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SUMIMARY

The aerosol survivals in air and nitrogen of radiation sensitive and resistant
mutants of Esch.,richia coli B have been determined with logarithmic and resting

L phase bacteria. No consistent correlation was found between radiation sensitivity
and aerosol sensitivitv in the strains tested. Hence, the phenotypes Fil Her Exr,
which determine sensitivity to radiation, do not influence aerosol survival, i.e.
these known menchanisms which repair ra(liation-ind'uced (damage do not operate
in aerosol stressedI E. col,. In all cases the survival in air was less than that in
nitrogen particularlx so for E. coli B, ,. The effect is explained in terms of a toxic
act.ion of oxygen. (Comparison of survival of log awl resting lhals bacteria show
that log phase cells are less aerosol stable than are resting phase cells. The ability
to synthesize D)NA in bacteria collected from the aerosol was less than in controi
unstressed bacteria. and this effect was independent of the presence of oxygen.
Reduced ability to synthesize DNA could have 'been caused by reduced metabolic

activity. It is shua a that two different death mechanisms occur similtaneously in
aerosols at low relative humidity. One mechanism is; oxygen dehpendent and the
other oxygen indepe.ndent. The formei was not through a decrease in metabolic

activity, whereas the latter could be.

I NTR( )I)"( 1'T( )N

Ao ... ,-, .urvival of 4 mivrtr-.rganimns ha% been reviewed in general terms h%

Anderson & ('ox (1967). For bacteria there appears to be at least two different
death mnechaniisms. There is a toxic action of oxygen (Ferry, Brown & Damon,

0958; Hess, 1965: (U'x, 1966a. 1968b, 1970, 1971: ('ox & Baldwin, 1966., 1967:
Benbough. 1967, 1969; WVebb, 1967, 1969) the effect of which occurs below 70%)

relative htumidity (Rtn) (('OX, I966a, 196x5; Mcnbmimgh, 1967, 1969), although WVebb
(1967, 1969) did not observe t he effect above 40 (,, Hi. Cox & Heckley (1972) have
described a kinetic model which accounts for the toxic action of oxygen aml indi-
cates that the normally dotected fret' radicals are not involved in oxygen toxic'ity.

The other death mechanism is owing to df 'cydrat ion and rehydration (('ox, 1965,
1966a, b, 1967. 1968a, b, 1969. 19741. 1971: ('ox & Baldwin. 1966; Hatch &

* On n v ist fromt thf" .iMvrolimlogieal Res earch E dtabhhih mnt. Pt.rton |),,•,. . ii -Nhh ry
\Vts. Eht, ',•,t aF r.4 M•ic-robwl tgvl,•~ t ]R,,-sarch Eutablihi|lf-,nt.

.~ ~ ~ s n.id Pr.-i -tl i x if clilr iiiýiKi

NATIONAL TECHNICAL
INFORMATION SERVICE



ISULAIMUR NO)TICE

THIS DOCUMENT IS BEST

QUALITY AVAILABLE. THE COPY

FURNISHED TO DTIC CONTAINED

A SIGNIFICANT NUMBER OF

PAGES WHICH DO NOT

REPRODUCE LEGIBLY.



" T- 
-

662 C. S. Cox, M. C. BONDUTRANT ANI) M. T. HATCH

Dinimick, 1965, 1966; Hatch & Warren, 1969; Hatch & Wolochow, 1969; Hatch,
Wright & Bailey, 1970). However, Webb (1965, 1967, 1969) does not consider
that, rehydration is important with regard to aerosol survival. It is possible for
the two death mechanisms to occur simultaneously, especially at low RH (Cox &
Heckley, 1972).

Recently Webb (1969) has suggested that mechanisms exist which repair damage
caused by dehydration in the aerosol and implies that these mechanisms a-e
those involved in repair of UV damaged D)NA. However, Webb (1969) only
considered excision repair. The present paper investigates excision repair, filament
formation and the mechanism involved in repair of damage caused by X-rays.
The approach was to measure the aerosol survival in air and nitrogen of five
radiation resistant and sensitive mutants derived from Escherichia coli B. Also,
the net DNA synthesizincg ability, and the metabolic activity, of some of these
mutants was measured after the bacteria were stressed in the aerosol and collected.

MATERIALS AND METHODS

Organispms

The Escherichia coh strains used in this study are listed below.

Derived
Strainu I'h'notyspe from Sotire•e IUV S,.lit 'lxly

Bi'r (HiL) Fil-HcrExr' B Hill .'isti lilt
B1r (\Vitkin) Fil-Her"E 1 xr- B Wit kin lest•tallt
13_1 Fil|ller-Exr 13 Hill]
2(;x 1-11 ifor i'.x -Thi B.-I V% Itkin NPlenli Ive
26xA:i Fil-Her" Ex'-• T1hr Pro 2(ixA 2* Wit kin f{t"•It ixlt

* 20xA2 (FiI-er- Exr') dh'riv(l fromn 2fix.

The convention for the diffrtint plienotylles is given below.
i i, "•:zt-*( 'I xa i't .Inst l•'

Fil Fldame.nt G.)rynatio)n, v'tc.
nielr Ho(st (.":, react(' l%*t ioll andl( e'xcIsl, IOI Ip,]il.r ellpa it v.

Exr S,.nsntJ\'ity toJ X-u'ay damn;Za'..

(roi'th of orranisuis
(i) Re.•tiny phase. The bacteria were grown in a tryptoni niedium ((ox. I 16a)

at :7" ('. with shaking. After Is hr. growtth the bacteria were harvested bv
centrifiugation and were restisl.end.(d in donihle-glass-dist illed water. 'This suslsn-
sion was used to generate t he aerosols.

(ii) Log phase. The bacteria were gr(owni in nutrient broth, as for tie resting

phase bacteria. After 1X hr.. 0.1 nil. of' this culture was useld to iuloctlat i a fresh
batch of nutrient broth (104 iil.). After 4 hr. gro wth at 37 ('.. with sh.akin,.,, the
bacteria were harvested 1) ('-'ientrifugation anI resuspended in t',shii nitriint
broth. This culture was usd to u_,enerate the aerosols•
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Aerosol apparatus

A rotating, drum apparatus was used, as described by Cox (1966(t). Aerosol
samples were collected by impingers, as described by Cox (1 966 a). Usually the
experimental conditioas were 20 % Rn and 268Wý C.

Assay

Su.zpension and aerocjlI samples were diluted as required and plated oin nutrient
agar. After overnight growth at 370 C.. the colonies were counted.

Tracer

Bacillus subtilis var. niger spores were used as a tracer (Cox, 1 966a; Anderson &
Cox, 1967). The ratio of Escherichia coli to spores was calculated for tile suspen-
sion and for the aerosol samples. Viabilities were taken as the ratio of coli to spore

count, normalized to the ratio in the spray suspension as being 100% survival.
The latter was measured before and after spraying.

Net DNA synthesis

For these experiments the stiains of Eseherichia coli were grown in a lactate

medium composed of 0-004g. P as orthophosphate, 10g, sodium lactate, 5-2g.
NaCI, 1-8 g. K.S04, 0-12g. MgS0 4, 1-0 g. N H4C, 0-5 g. Bactopeptone, per 1000 ml.

distilled water. The pH was 6-8. The suspension used to produce aerosols was then
prepare -d as for resting phase cultures, except that the spores were omlitted.

Sinice larger populations than are normally collected from aerosols were required
for the determination of net DNA synthesis, suspensions containing 10"1 bacteria/
ml. were disseminated with a 3-jet Collison spray and aerosol samples (30 min.

aerosol alge) were collected for 2'5 min. in anl impinger. Thle optical de~nsity of thle

collected aerosol (determin ed by a Beckman spectrophotometer) was matc(hed by
that of a control, obtained bN diluting the suspension used for gcnerating thle
aerosol. In all cases the bacteria in the aerosol sample and in the control were

suspended in the lactate nmediunm plus deoxyadenosine (250 /ig/til.) at a (lcn.1:jt
of 1.1I to 1-- x 1 08 bacterialml. The two suspensions were rapidly warmed to
37- C. and at t =o, 0-3 nil. 13H]thymidine was added to each suspension at
:37'~ C.: tile 51151 5'IIiowl then conitained 38 jig/ml. and 1 '2 pCi/mI. of [3H]thYmidine.

At intervals (tile shortcst beintr 30 sec.) (J'2 ml. was removukl from each suspe'nsion
and pipetted onto separate Millipore filters (25 mim., 0-22 /im.) previously wetted

with ice-coldi I ,;-Na(Jll. After filtration the bacteria were washed with a totalI
of 15 mli. of ice-cold1 5 0,, (,vv riehioroacetie acidl (TCA), and then w~it hi absolute

ethianol. After drying, the bacterial samples onl thle Millipore filters were pu~t into
separate ID nil. volumes of scintillation fluid ('P1ermahblend' fromi Pack-ard Instrun-
ments). 'Illhe amtount of ['1I jthymidine incorporated into tile cold T( A insoluble

material was determined in a Paekard Scintillation Spectrometer (Model 43122)).
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Oxygen uptake

The bacteria were grown, aerosolized and collected, as for the experiments to
measure net DNA synthesis, except that the collecting fluid was Thosphate buffer
(Cox, i961t). A suspension containing 2 x 108 bacteria/ml. was put in the side-arm
of a Warburg flask, KOH was in the centre well, and the lactate medium was in
the main compartment of the flask. The metabolic activity of bacteria collected
from the aerosol, and of an unstressed control, was determined by the Warburg
technique, at 37° C.

All survival, net DNA synthesis and metabolic activity experiments were
performed between two and five times.

RESULTS

Aerosol survival of Escherichia coli Bjr

Fig. I shows the aerosol survival of Escherickia coli Bir (Hill; at 200' RH
(26"-8C.) for log and resting phase bacteria in air and nitrogen (>99.997%)

100

Resting phase, N,

~-.-.----.-..--A Resting phase.
"N,+proflavine
Resting phase, air

0
10 0

0 log phase. N.

"• ~0

0.1 log phase, air

0"01
0 10 20 30

Time (min.)

Fig. 1. Ao-rssol Msrvival of Ewhcrichia rco/ Ir (!Hill) at
20",, rslativo hurnidity and 2f.8' C
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(Matheson Company). Also included are results obtained when the collected aerosol
samples were plated onto nutrient agar plus proflavine (5 pg./ml.) (an excision
repair inhibitor, Witkin, 1963; Lieb, 1964). The results show that survival of
resting phase and of log phase bacteria was greater in nitrogen than in air. Under
comparable conditions, resting phase bacteria were more aerosol stable than were
log phase bacteria. The addition of proflavine to the nutrient agar had only a slight
inhibitory effect.

100
Restsug $has.. N,

Resting phase, air

0

10
•og phase. N,

log phase. ar

.2

01

0-01 I
0 10 20 30

Time (min.)

Fig. 2". Aorosol survival of Echerichia cc.si B r (\itkin) at
21?",, relative hunidity hind 26-.S C.

Fig. 2 is similar to Fig. I except that the Witkin strain of EsKhurichia coii B/r
was used. The results suggest that the Witkin strain is a little more resistant to
aerosol damage than is the strain of Hill, especially for log phase bacteria in air.
Again only a slight inhibitory effect of the addition of prollhvinc (5 fi.rl.) t e tlw
nutrient agar was fomid, as for Fig. 1.

Arr,.vo/ .-urrirol of l'scl(erichia coli 13

The data of Fig. 3 were obtained under the sam', €.ondit ions as for Figs. I and 2,
b||t tsin, thu.e 3,-, strain. As with the B/r strains, survival in air was less than ia
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nitrogen, although with strain B., the difference was much greater. Log phase
bacteria were again more unstable than resting phase bacteria, for comparable
conditions.

1CO

g 'e.N,

10 0

Log pha-e. N,

> 1 Restin•g phase. air-o

01

log phase a,r

001 1 1
0 10 20 30

Time (mm.)
'ig. 3. Aerosol survival of Escherichia coli B, at 2 o rolativo huidityand 26.8' (.

Aerosol 8urvival of Escherichia colt 26x

As with the other strains, air is toxic compared with nitrogen (Fig. 4). The actual
survival under the different conditions was similar to that of strain Bir (Figs. I

and 2).

Aerosol survival of Escherichia coli 26xA3

As with Es.,4richia coli 26x (Fig. 4) the results (Fig. 5) for E. coli 26xA3 are
similar to those of strain Bjr (Figs. I and 2), except for resting phase bacteria in
mir, which resembled strait? Bi - behaviour.

Net DNA synthesis in aurosol-stressed Eseherichia coli B/r

Net DNA synthosis in aerosol-stresseld Eseherichia coli B/r was lesI than that
in the unstressed bacteria (Fig. (S). However, the inhibition was the same for
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samples collected from aerosols stored in nitrogen and air, i.e. the presence of
oxygen did not have any effect on net DNA synthesis of stressed E. coli B/r. The
30 mrin. viabilities at 36 0/0 aR,&d 26-80 C., were 24 % in nitrogen and 2.1 % in air.

100

Resting phase. N,

Rest'g phase. air
10

tog phase. N,

1

lOg phase. air

01

0.01 I I
0 10 20 30

Time (min.)

Fig. 4. Arosolsurvival of Escherichiacoli 26x at 20% rviative humidity an126.8- 'C.

Net DNA 8ynthesis in aerosol-stressed Eschorichia coli Bý_,

The ability of aerosol-stressed Eacherichia coli B. , to synthesize DNA was
inhibited compared with unstressed controls (Fig. 7). The result obtained was
similar to that with E. coli B/r (Fig. 6) even though the 30 rmin. viabilitios at 36 0,'
RH and 26"8* C. of strain B. 1 were 13% in nitrogen and 0.014°% in air. Again,
oxygen was not involved in causing inhibition of net DNA synthesis (Fig. 7).

The kinetics of [3Hlthymidine incorporation in Escherichia roli B/r (Fig. 6) and
E. coli B. , (Fig. 7) were not exactly the same, especially at 30 sec.; the reason for
this difference is not known, but is not an artifact resulting from insufficient
washing.

44 I " 69
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Oxygen uptake by aerosol-stre8sed Escherichia coli

The data of Figs. 8 and 9 show that aerosol-stressed Escherichia coli B/r and
B,-, have lower metabolic activity than unstressed control bacteria. The degree
of reduction in metabolic activity was independent of the presence of oxygen in
the aerosol phase.

o Control N2 S

3000 - Aerosol N2. Survival 13%
0 Control Air. Survival 0.014%

2000 0 0 Aerosol J

.( 1000
z

0

o 8

1t00II1I

'E
"75 3' JOU

400

100'-

0 30 60 90 120

Incubation time (mm.)

Fig. 7. N(-t DNA syrithosis in Ercherikhia coli B,-, colhlctod frontt an irosol stor'd
at. 360o relativ'e humidity and 26,8' C. 3o •in. survival in nit rogfn 13 10 and ih,
air (1-014 (1()

DIS(USSION

Aerosol survival data are summarized in Table !. whieh gives the :lo min.

survival values of the different strains (resting and log phase) in air and nitrogel.
at 20 0/ RH and 26.80 C.

As seen from Table I and Figs. V-5, there does not appear to be an overall
correlation between aerosol survival in air, or in nitrogen, and the 1'cr. Exr
phenotypes of the six strains of Esclh richia coli. For log phase bacteria in ii:r there
may be a correlation with Fil, since E. roli B and B. , are both FiiO and in air
both are much less stable than th- Fil- strains, i.e. Fil, for these conditions
could be involved in oxygen-induced damage. However, preliminary data show
log phiae E. coli B to be more unstable in nitrogen than is E. coli B. (Tab"- I).

41-2
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When decay in air is corrected for the decay in nitrogen, the toxic action of
oxygen is much greater for E. coli B. l than for E. coli B, i.e. the apparent correla-
tion with Fil may be an artifact. Further work is required to substantiate the
possible rW e of Fil.

2827 Control

24

S20 20

16 Control16 16

Air .

12 12
D • N 2

8 0-
- 8

4 4

0 2 40 6 80 1010 00 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (mbn.) Time (mrin.)

Fig. 8 Fig. 9

Fig. 9. Oxygen uptake by Escherichia coil Br collected from aerosols i air (0)
and in nitrogn (A). (0) Control.

Table 1. Survival values (30 min.) of 8traiims of Escherichia coli
stored at 20 0% relative humidity (26.80 C.)

Survival ni, Survival 0,,
log phalow, ",'t ig phase,

Strain l'tmhonotypi. Air Nitrog.n Air Nitrogen

13;r (Ifill) Fil-11w Exr+ o.1 7 21 75
B/r (Witkin) FiI-Hcr+Exr+ 5 7 35 65
B* Fil Her" Exr ot( 0.3 I 76
1..' Fil, 14cr Exr- o+ 5 I 34,

26x Fil-Her-Exr- 0.5 3 12 44
26xA3 FiI-Hcr+Exr+ 0.3 10 3 35

* Cox, rumpuhliihd-d preliminary data.
+ 2 hin. value 1.2 0'.

+ 2 mnir. vain, 4)1 001

In air, survival was always lower than in nitrogen, although the degree of
difference depended upon the strain of Escherichia roli. These results may be
explained in terms of a toxic action of oxygen (Ferry, Brown & Damon, 1958-
Hess, 1965; Cox, 1966a, 1968b, 1970, 1971 ; Cox & Baldwin, 1966, 1967; Cox &

L.d
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Heckly, 1972; Benbough, 1967, 1969; Webb, 1967, 1969). Even though the
presence of oxygen decreased survival, this decrease was not due to the influenoe
of oxygen on net DNA synthesis or metabolic activity (Figs. 6, 7, 8 and 9;
Benbough, 1967).

In nitrogen, strains of Escherichia coli art not completely stable, i.e. there is an
oxygen-independent death mechanism (Figs. 1-5, Table 1; Cox, 1966a, 1968a, b,
1970, 1971; Cux & Baldwin, 1966, 1967; Benbough, 1967, 1969; Webb, 1967,
1969). This might be explained in terms of only partial repair to aerosol-induced
DNA damage. However, thm DNA repair mechanisms for radiation-induced DNA
damage do not appear to operate for aerosol damage, because repair capability of
radiation-induced DNA damage and aer isol survival are not related in nitrogen
atmospheres (Figs. 1-5, Table 1). Also, the presence of proflavine (5 t 'nl) in
the plating medium did not greatly decriase the survival of two strains of E. coli
B/r, even though proflavine inhibits host cell reactivation (Witkin, 1963; Lieb,
1964), i.e. excision repair. However, Webb (1969) reported a mar!red inhibition of
E. coli Bir growth caused by the addition of proflavine (5/ig/ml.) to nutrient
agar. The cause of this discrepancy ii not known. Net DNA incorporition of
[3H]thymidine is partially inhibited in Escherichia coli B/r and E. coli B.- 1 stored
in air and nitrogen at 36% ntH (Figs. (, and 7). This reflects a partial inactivation
if DNA synthesis, or an increased rate of DNA breakdown, which is independent

of the presence of oxygen in the aerosol phase. The reduced metabolic activity of
E. celi B/r and B,_1 shown in Figs. F and 9 is also independent of the presence of
oxygen in the aerosol phase. Reduced metabolic activity could accouit for the
reduced net DNA synthesis in the-se organisms. A ýletermination viý the physical
integrity of DMA in bacteria collected from the aerosol might edcaidate this
(uestion.

The. data presented in this paper indicate that mechanisms involved in repair
(if radiation-induced damage (viz. Fil, Her, Exr phenotypes) do not operate for
aerosol-induced damage. However, it is possible that other unknown mechatisms
repair aerosol-induced dehydration-rehydration damage.

This investigation was supported by the Office of Naval Research under a
contract between the Office of Naval Research and the Reg,.nts of the University
(of California.
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