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ABSTRACT

ADl.ER, HOWARD I. (Oak lRidge National Labot-
atory, Oak Itidge, Tenn.), AND ALICE A. HARDI-
CGREE. Analysis of a genetic locus controlling cell
division and sensitivity to radiation in Escherichia
(o0i. J. Bacteriol. 87:720-726. 1964.-Radiation
senisitivity in Eseherichia (oli is under control of
genies that are transferre(l during conjugation be-
tw-een donor and recipienit strains. Conjugation
exl)periments establish that one of these genes oc-
cupies a locus on the E. (coi K-12 linkage map be-
tween the geines controlling ability to utilize
lactose and galactose. It affects sensitivity to both
ionizing and ultraviolet (2,537 A) radiation. A
strain possessinig a mutationi at this locus fails to
show increases in resistance to ionizing radiation
during late lag and early log phases, and increases
in resistance wlhen grow-n to stationary phase in a
glucose-containing (omplete medium. The primary
effect of the mutation at this locus may be an
inteiferenice with the nmechanisrm by which cells
formn cross plates. Cells of thie nmutant form long,
noniseptate filamiients w-hen growsn after exposure
to ionizing radiation. The filaments do not give
rise to macrocolonies. 1'antoyl lactone, an agent
that initiates cross plate formation, allows the
filaments to divide normallY and produce macro-
colonies. When plated after irradiation on comn-
plete miiediuimi containing pantoyl lactone, the
survival of the miutant is greatly increased.

The sensitivity of Escherichia coli K-12 to
ioniziing an(d ultraviolet radiation is influenced by
several genetic loci that are transferred as chro-
niosomiial elemenits during conjugation (Adler and
Col)eland, 1962). T'he conjugation system has
been use(l to study individual loci affecting the
radiatioin sensitivity of F. coli in detail (HoNard-
Flanders et aL., 1962; Howard-Flanders, Simson,
and Theriot, Genetics in press; Rdrsch, Edelman
ainn Cohen, 1963; v-an (le Putte, 'estenbroek, and
Rdrsch, in preparation). These relports have been
primarily concerned with sensitivity to ultraviolet

1 Operated by UniionI Carbide Corp. for the
U.S. At oinic Energy Commiiiiissioln.

radiation. In this paper, we present genetic and
physiological data (lescribing a locus in E. coli
K-12 that influences sensitivity to ionizing radia-
tion. The effect of this locus on ultraviolet-radia-
tion sensitivity has been discussedl (Howard-
Flanders et al., in press). The data suggest that
the locus is involved in the formation of cross
plates-an iml)ortant stel) in the division cycle of
bacterial cells.

.MATERIALS AND MIETHODS

Three strains of Escherichia coli K- 12 were
used in these exxperiments. The HfrH strain, a
high-frequency donor of genetic material, wN-as
obtained from Rov Curtiss of this Laboratory.
AB1157 and AB1899 are F- (recipient) strains
obtained from Paul Howard-Flanders. AB1899
is an X-ray- and ultraviolet-sensitive mutant
obtained by P. Howard-Flanders after exposure
of AB1157 to ultraviolet light. Characteristics of
these strains are presented in 'rable 1. The mark-
ers are arranged in the order in which they are
transferred by HfrH.

Complete and synthetic media, techniques for
mating experiments, p)urification of recombinants,
X-ray survival curves, and X-ray assay points
were described l)reviously (Adler and Copeland,
1962). Since early log-phase cells were found to
be sensitive to ice-bath temp)eratures, irradiations
were performed at 16 C (Sherman and Albus,
1923). Glucose, when used, was addled to the
complete liquid medium to a final concentration
of 0.5 or 1 %. Pantoyl lactone (DL-pantoyl lactone,
Nutritional Biochemicals Corp., Cleveland, Ohio),
when used, was added to complete agar medium
to a final concentration of 0.08 ai.

Heat-inactivation exp)eriments wN-ere performed
by diluting s;mall quantities of cell suspensions
into a 0.067 AI lphos)hate buffer (pH 6.8) pre-
tempered at 54 C. Samples were removed at
intervals and dilutedl quickly in buiffer at 25 C
before p)lating.

Ribonucleic acid (1RN\A) dleterminationswi-ere
performed on trichloroacetic acid extracts accord-
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TABLE 1. (har-acteristics of Escherichia
coli K-12 strains

Characteristic*
Strain

TL Pro Lac T6 Gal Sir

HfrH........ + + + S + S
AB1157...... - - - it - R
AB1899...... - - - R - R

* Abbreviations: threonine-leucine, TL; pro-
line, Pro; lactose, Lac; bacteriophage T6, T6;
galactose, Gal; streptomycin, SMr. A plus sign in-
dicates ability to synthesize for the amino acid
character istics and ability to utilize as sole carbon
source in the case of the sugars. S denotes sensi-
tivitv; R denotes resistance.

ing to the orcinol colorimetric method lprol)osed
by Volkin and Cohn (1954).

Microscopic observation of cell division and
colony formation wNvs made by spreading apl)ro-
priate dilutions of cells onto a thin layer of com-
l)lete agar medium on a microscope slide main-
tained at 37 C. Agar blocks were placed on the
ends of the slide to retard drying, and a cover
slil) was lplaced over the center of the slide to
allow observation of the dividing cells with an
oil immersion lens. P'hotographs were taken on
Kodak l'anatomic- X 35-mm film, making use of
the 97 X 13right MA lphase objective of an AO
Phasestar microscope. K6hler illumination and
a W1'ratten B58 filter were used.

All figures and tables represent results averaged
from three or more experiments unless otherwise
noted.

RESULTS

Many strains of E. coli become resistant to
ionizing radiation if grown to stationary phase
in a glucose-containing complete medium (Staple-
ton and Engel, 1960). The mutant AB1899 failed
to show this effect. The parental culture, Al31157,
showed a typical reslponse (Fig. 1). The failure of
AB1899 to show this effect is not due to an in-
ability to utilize the sugar, because this organism
produces as much acid from glucose as does the
)arental culture. To analyze the nature of the
genetic alteration that led to the failure of ability
to show this "glucose effect," E. coli Al31899 was
used as the recipient strain in a cross with the
high-frequenecy donor E. coli K-12 HfrH. This
latter strain did show an increase in resistance if
grown to stationary lhase in a glucose-containing
mediumi before irradiation. Survival curves for

glucose-grown cultures of E. coli AB1899 and F.
coli HfrH are shown in Fig. 2. Recombinants from
the mating experiment were lpurified, grown in
glucose-containing complete imiediumi, and sub-
jected to the X-ray assay technique. The recom-
binants either retained the "sensitivity" of
AB1899 or acquired the ability to show the "glu-
cose effect" characteristic of the HfrH donor
(Fig. 3). No intermediate types were observed.
IBy selecting recombinants known to have re-
ceived certain biochemical traits from the HfrH
parent and by scoring the frequency of unselected
markers transferred to these recombinants, it
was possible to construct a genetic linkage mal)
including the region reslponsible for the ability to
show the "glucose effect" (Table 2). It will be
referred to as the "Ion" loctus as suggested by
Howard-Flanders et al. (in press). In the expleri-
mnent, presented in Table 2, it was noticed that
all recombinants that retained the sensitivity of
AB31899 also retained the l)rolerty of forming
mucoid colonies on glucose-synthetic medium,
characteristic of this organismii. Therefore, an
additional 100 T+L+StrR recombinants were
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FIG. 1. Survival curves for Eseherichia coli K-12
AB1899 and AB1157 yrown to stationarly phase in
complete nmediulml with and without glqicose.
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FIG. 2. Sutrvival curi ves for Escherichia coli K-12
HfrH and AB1899 girown to stationary phase in
comiplete medium containing glucose.
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was obtained from averages of two survival
curves. The changes in survival as a function of
medium and cultural age at 20 kr reflect primarily
changes in the shapes of survival curves. It can
be seen that the mutant allele lprevents the in-
crease in resistance usually observed in the late
lag-early log phase. In fact, there is a decrease in
resistance in AB1899 during this period.

In addition to its effect on radiation behavior,
the mutation at the lon locus resulted in the
alteration of other properties. One of the most
striking is the tendency of AB1899 to form
nonseptate filaments. Microscopic observation
of cell growth and division at 37 C allows us to
make the following qualitative observations. (i)
Unirradiated stationary-phase cells of the parent
culture AB1157 grow and divide very regularly
when transferred to an agar medium at 37 C.
The microcolonies observable after 4 to 5 hr
consist entirely of short cells (Fig. 5a). (ii) Unir-
radiated stationary-phase cells of the mutant
AB1899 tend to form filaments which, after
attaining several cell lengths, produce cells of

TABLE 2. Genetic constitution of recombinants
from the cross HfrH X AB1899*

Frequency (per cent) of unselected markers
Selected markers from HfrH

TL Pro Lac Lon T6 Gal

T+L+StrR... 60 53 42 36 13
Pro+StrR ... 63 - 86 69 68 26

5 -
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FIG. 3. X-ray sensitivity of T+L+StrR recombin-
ants grown in gluicose-conmplete medium. Each circle
represents a recombinant culture. Per cent survival
was determlined by plating on conmplete medium.

scored for their ability to show the glucose effect
and p)roduce mucoid colonies. For all isolates,
inability to show the glucose effect is correlated
with the formation of mucoid colonies on glucose-
containing syinthetic media.

Since the mutant allele of Ion prevents the de-
velopmnent of resistance that occurs in many
E. coli strains as they grow into stationary phase
in glucose-complete medium, we were interested
in determining whether it also affected the
changes in X-ray sensitivity l)reviously reported
for lag- and log-phase cultures of E. coli (Staple-
ton, 1955). Each experimental point in Fig. 4

* Mating interrupted by vigorous agitation
after 120 min.
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FIG. 4. Changes in X-ray sensitivity of AB1899
and AB1157 grown at 30 C in (omiplete medium with
and without glucose.
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FIG. 5. .icrocolonies (4 to 5 hr at S7 C) grown from0 individual cells (X830). (a) Unirradiated ABl157.
(b) Uni-rradiatedl AB1899. (c) Irradiated (10 kr) AB1157. (d) Irradiated (10 kr) AB1899.

normal length (Fig. 5b). The microcolonies
observable after 4 to 5 hr usually consist of a
mixture of short, normal-appearing cells and
nonsel)tate filaments. (iii) After exposure to 10
kr, most cells of the parent culture ABI157 begin
to grow into filaments but many of these filaments
produce cells of normal length, some of which
then conitinue to divide normally and give rise
to microcolonies (Fig. 5c). (iv) After exposure to
10 kr, most cells of the mutant ABI899 grow
at a normal rate and form long, nonseptate fila-
ments that fail to lproduce norimal-length cells
(Fig. 5d).
To establish whether the qualitative observa-

tions of the previous section are related to the

difference in radiation sensitivity of ABI 157 and
AB1899 initially observed by plating methods,
dose-response curves were obtained in which
survival was estimated by countinig macrocolonies
after 24 hr and by scoring microscope slides for
the frequency of filaments that had failed to
give rise to normal cells after 4 to 5 hr of incuba-
tion at 37 C. The slides were coded so that the
observer did not know what dose had been re-
ceived by the cells being scored. Experiments of
this type have been performed on stationary-
phase cultures grown in glucose-containing com-
plete medium and on early log-phase cultures
grown in the absence of glucose. There was
always good agreement between the survival

X OL 87, 1964 723



ADLER ANT) HARIG)JREEJ

1.0

11

z
0
H

>

a

LL 2-

(3
z

-2110
0 10 20 30

EXPOSURE (kr)

FIG. 6. Suirvival curves for early log-phase culture
of AB1899 and ABi157 estimated by 7iacrocolony
cou,nt after 24 hr (0) and byfrequency of nonseptate
Jilamiients observed miicroscopically azfter 4 to 5 hr of
yrowith at 37 C (A).

estimiiated by the two methods. Figure 6 pre-
sents data averaged from t-o experiments on
c.rly log-phase AB1899 aind AIIl57 cultures.

Recent reports (Grula and( Grula, 1962; van de
B'utte et al., in preparation) suggested that fila-
mi1enit formation, incduce(l by ultraviolet radiation,
can b)e p)revented or reversed b1 l)ost-treatment
with several agents. One of the most effective of
these is p)antoyl lactone. Figure 7 demonstrates
the effect of p)antoyl lactone in the l)ostirradiation
plating imiediumn on the surviv-al of AB1899 after
exposure to X rays. A miuch smaller effect is
observ-ed for AB1157.

DISCUSSION

It has previously been observ-ed that many-
strailn,s of E. coli, wheni grow-n to stationary phase
in a g-lucose-containing comrplete medium, be-
comne more resistant to ionizinig radiation, ultra-
v-iolet radiation, heat, anid hydrogen l)eroxide
(Stapleton anid Engel, 1960; Adler and Engel,
1961; Engel and Adler, 1961). Ouir attenition was

first drawn to the mutant culture AB1899 be-
cause of its failure to show this effect for ionizing
radiation. It can be demonstrated, however,
that glucose-grown AB1899 cells do show an
enhanced resistance to heat inactivation (Fig.
8). Therefore, we suggest that glucose-induced
resistance lhenomena involve at least partially
independent l)athways and that the mutation
present in AB1899 is relatively specific for radia-
tion injury. The results of conjugation experi-
ments suggest that the Ion gene is between the
loci controlling lactose and galactose utilization.
This result agrees with that obtained by Howard-
Flanders et al. (in press), who used different ge-
netic donors and scored for sensitivity to ultravio-
let radiation. Lon is closely linked to the T6
locus, but the available data do not allow us to
distinguish between the order Lac ... T61on ...
Gal and Lac... lonT6... Gal. The lon gene is
within the large region known to contain several
loci capable of influencing radiation sensitivity
(Adler and Copeland, 1962).

_______ The data from conjugation exleriments also
40 indicate that the failure to show the glucose
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FIG. 7. Effect of pantoyl lactone in the postirradi-
ation plating medium on the sutrvival of glucose-
grown stationary phase AB1899.
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effect and the formiation of imucoid colonies on
synthetic media are reflections of one gene or of
closely linked genes.
From the exper-iments described (Fig. 4), it can

be seen that the ion gene has a more general effect
than the determnination of an organism's ability
to show the glucose effect. It also has an effect
on the changes in radiation sensitivity observed
for E. coli cultures as they grow from lag lhase
into log lphase. It has been suggested that this
increase in resistance during the early phases of
growth may be due to a multinuclear condition
of cells at this time (Stapleton, 1955). Phase
microscopic observation of ABI3157 during late
lag and early log phase does establish that it
consists of long cells -ith several "nuclei," but
the same observation is made for the radiation-
sensitive cells of the mutant AB1899 at this stage
of growth. Therefore, it seems unlikely that
multinuclearity is resl)onsible for the increase in
resistance observ-ed.

Large increases in RNA per cell have been
relported to occur in E. coli during this same l)art
of the growth cycle (MIorse and Carter, 1949).
W1'e considered that this lphenomenon might be
related to the change in radiation resistance
observed. In preliminary experiments, we ob-
served apl)roximately a fourfold increase in RNA
per cell, but it occurs in both the radiation-
resistant l)arent and the radiation-sensitive
mutant strain and therefore cannot account for
the increase in radiation resistance observed in
ABB1157 and other E. coli strains at this stage of
growth.

In searching for the basic action of this gene
that may account for its effect on ultraviolet- and
ionizing-radiation sensitivity, our attention NAas
drawn to the tendency of AB1899 to form long,
nonseptate filaments under normal growth
conditions. These may occasionally be observed
in stationary-lhase broth cultures. Trheir forma-
tion is greatly accentuated by radiation. Cell
division cannot be considered complete unless a
cross plate is formed.

This same p)henomenon seeimis to be less radia-
tion-sensitive in the p)arental culture AMB1157.
T'here are, however, in both cultures, changes in
sensitivity of this mechanism (luring the cultural
cycle. It is, however, clear from Fig. 6 that
irradiate(d cells w-hich fail to lproduce (ross l)lates
after 4 to 5 hr of incubation are finally inactiv-ate(d
and (1o not form macrocolonies. Howard-Flanders

suggested that the unusual ultrav-iolet ra(liation
sensitivity of A.11899 is due to ain abnormality
in the synthesis of cell-wall precursor or in the
control of cell volume. 'W-e eml)hasize that it is
particularly cross plate formationi that is affecte(d
by ionizing radiation. 'T'he radiation daiamage
may be at the genic level or at some later stage
of cross; plate synthesis and depositioll.

Those cells which, as a result of irradiationi,
have lost the ability to forimn (ross plates con-
tinue to elongate and synthesize cytoplasm and
"nuclei" for several hours. This suggestion is
made on the basis of )hase-microscop)ic observa-
tion and is supl)orted by quantitative (lata of
Deering (1958). Al)l)arently, many functions of
the cell have not been damaged atnd are )ro-
ceeding normally. l'antoyl lactonie, ani agent that
stimulates cross l)late formation, inicreases the
probability that an X-rayed AB1 899 cell will
divide normally and give rise to a macrocolomiv
(Fig. 7). van de Putte et al. (in preparation) re-
cently made a comparable observation for ultra-
violet-irradiated E. coli B. They attributed fila-
ment formation in this organism to a gene located
between the loci (ontrolling galactose fermentta-
tion and tryl)tophan synthesis.
The concentration of pantoyl lactonie required

for maximal effect is high (0.08 Mi) and (ldoes niot
seem to reflect a biochemical requirement. Its
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effect mayr be dtie to a contamiinating material
lresent in trace amnounts or to some p)hYsical
property of the compound. In any case, its
presence in the )ostirradiation )lating medium
overcomes a large fraction of the radiation
sensitivity introduced by mutation at the Ion
locus.
The Ion gene functionis in CIoss l)late formation

aind cell division. Its effects on radiation be-
havior of cells are reflections of this function.
It is hoped that experiments will reveal somie of
the biochemical ev-ents controlled 1b mutant and
noriial alleles at this locus.
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