
JOURNAL OF BACTERIOLOGY, Sept. 1973, p. 928-936
Copyright © 1973 American Society for Microbiology

Vol. 115, No. 3
Printed in U.S.A.

Isolation of the Nonviable Cells Produced During
Normal Growth of Recombination-Deficient

Strains of Escherichia coli K-12
FLORENCE N. CAPALDO' AND STEPHEN D. BARBOUR

Department of Microbiology, Case Western Reserve University School of Medicine, Cleveland, Ohio 44106

Received for publication 29 May 1973

During normal growth, cultures of recombination-deficient (Rec-) strains
contain a population of cells that do not form colonies. Such cells are not present
in a culture of an isogenic Rec+ strain. We present a procedure for isolating and
studying this defective population of cells. Exposure of a growing Rec- or Rec+
culture to low levels of penicillin causes the dividing cells to elongate. The size of
the nonviable cells present in the Rec- cultures is unaffected. The nonviable
cells are then separated from the elongated cells by velocity sedimentation. This
isolation technique provides a convenient way of analyzing the composition,
biosynthetic capacity, and enzymatic function of the nonviable cells before
isolation. In this paper we present data showing that before fractionation the
nonviable cells in the Rec- culture are defective in their ability to synthesize
p3-galactosidase, whereas the Rec- viable cells behave like the Rec+ cells in this
regard. This observation confirms the existence of at least two classes of cells in
liquid cultures of Rec- strains grown under normal conditions. That class of cells
which is unable to synthesize 3-galactosidase is the same class that cannot form
colonies when plated on solid medium.

The known recombination-deficient mutants
of Escherichia coli K-12 fall into two distinct
classes on the basis of physiological characteris-
tics (5, 6, 8, 11, 22, 23). One class, comprised of
mutants with lesions in the recA gene, is charac-
terized by high ultraviolet (UV) sensitivity,
rapid deoxyribonucleic acid (DNA) breakdown
after UV irradiation, low spontaneous produc-
tion of X phage from lysogens, no detectable
recombination proficiency, alterations in cell
division processes, reduced growth rate, and 50
to 60% viability (colony-forming ability) com-
pared with an isogenic rec+ strain (4, 9, 10, 12,
14, 21). The other class, comprised of mutants
with lesions in the recB and recC genes, is
characterized by moderate UV sensitivity, re-
duced DNA breakdown after UV irradiation,
normal spontaneous production of X phage from
lysogens, reduced recombination proficiency,
absence of an adenosine triphosphate-depend-
ent deoxyribonuclease (exonuclease V), reduced
growth rate, and 20 to 30% viability (1, 2, 4, 9,
17, 20, 21). A strain carrying both recA and recB
mutations is 15 to 20% viable (F. Capaldo,
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unpublished data); however, strains carrying
either a recA or a recB mutation together with a
polA mutation (polymerase I-deficient) are
completely inviable (15).

The products of the three rec genes are clearly
important (they are essential in the absence of
functional DNA polymerase I) for the mainte-
nance of normal growth rate and viability. One
approach to determining the roles played by
these gene products in cell growth and viability
is to study the nonviable cells (those cells which
have been most affected by the lack of a
functional rec gene product), especially with
regard to the presence and the nature of mac-
romolecular species and to the ability of the
cells to synthesize these macromolecules.

In this paper we present a technique for
isolating the nonviable cells from cultures of
Rec- mutants. The culture is treated with a low
concentration of penicillin which causes the
dividing cells to elongate while not altering the
size of the nonviable cells. The two size classes
of cells are then separated by velocity sedimen-
tation. This technique is useful to study the
nonviable cells before isolation. These cells are
shown to be defective in their ability to synthe-
size ,B-galactosidase.
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Thus, during normal growth, Rec- cultures
contain a population of non-colony-forming
cells that are defective in enzyme synthesis and
which can be separated from viable cells by our

technique.
(This work is from a thesis submitted by F. N.

C. in partial fulfillment of the requirements for
the Ph.D. degree at Case Western Reserve
Univ., 1973)

MATERIALS AND METHODS
Bacterial strains. All bacterial strains used were

E. coli K-12. Their rec genotypes and other pheno-
typic properties are listed in Table 1. Nomenclature
conforms to that of Demerec et al. (7).

Media. M9 salts (4) and Luria medium (22) have
been described. EM9 glycerol medium consisted of
M9 salts (1 liter), Casamino Acids (Difco) (2.5 g),
glycerol (4 g), and thiamine (0.1 mg). NaCl (0.85%
saline) was used as a diluent.
Growth of strains. Each strain was grown over-

night (37 C on a rotating wheel) at least two succes-
sive times in 5 ml of EM9 glycerol medium. The
culture was stored in the refrigerator and used as the
stock for experiments with that particular strain. The
night before an experiment, a 1:25 (Rec-) or 1:50
(Rec+) dilution of the stock was made into 5 ml of
fresh EM9 glycerol medium and incubated overnight
at 37 C on a rotating wheel. On the morning of the
experiment, the overnight culture was diluted (be-
tween 1:40 and 1:75 depending on the strain) into
fresh EM9 glycerol medium (25 or 30 ml in a 125-ml
flask) containing "4C-leucine-UL (1 MCi/ml)
(Schwarz-Mann, lot XR-2033, 310 mCi/mmol) for
uniform labeling. The flasks were incubated in a
shaking 37 C water bath long enough to allow each
strain to undergo four to five doublings (pregrown
cells). The growth rate was determined by making
periodic optical density measurements at 650 nm in a
spectrophotometer. Since the nonviable cells are
formed from viable cells and since, after four genera-
tions of growth, greater than 90% of cells present in
the culture will have been formed during the period of
exposure to "4C-leucine, we expect the specific activ-
ity of "4C-leucine in the viable and in the nonviable
cells to be identical. Pregrown cells (5 ml) were
harvested at 6,000 rpm for 10 min in the SS-34 rotor of
the Sorvall RC2-B refrigerated centrifuge. Before
centrifugation, unlabeled L-leucine was added to a
final concentration of 100 Ag/ml. The cells were
washed twice with 1-ml volumes of M9 salts contain-
ing unlabeled L-leucine (100 ug/ml). The cells were

TABLE 1. Bacterial strainsa

aAll strains are F-, His-, Gal-, Thi-, Strs, and
EndA-.
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resuspended in 1 ml of M9 salts + leucine and used
immediately for the penicillin treatment. For meas-
urement of the rate of induction of ,-galactosidase in
whole cultures, 20 ml of pregrown cells was diluted
with an equal volume of fresh EM9 glycerol medium
in a 125-ml flask and incubated an additional 45 min
as before. ,B-galactosidase was induced with isopropyl-
,-D-thiogalactoside (Sigma Chemical Co.) at a final
concentration of 10-3 M. Samples were removed at
intervals during the subsequent 30 min to measure the
absorbance at 650 nm and the units of ,-galactosidase
present.

For measurement of synthesis by nonviable cells,
the inducer was added to the pregrown cells 20 min
before harvesting.

Penicillin treatment. A sample (0.5 ml) of washed,
resuspended, pregrown cells was inoculated into 50 ml
of EM9 glycerol medium (no "4C-leucine) containing
35 U of pehicillin (buffered, potassium salt; Eli Lilly)
per ml in a 250-ml flask. A portion (10 ml) was
immediately sampled for a control (penicillin un-
treated) gradient. The flask was incubated for 105 min
in a shaking 37 C water bath. At the end of the incuba-
tion, 10 ml was removed for the penicillin-treated
gradient. During the penicillin treatment, periodic
optical density measurements at 650 nm were made.
Under these conditions, lysis begins at about 135 min
for all three strains.

Velocity sedimentation. Each 10-ml sample was
harvested as described for pregrown cells. The cells
were washed twice with 1-ml volumes of 0.05 M
tris(hydroxymethyl)aminomethane (Tris; Sigma) -
hydrochloride buffer (pH 7.4) containing unlabeled
L-leucine (100 ,ug/ml) and were resuspended in 0.25 ml
of buffer. The cell suspension was kept refrigerated
until layered on the gradient.

Linear, preformed, 5 to 20% (wt/vol) sucrose gradi-
ents (4.6 ml) were prepared by using 2.3 ml each of 5
and 20% filter sterilized sucrose (Baker, A.S.C. grade)
solutions made up in 0.05M Tris-hydrochloride buffer
(pH 7.4). A cell suspension (0.5 ml) was layered on
each gradient with a 0.1-ml pipette. The gradients
were centrifuged in the SW-39 rotor of the Spinco
model L-2 centrifuge for 8 min at an average speed of
3,000 rpm.

Gradients were collected by puncturing the bottom
of the tube- -with a needle and collecting 12-drop
fractions (approximately 0.2 ml each, 23 fractions per
gradient) into sterile test tubes. Each fraction was
diluted five-fold with saline. All assays were done with
the diluted fractions. After collecting all fractions, the
centrifuge tube was washed with 1 ml of 20% sucrose:
saline (1: 4). The wash was poured into a test tube and
treated identically with the fraction tubes in all
assays. To preserve maximum viability, all manipula-
tions of the cells after they came in contact with
sucrose were performed in the cold, and chilled
reagents were used in all cases.

Viable cell measurements. We have previously
defined the number of viable cells per milliliter of
culture as the number of cells in a liquid culture
which, when diluted and plated as described, give rise
to visible (without magnification) colonies on solid
medium (4). To assay the number of viable cells in
each fraction, a 0.1-ml sample of each fraction was
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diluted serially through 0.9 ml of saline, and duplicate
0.1-ml samples were plated on Luria agar. For frac-
tions plated without dilution, 0.1 ml of saline was put
on the plate and spread with the sample. The fraction
tubes and dilution tubes were kept on ice during these
manipulations. The plating itself was carried out at
room temperature. The plates were incubated at 37 C
for 1 to 2 days and the colonies were counted.

Total cell measurements. The total number of
cells per milliliter of culture or in each fraction was
determined directly by counting samples in a Levy-
Hauser counting chamber at a magnification of 400 x.
Where necessary, samples were diluted through sa-
line. The smallest division on a Levy-Hauser chamber
is 50 Am long. Under the growth conditions described
above, 95% or more of the cells in cultures of each of
the three strains in the absence of penicillin are less
than or equal to one-fifth the length of this division, or
10 ,um. After 105 min of penicillin treatment as
described above, the sizes of the long cells range
approximately from 3 to 10 times the length of normal
size cells for cultures of all three strains.

Radioactivity measurements. The radioactivity
present in each fraction was determined by adding a
0.1-ml sample from each fraction to glass vials con-
taining 10 ml of scintillation fluid [naphthalene (1,
125 g), 2,5-diphenyloxazole (67.5 g), 1,4-bis-2-
(5-phenyloxazolyl)-benzene (6.57 g), p-dioxane (8,739
ml), and methanol (600 ml) ] plus 0.4 ml of distilled
water, and counted in a Packard Tri-Carb liquid scin-
tillation spectrometer. Under these conditions 14C is
counted with 80% efficiency. All the radioactivity was
in 5% trichloroacetic acid-precipitable form.

fl-galactosidase assay. Samples (0.1 ml) of either
the induced culture or the diluted fractions were
added directly to tubes containing 0.9 ml of M9 salts
plus 1 drop each of toluene and 5% sodium lauroyl
sarcosinate. ,B-galactosidase was assayed according to
the procedure of Pardee et al. (18). No correction was
necessary for turbidity. For experiments using unfrac-
tionated cultures, the units of,-galactosidase in each
sample are expressed per unit of absorbance at 650 nm
in the culture at the time each sample was taken. For
experiments using fractionated cultures, the units of
f-galactosidase in each sample are expressed per 'IC
counts per minute in that sample.

RESULTS
Effects of penicillin treatment. When cul-

tures of either the rec+, recB- recC-, or recA-
strains are treated with penicillin as described
above, the culture continues to increase in
optical density for about 150 min, undergoing
1.5 to 2 doublings in mass. However, direct
microscope observation of the cultures reveals
that this mass increase is largely the result of
cell elongation rather than cell division. The
total number of particles per milliliter of culture
remains approximately constant for about 135
min, at which time cell lysis becomes evident.
The number of viable cells per milliliter of
culture remains nearly unchanged for the first

hour (even though cells are visibly elongated),
then decreases rapidly to 1 to 2% of the initial
value at the end of the second hour (Fig. 1). We
have chosen 105 min of penicillin treatment as
being an optimal time because at this point (i)
there is no evidence for cell lysis (the mass of the
culture is still increasing at a nearly exponential
rate and the doubling time for all three cultures
is only increased approximately 10% over that of
an untreated culture, the total number of parti-
cles is unchanged, and no "ghost" particles are
visible in the culture); (ii) there is relatively
little penicillin-induced lethal damage among
the initially viable cells (all three cultures
retain approximately 10% of their initial viabil-
ity); and (iii) the long cells are significantly
larger than the normal size cells and readily
separable from them on a sucrose gradient.
The efficiency of penicillin in inducing cell

elongation in cultures of each of the three
strains is presented in Fig. 2. The percentage of
cells longer than 10 Am in normal, untreated
cultures of each of the three strains is approxi-
mately 10%. After 105 min of penicillin treat-
ment, more than 95% of the cells in the rec+
culture have elongated. However, in the recB-
recC- culture only 55% of the particles are long
cells, and in the recA - culture 75 to 80% are long
cells after identical penicillin treatment.

Velocity sedimentation. Untreated cultures
of each of the three strains behave identically in
a neutral sucrose velocity gradient under the
conditions used (Fig. 3). In all cases the radioac-
tivity, total particles, and viable cells cosedi-
ment to the same position in the gradient
(fractions 12-19), and in all cases 70% or more of
the total material (radioactivity, total particles,
viable cells) recovered from the gradient is
found in this region. Approximately 5% of the
total recovered material is found in the tube
wash. More than 70% of the radioactivity and
total particles layered on the gradient are re-
covered.

After penicillin treatment, the rec+ culture
sediments much more rapidly than before and
has a considerably broader band, reflecting the
heterogeneity in the length of the long cells (Fig.
4A). More than 50% of the total radioactivity
recovered from the gradient sediments in this
broad band (fractions 4-11). Less than 20% of
the total recovered radioactivity appears in
fractions 12 through 19 where normal size cells
are found. The ratio of radioactivity to total
particles is constant across the gradient. The
ratio of viable cells to total particles varies and
is greatest in fractions 11 through 18. The
average ratios of radioactivity to total particles
and viable cells to total particles for peak
regions are given in Table 2.
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FIG. 1. Effects of penicillin treatment on growth of Rec+ and Rec strains. Cultures of JC4583 (0), JC4584
(A), and JC4588 (0) in EM9 glycerol medium were treated with 35 U of penicillin G per ml.

Sedimentation of the recB- recC- strain after
penicillin treatment reveals a clearly bimodal
distribution of cell sizes (Fig. 4B). The radioac-
tivity is distributed in two regions. The first
band (fractions 1-11) sediments in the same
position as penicillin treated rec+ cells, whereas
the second band (fractions 12-19) sediments in
approximately the same position as untreated
cells. Each band contains approximately 35% of
the total radioactivity recovered from the gradi-
ent. Microscope observation of the particles in
each fraction reveals that the faster-moving
band is composed almost exclusively of long
cells, whereas the slower-moving band contains
normal size cells as well as a trailing of longer
cells. The ratio of radioactivity in "4C-leucine to
total particles is constant throughout the two
bands, indicating that this ratio is the same for
long and short cells. This result is consistent
with out earlier prediction that at the end of the
uniform labeling period the specific activity of
"4C-leucine is the same in both viable and non-
viable cells. Because the penicillin treatment
is carried out in the absence of 14C-leucine, any
new protein synthesized during cell elongation
would be unlabeled and would not alter the

ratio of counts in "4C-leucine per particle. The
distribution of viable cells throughout the gra-
dient coincides with the distribution of long
cells, indicating that the short cells are non-
viable (Table 2).

Sedimentation of the recA- strain after peni-
cillin treatment results in a distribution of
particles, radioactivity, and viability similar to
that observed for the recB- recC- strain (Fig.
4C). The band of short cells is much smaller in
the recA- gradient than in the recB- recC-
gradient, an observation that is consistent with
the smaller fraction of nonviable cells present in
the recA culture initially (Table 2).
Induction of ,@-galactosidase. Figure 5

shows the rates of induction of ,8-galactosidase
by the rec+, recB- recC-, and recA- strains. In
panel A the units of ,-galactosidase are plotted
as a function of time after addition of the
inducer. Both Rec- strains show significantly
reduced rates of formation of the enzyme com-
pared with the Rec+ strain. However, correction
of the time scale for the slower growth rate of
the Rec- cultures eliminates the differences in
rates (panel B). That is, the reduction in the
rate of appearance of enzyme in Rec- strains
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FIG. 2. Penicillin-induced elongation in cultures of JC4583 (A), JC4584 (B), and JC4588 (C) grown in EM9
glycerol medium. Symbols: 0, short cells; A, long cells; 0, total cells.

compared with the Rec+ strain is concomitant
with the reduction in growth rate of Rec-
strains.
Two simple alternative models may be pro-

posed to explain these results. According to the
first model, all of the cells in the Rec - cultures
are able to synthesize ,B-galactosidase, but they
do so at a slower rate than do Rec+ cells.
According to the second model, only the divid-
ing cells are able to synthesize ,B-galactosidase,
but they do so at the same rate as do Rec+ cells.
The rate of synthesis of ,B-galactosidase seen in
whole cultures is therefore an average for syn-
thesizing and nonsynthesizing cells. These
models predict clearly distinguishable results if
cells which have been induced to synthesize
,B-galactosidase are treated with penicillin and
subjected to velocity sedimentation to separate
the nondividing from the dividing cells.

According to the first model, treatment of
both Rec+ and Rec- cultures in this manner
would result in identical specific activities of
,B-galactosidase in all fractions of a gradient, but
the specific activities of the enzyme would be
lower in the Rec- gradients than in the Rec+
gradient.

According to the second model, for Rec-
cultures the specific activity of,-galactosidase
should vary through the gradient, being highest
(and equal to the Rec+ specific activity) near
the bottom, where the dividing cells band, and
lowest across the region where the nondividing
cells band. The following experiment tests
these alternatives.
Fractionated cultures. Figure 6 shows the

results of an experiment in which Rec+ and
Rec- cultures, prelabeled with "4C-leucine, were
induced for,-galactosidase, treated with peni-
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TABLE 2. Specific activity and viability of
penicillin-treated particles isolated from different
regions of the gradient after velocity sedimentation

Strain Fraction or Specific Viability'pooled fractions activitya

JC4583 (rec+) 7 2.4 1.4
6-11 2.8 2.9
15 1.8 4.3

13-18 2.3 5.0

JC4584 (recB- 7 3.5 3.5
recC-) 4-10 4.3 3.0

15 2.9 0.45
13-18 3.0 0.64

JC4588 (recA) 10 3.4 4.2
6-14 3.2 3.5
17 3.1 1.0

15-21 2.7 1.1

a Expressed as counts per minute of 14C-leucine per
10- 4particles.

b Expressed as viable cells per 102 particles.

indicate that the nondividing Rec - cells present
in a liquid culture before penicillin treatment
are unable to be normally induced to synthesize
f-galactosidase, thus supporting the second
model.

DISCUSSION
It has previously been shown that Rec-

strains are significantly less viable than Rec+
strains (5, 10, 11) and that Rec- strains show an
increased frequency of spontaneous lethal sec-
toring compared with Rec+ strains (10). These
two observations suggest that cultures of Rec-
strains contain a population of cells that are
unable to divide. The existence in Rec - cultures
of a population of cells that (i) do not elongate
in the presence of penicillin, (ii) are less viable
than those cells that elongate in the presence of
penicillin, and (iii) are absent in cultures of an
identically treated, isogenic Rec+ strain is con-
sistent with this hypothesis. The percentage of
cells that fail to elongate in the presence of
penicillin appears to be correlated with the
viability of each strain under normal growth
conditions. We believe that the population of
normal size cells isolated from the recB- recC-
culture by velocity sedimentation after penicil-
lin treatment is, in fact, the population of
nondividing (hence nonviable) cells present in
the culture at the start of the penicillin treat-
ment. It is important to emphasize that after
sedimentation of penicillin-treated Rec- cul-
tures, the region of the gradient showing the
lowest viability is that region where the cells

showing the least visible effects of penicillin
treatment band. Conversely, those cells which
respond to penicillin most like wild-type cells,
i.e., by elongating, also are most viable. More-
over, the nonviable cells isolated by this proce-
dure are, during normal growth before isolation,
unable to synthesize fp-galactosidase, whereas
the viable cells behave like Rec+ cells in this
regard.
The isolation of this population of cells is an

important step in determining the role of the rec
gene products in normal cell growth and viabili-
ty, because analysis of the nonviable cells may
identify the specific lethal damage incurred by
cells in the absence of functional rec gene
products. At least two possibilities consistent
with our findings can be suggested for the role of
the rec genes in normal growth.

(i) The products of the rec genes might be
involved in the repair of normal metabolically
produced DNA lesions. It is reasonable to as-
sume that the formation and repair of single-
strand breaks in the DNA duplex is a normal
and essential part of cell metabolism. Such
breaks might be necessary to allow transcrip-
tion (19) and replication (3, 16) to occur. The
products of the rec genes have been shown to be
involved in the repair of X ray-induced single-
strand breaks (13). In the absence of functional
rec gene products, it is possible that some DNA
breaks are not efficiently repaired. If, as a result
of chromosome segregation during cell division,
a daughter cell were to receive only damaged
chromosomes, then it would be unable to repli-
cate its DNA and undergo cell division (i.e., it
would be a nonviable cell) and might also be un-
able to transcribe its DNA.

10
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FIG. 5. Induction of j-galactosidase in unfrac-
tionated cultures. IPTG was added at 0 min. Sym-
bols: 0, JC4583; A, JC4584; 0, JC4588.
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TABLE 3. Distribution of f3-galactosidase in different
regions of the gradient after velocity sedimentation of

penicillin-treated cultures

Fraction or Amt of ,3-galac-
Strain pooled toiae

fractions tosidas&

JC4583 (rec+) 7 19.2
6-11 17.8
16 19.3

13-18 17.6

JC4584 (recB- recC-) 6 10.6
4-10 10.0
15 3.6

13-18 4.3

JC4588 (recA 7 13.5
4-12 10.1
16 3.7

14-19 5.6

a Expressed as ,-galactosidase units per 104 counts
per minute of 14C leucine.

(ii) Alternatively, it is possible that during
cell division in Rec- strains, cells which lack
DNA are segregated. Such cells would also be
unable to divide or to be induced to synthesize
an enzyme. With the method described in this
paper we are testing these possibilities. We are
determining whether nonviable cells synthesize
DNA, contain DNA, and, if so, whether the
DNA contains more single-strand breaks than
does viable cell DNA.
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