorporated into a closed con-
tainer such that air entering the éontainer‘was‘removed via the pipette
At a rate of'nboug 60 ml/min., and almoé; thg entire 2 ml was susbendcd

ag a bubbling liquid within the pipette,



.

In i1dependent experiments, we found essentlally 1007 ceollection of CO2
at this flow rate, During collection. of gas, samples were first passed
throagh a 100 pm membrane filter to remove radioactive.particles, and
the'volumc ‘ collected du;ing the sampling period was measured by
arer dlsplacement;i Samples were then assayed for total radloact1v1ty. .
Acldlflcatlon of a Hyamlne hydroxlde allquot with entrapment of sub-
sequently evolved volatiles, e, g. 002;‘on a fxiter pad m015tened w1th
barium hydroxide, established that the radioactivity present in the

Hyamine hydroxide sampies from the drums was CO2 (or possibly a weak

volatile acid) and was déﬁoid of glucose.

Results of a typital experiment in which separate'pfeparatioﬁs
.. of IAC-gluche énd SH were miged'in thg aeroéol state are shown in.
Table 1. These‘resu1LS'are compared to a parallelféxperiment in which
clucose alune was éerosolizéd:iﬁto a second drum in the absence of SM..
As shown, bbpﬁ gluéoée and the baéterial particles fell onté‘the-wal;s
of ﬁhc drﬁm with timg,‘deéreasing the concentration in the aerosol state,
This fallout rate is aldirect functiOn.df particle size and, for glucese,
theldisappegfance of radioéctive-labeied particles from the drum repre-
senrs the actual fallout.rgte. For viéble bacterial cells, however,
the decrease in concentrétion within the drum represents both fallout
and the loss of cell Qigbility. It shpuld bé noti@ed that the fallout
rate of radicactive glucose is considerably larger in the presence of

&M than in the absence of bacterial cells and that the humidity was the

i
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same in boch drums. Ihis iﬁdicates that_coagulation hcd occurred between
-glucbsc and Sﬁrfofming larger particles than in the absencc of SM. As
shdwﬁ,.in:the drcm cOntaining both glucOsc and SM, theJamount of 1&(302
present gradually increased until a plateau was reached after about 24
houts. At the: plateau, the total amount of 14COz-represents approximately
% of the orlginal amoant of radioact1v1ty added to the drum. Wc do not
uudcrstand the unusual, delayed dlsappearance of aCOZ in this one test
{compare Table 3). Omission of SM from the drum resulted in production

of less than 15% of the carbon dloxide accumulated in the presence of

SM durina the entire rum, This indicates that most of the CO2 observed

in the presence of both SM and glucoae is metabolic in orlgln and not a
result of some nonbiological interaction of glucose with re51dual materlal
possibly present on the walls of thée drums. As for 1a602 released in the
abscnce of SM,.cééarate experiments ﬁave shown that, despite scrupulous
cleaning procedures. between sequentlal experlments, some r651dual radio-
act1v1ty romalncd on the walls of the drum at the start of the next experi-
ment,  Trace amOunts were observed to be released very slowly as €O, under

2

the expcfimental conditions. Sométimes, after extended intervals, 002

was'cOmparable in magnitude to that seen ip Table 1 in the absence of SM.

The results shown in Table 1 do not allow a clear determination of
whether the source of 002 production is metabolism occurrving from particles
in the aerosol form, or is a result of particulate fallout and subscquent

metabolism on the wall of the chamber,

i
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Indeed, the possibility of metaboliém on the walls is suggested in

Table:1 because CO. increased as the concentration of alrborne bacterial

2
‘cells'and giucose decreased by fallout;‘although.992 of the bacterial
cells fell cO'the-wallsAwithiﬂ'24 hours, thelamountlof CO2 in the drum-
was still increééing. . The paif of ekperiments in Téblé 2 show‘that,
;although celiulér matabolfsm on:the wall‘did,_indeedé‘occur, it did

not a?cOuntwfﬁr}all.the metabolie- IQCQZ_evolned.Mhen.SM.and giucose
‘wére simulfaneously aerogolized. In this experiment,.one drum was
Cfirst preconditioned by aerosolizing Qith labeled glucose alone and
allowing all the glucose to fall out ﬁo‘thé walls qf the drum during

a 72-hr‘pez_-io¢‘i.j The drum was gﬁbsgﬁgéqtly'air-washed and then filled

14

with airborne SM. Any resulting co, in the drum would then represent

mctqbdlism‘on fhe‘walls (plus any bieed{hg effects). These resuits
arelcompared to a.paréllel drum‘eugéfiﬁent in.which hoth EM and glucose
WeTE #erosoiized Simqitanéously. Thé re§u1ts.Qf this experiment (TableIZ)
show that‘metabqlism‘on the walls isrnot a gignificant coniributér of

COé .dufing thé-first S hou%sa_ lof the réactioﬁ. rThe C02 forméd soon
aftgr‘aerésdlizafion qf'both SM and_g}ucbse'must; then, be att}ibutable

to megabolfsm in the aerosol state.

‘An experiment (Table 3) was conducted in en effort to eliminate
the efflects of metabolism on the walls, SM and glucose were simul-
“taneous ly ‘ner.os'ol'ized“into cach of two-‘d-rums, one of which was coated

Cwith a 0.2N N32C03 solution to trap any 14002 formed by metaktolism

on {he walls., Initial values of CO, were similar in both drums.

2
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However, as shown ‘€0, gradually 1ncr€ased in the absence of carbonate,

2

only slightly after the £nitial evolutxcn. These results suggest that’

whereas, in the presence of carbonate, CO remained constant or increased

metabolism in air OCCUTS soon after contact of the cell with the glucose
particle and that further increases in C02 contain a partial contrlbutzon
of motqholiSm‘from cells On the walls of the drum. The magnitude,of the

wall effELt seen in Table 3 is in general agreement with the results shown

in Table 2. The apparent magnitude of the CO, increase (Table 3) is un~-

ddubtedly iower‘than the ac;ual'increase because of the known solubility
of 6§é in bqses: | |

As;an-Pddiﬁioﬁal indication of.microbial metabolic écéivity_;n
the alr, we collected samplLs for 1 minute on O. 45 pm membrane rlltersr
at [low rates of 5 11ters of air/mxn. Fllters were then rinsed 5§ tlmes
.0 ﬁilquantities of heled 0.5% gluroqe and the fllters counted

14 ; '
for 7 C rectention, ~Corrections were made for small amounts of glucose

which ténd to be retained on the filter even without cells. The remaining -

counts are referred to as lnscluble particulate 1abe1 (IPL), and pfé;
Qumdbly represent an estlmate of the amount of 1ncurporated glucose not

yct;metabolized‘to'coz. Although the dynamics of the IPL are complex,

as is €O, cvolution, in all tests the IPL first increased, then decreased

2

to background levels during the first 2 to 5 hr period of aerosol life.
Tn one experiment (Table 2), the IPL obtained with glucose plus SM appears

to be the same as glucose alone (Table 1). However, .there was a gross

diffevence in physical fallout between the two experiments. When correct-

ions are made.accordingly, the IPL with glucose plus SM is significantly
greater than that with glucose alone.

..8...
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Together, these‘expértéents demonstrate that metaﬁolism can.and
does occur in the rertsol state. Uﬁder expérimental conditions, metabolism
starts soon after initial interaction between glucose and bacterial cells.
After the initxal aerosolization, which optimizes ‘coagulation, litele
addrtrcnal coagulation occurs between SH and glucose in the airborne state
~within the drumn. The fact that CO2 evolutlon frOm the airborne cells
.did not continue for an extended time after interactiOn w1th substrate.
may reflect total utilization of all glucose avallable to the bacterial
cclls, as the dec11ne of IPL indicates, or it may reflect lnhibltory pH

chﬁnges and/or.accumulation of waste products in the micro-environment of

‘the droplets.

Alternatively, the outcome 1s similar to results of experiments
| . ~ T LS ‘ , '~
conducted at Biospherics (10) in which C-labeled substrates were added
te colifcrm ovganisms.. An initial buwst of = CC, evoiution was folleowed
3 . c PR LS . . e .
by a slower but continual rate of -CD2 release. Since coliform organisms
were in continual contact with ac-labeledlsubstrates, this kinetic pheno-
menon could mot reflect lack of substrate availability. The rate of }4002
cvolution in these studies (10) increased again as growth and reproductioﬁ

of the microorganisms began to occur.

1

At present, we have no evidence that‘growth and/or reproduction
arve occurring within the drum, ~ It ié possitle that.the kinetits observed
for nirborﬁg métabolism may, thgrefort, reflect the "early turst" ﬁheno-

~menon and rhat;'if theé aerosol were maintained over longer periods, until

: 1 .
growth and repraduction could occur, the metabolic rate would be resumed,



rhus, whether or not the kinetics of airborne metnbolism in these
emper1ments represent a substrate-limited ‘situation or reflect 1ack

.of growth is ad {ssue to be resolved by further expe:imentation,

Ro?brt_L.hDﬁmmick_ EETE Pafricia Aﬁn Stfaat
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Néval Bioﬁedical Research Laboratory Biospherics‘lncorporated
$ch901 of Puslic Health _ 4928 Wyaconda Road |
UnivéréityrofACalifornia, Berkeléyn R0ckv111e; Maryland 20852.
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Table 1. Test of metabolism; glucose against glucose plus bacteria,

)

Giucose Glucoge & SM ;
| ! o s s
dpm/1 - dpm/1 y ; , dpm/1 celis/l lzpm/ F
Aercsol time {Impinger) {Impinger) :*4002 IPL" Aerosol time (Impinger) (Impinger) CO2 IPL
BA" - 0 . BA™ - - 130 -

. ) . ‘ T ‘ i A ‘
1 min. 2.7 x 19% . 70 1 ditn, 3.8 x 10° 3.7x16° - 560
32 min. - 91 - 10 min, - - 92 -
3.3 hrs 2.6 x 10° - 250 3.5 hrs 3.0 x-10% 3.0x10%° - 1400
4.0 hrs - 34 - 3460 hirs - - 555 -

o 4 | 4 6
5.3 hrs 2.3 x 19 - 250 . 5.5 hrs 2.8 x 100 2.4 x 10° - 1700
5.6 hrs - 137 - 5.6 hrs - - - 798 -
21.5 hrs - 0 - 22.5, hrs - -~ 2,630 -
4 / 4 5 -
23.0 hrs’ 2.1 x 1p - 60 . 23.0.hrs 1.6 x 10° 2.1 x10° - 280
PR ! - 3 4
27.5 hrs 1.8 x 10 - - 2?.52hrs 6.8 x 10° 3,2 x 10* -
28.0 hrs - 307 100 27.6 hrs - - 2,270 150
i .
47,0 hrs - 0 - - - 566 -

46.5 hrs

-

marcescens, ag Lndicated. At varioug times after acrosolization, impinger samples were withdrawn to determine

i4 , . : ‘e . . , C el
- C-glucose was aerosolized into each of two drums with and without simultaneous aerosolization of Serratia

the remaining suspendedjlac~gluc05e and bacterial cell count.! Gas samples were also withdrawn to determine

the amount of

I&CO

2

in the druma.

*BA = Before Aerosolization

I =

Uncorrected for fallout or backgrouud; see text,

H
;
i
!
i
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Tabie 2. Test of metabolism; Glucose follwed by bacteria. aga{nac‘ Glucose plus bacteria

" Gliucose then 5 o o ' "~ Glucose & SH . : T
dpm/i celis/1 dpm/1 dpm/1 cells/l dpm/l
“Avrosodl time {Impinger) . (Impinger) 1h604 Aérosol time (Impinger) (Implnger) ‘14C02 ' IPL?
B . - 180 BAK B R &
. o 7 o 4 6 - .
2 min - 1.3 x 100 - -1 min. 3.0 x 100 3.7 x 10 - 250
22 min - - o | 7 min. E ¥ -
3.7 hrs - - 119 34 L9x10* 12x10° - -
5.3 hrs I W x 10° - ) 3.6 hrs o - - - 910 . 230
6.0 hrs - - 425 - ' 5.5 hrs 1.3 x 10* 7 x 10° - - .
, , - P
21.0 hrs _ - - 1,230 5.6 hrs - - 1,030 200--65
. ) . . . '\\"v
23,5 hrs. - 6.2 x 105 - . 22 hrs - - 1,640 -
28.5 hrs - - 1,210 23.7 hrs 5.2x 100 L4x 100 - 70
28.4 hre - - 2,680 =

ac-gluCOSe was aercosolized into one dfum énd allowed to fall out completely before'aerosoiizing Serratia inco
the same drum. For c0mparlson, hoth 14 C-glucose and Serratia were simultaneously akrosolized into the parallel
drum. At varlous times after aerosoLization, Impinger samples were withdrawn ta deEerm;ne the remaining suspended :
ac-glucose and bacterial cell count, Gas samples were . also withdrawn to determine the amount of 14002 in the
drums., ‘ ' '
*BA = Before Aerosolization

[ = uncorrected for fallout and background; see text.



Table 3, Test of metaboligm; with aid without CO adsorbént.

2
Glucose & 5M (- Na,CO,) ' S -+ Glucose & S¥ (-.. ¥2,003) B
Aerosol time dpm/1 cells/1 Em{l .’. é ":-= fﬁ ) :‘7 dpm(l .' cells/1 ?Em/l-- E
(Impinger) (Impinger) co, 1IPL © Aerosol time (Impinger) {Impinger) t4C0  IPL
BA¥ . - - 0 < maxe - . R
Lmin - 36x a0 45 x12® 0 - - lminc 0 3.6x10° s9x10® - .
4 min - - - 742 3 min - - - 35
20 min - - 349 - 8 min S - - 289 -
3 hrs 2.2 x 10" 2.2 x10° -7 578 3.2 hrs 2.1x 0% 1,9'x 10° Yo 402
3.5 hrs . - 729 3.3 hrs - - w2 -
4.7 hrs 15 x 10t L6x 10° - 119 5.2 hrs 1.6x10* 12x10®° 0 - 362
5.6 hrs ' - ' - 511 - 5.5 hrs - - _ 332 -
.:23.5 his - - 1,648 =~  23.4 brs - . 318 -
| 24.6 hrs 5.4 x 100 2.2x10°  ~ 78 24,7 hxs 5.0 % 10° 2.4x 100 - 82
' 28.0 hrs 4 x 100 1.4 x 10° - 44 28.5 hrs 3.7 x10° L2x10° - -
28.6 hrs . | - 1,218 - 28.6 hrs - - 374 - 28
© 48.7 hrs 1.8 x 10° 3 x 10% - - 49.2 hrs 2.0 x10° - - -
©49.5 hrs A - 1,348 - 51,5 brs e e | ;419' -

1h C-glucose and Serratia marcescens (SM) were aimultane0usly aerosollzed into each of two drums, one of which had

previously been lined with NaZCOB’ as Iindicated. At varlous times after aercsolizatlon, impinger samples were
withdrawn to determine the remaining suspended laC-glucqae and bacterial cell count. Gas samples were also with-
drawn to determine the amount of 14002 in the drums. o

*3A = Before Aerosolization

F = uncorrected for fallout and background, see text.



