although not all females will do so. Eggs
were collected daily, observed carefully
for 4 days, then discarded. Fertilized
eggs normally hatch, under laboratory
conditions, 24 to 48 hours after deposi-
tion.

During these experiments 1001 fe-
males laid 618 egg rafts containing
85,851 eggs. Three first-stage larvae
hatched. The three hatched larvae were
in three different rafts; thus, in each case
only one of approximately 140 eggs
hatched. It cannot be argued, therefore,
that a male had somehow escaped detec-
tion, for if fertilization had in fact oc-
curred, all or nearly all of the eggs in the
raft should have been fertile.

All three larvae were weak. One sur-
vived the first molt but died soon there-
after; the other two died a few hours
after hatching.

Species crosses in Culex (4) usually
produce some eggs which are fertile but
which fail to hatch. Such eggs, if suffi-
ciently developed, can be identified
under the dissecting microscope. A sam-
pling of 150 egg rafts (containing an
average of 125 eggs per raft) from the
parthenogenesis experiments failed to re-
veal any such fertile but unhatched eggs.

Parthenogenetic development, there-
fore, apparently does occur in Culex
fatigans, but the frequency of such oc-
currences is low (9).

James B. KrrzmILLER
Department of Zoology,
University of Illinois, Urbana
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Selection of Auxotrophic
Bacterial Mutants by
Tritium-Labeled Thymidine

Abstract. A method is proposed for the
efficient isolation of auxotrophic mutants
of cells of diverse origin by the use of
radioactive materials. An example is de-
scribed in which mutants of Escherichia
coli B were selected by growing irradiated
cells in the presence of tritium-labeled
thymidine.

Bacterial mutants with specific nutri-
tional requirements have been used ex-
tensively in biochemical and genetic
studies. These auxotrophic mutants are
ordinarily selected with efficiency by in-
cubation of a mixed culture in minimal
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Table 1. Decrease in viability after growth in the prescnce of tritium-labeled thymidine.

Duration of incubation

Viable bacteria after cold storage

(min) (No./ml)
Thymi-
'Il'\\bee dine-H? Beforef After
| 1) addn.o addn. of
(we/ml) thymi- thymi- 0 days 7 days 13 days*
dine-H? dine-H?

1 45 0 130 6.6-107 2600 . 190
2 45 45 85 7.5-107 1,800 340
3 45 90 40 6.0 - 107 3,000 210
4 15 0 130 16.0 - 107 14,000 5200
5 15 45 85 9.6 - 107 6,600 2100
6 15 90 40 9.0-107 17,000 2400
7 0 130 11.0 - 107 3.0-10°
8 0 130 15.0 - 107 1.4-10°

* In all samples at 13 days, the fraction of mutant colonies exceeded 50 percent.

medium with penicillin. The growing
wild-type are killed, and the dormant
mutant cells are spared (7).

Many cell species which can be grown
in culture are not sensitive to penicillin.
No convenient method exists, with few
exceptions, for selecting auxotrophic mu-
tants of these cell species (2). It seemed
possible that an alternative approach
might be provided by radioactive mate-
rials, such as tritium-labeled thymidine
(thymidine-H3) of high specific activity.
Growing cells of both plants and ani-
mals incorporate thymidine into deoxy-
ribonucleic acid (DNA) (3), and locali-
zation of thymidine in the nucleus has
been demonstrated by autoradiographs of
thymidine-H3 (4). The addition of thy-
midine-H3 to HeLa cells growing in tis-
sue culture has recently been shown to
decrease viability by as much as 50 per-
cent (J).

This report (6) describes an initial test
of the proposed method in a system
which has been studied extensively. First
a reconstruction experiment was done
with wild-type Escherichia coli B and a
histidine auxotroph. These were grown
separately on enriched medium [medium
A (7) supplemented with 0.2 percent
Difco yeast extract and 0.2 percent Shef-
field tryptic casein hydrolyzate]. After
washing, a suspension of each was placed
in 1 ml of minimal medium A to which
0.1 ml of thymidine-H? was added (8).
After dilution, the activity of tritium was
40 uc/ml, and the concentration of car-
rier thymidine about 4 ug/ml (9). The
cells were incubated at 35°C for 3.5
hours, by which time the count of viable
wild-type cells per milliliter had in-
creased from 106 to 107, Half of each
sample was removed, and the remainder
was reincubated. After an additional 2.5
hours, wild-type had increased to 5 - 107.
The number of histidine auxotrophs was
not significantly changed by incubation.
A control without thymidine-H?® was in-
cluded. After incubation, all samples
were stored at 5°C.

Viability was determined at intervals
by plating appropriate dilutions on en-
riched agar plates. In the absence of
thymidine-H3, the viability of both the
wild-type and the mutant fell to approxi-
mately 10 percent during 6 days of cold
storage. After incubation with thymi-
dine-H3 the mutant showed a similar de-
crease, but the count of wild-type fell
much more sharply.

The fraction of mutants surviving, di-
vided by the fraction of wild-type sur-
viving, can be expressed as an enrich-
ment ratio. Without thymidine-H? this
ratio was approximately 1. For the tubes
incubated with thymidine-H?® for 3.5
hours, the enrichment ratio at the end
of 6 days of storage was about 4000. In
the samples incubated with thymidine-
H3 for 6 hours, the ratio was only 70.

In a mutant isolation experiment,
wild-type E. coli B were treated with
ultraviolet radiation to approximately 1
percent survival. One-half of one milli-
liter was added to 5 ml of enriched me-
dium and incubated for 24 hours. The
cells were washed, diluted by 103, and
2.5 ml of the suspension placed in each
of eight tubes. The amount of thymi-
dine-H?® and the time of addition were
systematically varied, as is shown in
Table 1. During the incubation period
of 130 minutes, two to three divisions
occurred. The tubes were then stored
at 5°.

In this experiment, survival of bac-
teria in the tubes lacking thymidine-H?
was 1 to 3 percent after 7 days at 5°C.
In the presence of thymidine-H?, survi-
val was about 1/100 to 1/1000 as great.
Each tube was carefully kept cold when
samples were removed. After 7 days a
search by the replica plating technique
(10) showed that mutants were present
at a frequency of 5 to 10 percent. At 13
days, the yield of mutants was above 50
percent, and in a few cases as high as 90
percent. Although killing of bacteria was
greater with 45 uc (tubes 1 to 3) than
with 15 pc (tubes 4 to 6), the fractions
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of mutant colonies in these two groups
were similar. No mutants were recovered
from colonies not exposed to thymidine-
H3 (tubes 7 and 8). The number of mu-
tants isolated can be accounted for by
supposing that thymidine-H3 acts as a
selective lethal agent for cells that have
grown in its presence.

On theoretical grounds, it does not
seem likely that much of the selective
killing of wild-type could be caused by
radiation from thymidine-H3 in the sur-
rounding solution. The emitted beta par-
ticle has an average energy of 5.7 kev
and a range in water of about 1 w. In
these experiments the ratio of fluid vol-
ume to bacterial volume was about 10%,
and almost all the radiation originating
in the surrounding fluid would fail to
reach the bacterial cells. This argument
is supported by the results of the recon-
struction experiment, in which the pres-
ence of thymidine-H3 did not accelerate
killing of the histidine auxotroph.

In addition, aliquots from tubes 1 to 8
of the mutant isolation experiment were
diluted sixfold after the period of incu-
bation and stored at 5°C. Almost as
many mutants were isolated from these
samples as from the undiluted tubes.
This suggests that thymidine-H3 is incor-
porated into the cells in a form unable
to diffuse out during cold storage.

In a third experiment, the bacterial
suspension was diluted considerably, so
that the count at the end of incubation
was only 108 per milliliter. Killing was
rapid, presumably because the amount
of thymidine-H3 per cell was high, and
after 5 days of cold storage the yield of
colonies which were mutants ranged
from 10 to 50 percent.

Among the auxotrophic mutants iso-
lated by this procedure the following
requirements have been identified: argi-
nine, cystine, glycine, histidine, isoleu-
cine, leucine, methionine, proline, serine,
threonine, tryptophane, tyrosine, valine,
isoleucine plus valine, and multiple aro-
matic compounds. These experiments
show that thymidine-H3 is an efficient
selective agent for the isolation of auxo-
trophic bacterial mutants. The method
may be applicable to other species of
cells.

MarTIN LUBIN
Department of Pharmacology, Harvard
Medical School, Boston, Massachusetts,
and Marine Biological Laboratory,
Woods Hole, Massachusetts
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Mutagenic Effect of Azaserine
in Relation to Azaserine
Resistance in Escherichia coli

Abstract. For demonstration of the mu-
tagenic effect of azaserine (mutation from
streptomycin dependence to nondepend-
ence), higher concentrations of this anti-
biotic are required with azaserine-resistant
Escherichia coli than with the sensitive,
parental strain. At barely toxic concentra-
tions of azaserine, however, the mutagenic
response of the resistant strain is many
times higher than that of the sensitive
strain.

The suitability of azaserine as a chem-
ical mutagen in elucidating the muta-
genic process in E. coli has been evalu-
ated and described in an earlier publica-
tion (/). Like most other mutagens,
azaserine induces mutations with increas-
ing frequency at concentration levels
that are increasingly bactericidal. Nev-
ertheless, it is one of the few known
chemical mutagens which is appreciably
mutagenic at levels relatively nonbac-
tericidal. This poses the important ques-
tion as to whether the process of azaser-
ine-induced mutagenesis is related to the
bactericidal property or whether the two
phenomena are independent of each
other, With this question in mind, a
comparative study of the mutagenic re-
sponse in mutants of a streptomycin-
dependent strain of E. coli, showing
varying degrees of azaserine resistance,
was initiated (2).

From the parent Sd-4 strain (A) (3),
mutants (B, C) resistant to varying lev-
els of azaserine (4) were derived by
methods based on the gradient plate
principle (5). These were maintained
on nutrient agar containing 100 pg of

streptomycin per milliliter and concen-
trations of azaserine increasing from 0
to 1000 mg/ml. Washed cells from agar
slants were used as inocula for the ex-
periments. Details of the methods were
the same as those described in an earlier
paper (1). The effect of exposure to
varying concentrations of azaserine for a
period of 2 hours at 32°C on the sur-
vival of azaserine-sensitive (A) and aza-
serine-resistant (B, C) strains and on
the mutation rate to streptomycin inde-
pendence was studied.

The results, selected as representative
of several independent experiments, are
presented in Fig. 1. They suggest that
azaserine is able to induce mutations in
azaserine-resistant strains of E. coli only
at concentration levels much above that
required for mutagenesis in the parent,
sensitive strain. It is apparent that, in
strains resistant to azaserine, an increase
in the mutation rate comparable to that
produced in the more sensitive parental
culture is obtained only at higher con-

centrations of the mutagen. Cemparable

results were obtained with several addi-
tional, independently isolated azaserine-
resistant mutants. A closer analysis of the
data, however, reveals that the resistant
strains treated at barely bactericidal con-
centrations of azaserine show a higher
mutagenic response than the sensitive
parent under comparable conditions.
The data presented suggest that al-
though the mutagenic and bactericidal
effects of azaserine are correlated, the
quantitative responses are not identical.
If the bactericidal effects of azaserine on
sensitive and resistant cells are regarded
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INDUCED MUTANTS/ 108 SURVIVING CELLS

o'

SURVIVING CELLS

.

0.0l 0.1 ; 5 I‘O 50 |.00
AZASERINE CONCENTRATION, pg/nml
Fig. 1. Effect of azaserine concentration
on the number of induced mutants (mu-
tation from streptomycin dependence to
independence) and on the percentage of
survivors, assessed with azaserine-sensitive
strain Sd-4 of E. coli and two azaserine-
resistant mutants derived from that strain.
Two hours’ exposure in distilled water at
32°C.
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