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In 1947, Stone et al. discovered that incubation in ultra=-
violet irradiated nutrient broth induced mutations in
Staphylococcus aureus demonstrating that the biological action
of radiation has a direct as well as an indirect component.

After the initial burst of optimistic excitement when this
discovery was thought by some as a step towards directed
mutagenesis and to provide a tool for understanding the chemical
nature of the gene, it only provided critics of the target theory
an evidence against this mechanism of biologicel action of
radiation. In recent years, however, interest in the indirect
effect of radiation has been renewed by an entirely different
development: prospects of large scale industrial use of
radiation for treatment of food.

It is known that ionizing radiations in suitable doses can
inhibit the breaking of dormancy of vegetables and can kill
contamineting micro-organisms, parasites and infesting insects
which may be present in food, without causing much rise in
temperature of food. Raw food remains in the raw, uncooked state
when it has been sterilized by irradistion, and frozen food can be
sterilized while remaining frozen throughout the treatment. Also,
because ionizing radiations possess high penetrating power food can
be treated by it while packed and sealed in containers of such
diverse materials as plastic, glass or metal. Subsequent
contamination of packed and irradiated food is therefore most
unlikely before the package is opened by the consumer, Irradiation
cen be applied to food by a process that operates without
interruption; unlike products treated with heat, those sterilized
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by irrediation do not have to undergo heating and cooling or any
other discontinuous process. For preservation and extending the
useful storage life of food ionizing radiations have therefore
several advantages over the conventional method of heat treatment.
Increased availability of cheaper isotope and machine sources
and several major advances in engineering and technology have made
the industrisl use of radiation for food preservation an economic
feasibility. A mobile unit for irradiation of potatoes to
inhibit sprouting has been in operation in Canada since 1962.
Programmes for radiation treatment on commercial scale of several
types of food for prolonging their useful storage life are already
in operation or are at a very advanced stage of development in
U.S.A. Similar programmes, though at a much smaller scale, are
being developed in the United Kingdom and several other countries.
Studies on radiation chemistry of major food constituents
like proteins, carbohydrates, fats and vitamins have shown that a
large number of chemical alterations are produced in each component
under the influence of ionizing radiation. The range of chemical
substances formed in food that contains all the components together
is obviously greater. Irradiated meat has been extensively studied
and the array of compounds identified from it serves to illustrate
this point. The following types of compounds have been
identified: (1) water-soluble carbonyl-containing substances,
probaebly from protein; (2) iso octane-soluble carbonyl-containing
substances, mainly long chain aldehydes and ketones from plasmogens
and other lipids; (3) volatile bases, mainly methylamine and
ethylamine, from non protein nitrogenous substances; (L) volatile

sulphur-containing substances, some of which are normally found in
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meat but are present in greater amounts after irradiation, and
(5) substances found only after irradiation, such as methyl
mercaptan, isobutyl mercaptan and 3-methylthiopropionaldehyde.
In addition, some changes are so complex that thelr nature is not
yet known.

Now, if it is impossible to identify the nature of some
chemical changes induced in food by irradiation, then the
possibility exists that toxlc and even mutagenic compounds are
formed. And if they are formed, possible genetic hazards arising
from consuming radiation sterilized food will have to be reckoned
with and deserve investigating.

The present study was underteken to gain information on the
genetic effects of irradiated media in two systems:

(a) Bacteria: Ultraviolet 1light (UV) and X-ray irradiated media
were tested for their lethal effects in Bacillus subtilis and UV,
X-ray and Y-ray irradiated media were tested for phage 1nduction,
lethal and mutagenic effects in Escherichia coli. Since . coll
can grow in simple salt-glucose medium, identification of the
compound of the medium responsible for generating a radiomimetie
principle on irradiation was attempted. Experiments were also
done to study the effect of such variasbles as dose rate, inoculum
size and conditioning of bacteria by previous exposures to treated
medium, on lethal effects of X-rayed medium. Experiments were also
carried out to evaluate the lethal amd mutagenic effects of
glyoxal in WP-2, @ tryptophenless mutant of B/r strain of E. coli.
Glyoxal is a radiodecomposition product of glucose and has been
suggested by Berry et al. (1965) as the component responsible for
observed lethal effects when mammelian cells are cultured in
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irradiated growth medium. During the course of these studles it
was found that spontaneous try+ reversions occurred almost
exclusively on the plate and rarely in the liguid growth medium.
An attempt to test if this behaviour was common to other
suxotrophic mutations in the genotype of WP-2 revealed a case of
gene controlled mutational stability: Introduction of an additional
requirement for adenine in WP-2 completely suppressed the
revertability of try locus. A preliminary sualysis of this
interesting problem has been made.

(b) Drosophila melanogaster: The incidence of recessive lethal
mutations in sex and 2nd Chromosome of Drosophila reared on
irradiated food was determined. Following the report of Parkash
(1968) in which he claimed strong mutegenic effect for irrsdiated
DNA fed to Drosophils with food, the incidence of sex-linked
recessive lethals was studied in flies fed on food mixed with
irradiated DNA,

When testing the mutagenic effect of irradiated DNA one has
to take account of the fact that feeding some samples of
unirradiated DNA to Drosophila also produces 2nd Chromosome lethals
(Gershenson, 1965; Mathew, 1965). Mutagenic effect of two samples
of unirradiated DNA (Herring Sperm DNA; and a sample of DNA
obtained from Dr. Gershenson) was therefore investigated.

It has also been claimed (Gershenson and Kiselyeva, 1958)
that DNA specifically induces visible mutations affecting wings, a
high proportion of which lies on the X-Chromosome. If confirmed,
this will be a case of unprecedented mutagenic specificity by
which a treatment produces a high frequency of visibles but no

letal mutations on the X-Chromosome. In order to test this claim,
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flies were reared on food to which a sample of unirradiated
calf-thymus DNA kindly provided by Dr. Gershenson had been
mixed. Recessive autosomal (2nd Chromosome) lethal and visible
mutations were scored in the progeny of flies developing on this
DNA treated food.

Review of Literature:

While the direct effects of radiation have been extensively
investigated, comparatively little work has been done in the past
to study the indirect biological effects of radiation. In recent
years, however, increasing use of ionizing radiations for
extending the useful storage life of food has caused concern sbout
possible harmful effects on humans consuming irradiated food and
this has necessitated the study of indirect effects. These
studies can be broadly grouped into:

A, Feeding studies on laboratory animals: Many long-term tests
with different animal species have been performed, particularly

in the United States of America. These tests have given no
indication of toxicity, carcinogenecity or histopathological
change resulting from consuming irradiated food (McDowell and
Raica, 1962). It i1s important to emphasize, however, that none of
these experiments was designed to reveal induced genetic
alterations.

B, Studies to test cellular and genetic effects: Experiments
in which the effects on organisms of growth in irradiated

substrate have been studied at cellular and genetic level are

limited in number. They are moreover characterized by marked
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differences in experimental varisbles such as chemical composition
of the medium irradiated, type and dose of irradiation, test
organism, and treatment condition. Therefore, critical
comparisons between experiments of different workers are not
possible.

For the purpose of present review these studies will be
grouped into the following three categories on the basis of
biological effect studied:

(1) Cytotoxic, (2) Cytological, and (3) genetic.

(1) otoxic effects: The inhibitory effect on growth of
Bacillus subtilis when pla‘ted on UV-irradiated nutrient agar
was observed as early as 1935 (Blank and Arnold). Twelve years
later Wyss et al.(1947) confirmed this observation for another
species of bacteria. They showed that Staphylococcus aureus
failed to grow when incubated in a UV-irradiated synthetic
ligquid medium consisting of minersl salts, sugar, amino acids
and vitamins. The growth inhibitory effect was later found to
arise from irradiation of glucose component.

Growth media irradiated with ionizing radiations have like-
wise been found to possess cytotoxic propesiies for a number of
organisms, Molin and Ehrenberg (1964), for example, found that
bacteriael medium constituted with glucose irradiated with X-rays
as water solution or in solid state had a strong anti-bacterial
action on Pseudomonas sp 128. Evans (1947) reported deleterious
effects of X-irradiated sea water on survival and activity of
Arbacia eggs and sperms. Similarly, when E. coli strain 15 was
incubated in X-ray irradiated minimal medium, synthesis of DNA,
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MRNA, protein and inducible enzymes like p -galactosidase was
inhibited resulting in suppression of growth of the incubated
bvacteria (Pollard et sl., 1965). X-irradiated medium has also
been found to damage chick embryo fibroblasts as evidenced by
inhibition of spreading and growth of cells end their incapacity
to synthesize Rons Sarcoma Virus. (Levison, 1966).

The growth inhibiting property of irradiated media, in sll
cases cited sbove, was attributed to radiation produced peroxides
in the medium because the effect in each case could be completely
negated by catalase. In support of this, the inhibitory effect
‘of irradiated medium could be duplicated by adding hydrogen
peroxide to unirradiasted medium. On the other hand, there is
also evidence to suggest that inhibitory products other than
peroxides may be generated in the irradiated medium, Berry et al.
(1965) for example demonstrated that the growth inhibitory
principle, in irradiated carbohydrate sclutions, responsible for
lethality in mammalian in vitro cultures, could not be peroxide
because it was stable to heat and catalase action. In the
particular system investigated by the authors, the cytotoxic action
was attributed to glyoxal, a radiation decomposition product of
sugars.

A quite different mechanism by which irradiated medium can
cause the killing of bacterial cells has been demonstrated by
Smarda and Cermdkx (1964). They found that incubation of
lysogenic bacteria in uv-irradiated nutrient broth induces the
formation of active bacteriophage resulting in lysis and cell
death. Contrary to this, no induction of phage was obtained when
Bugyaki et al. (1963) treated a lysogenic strain in minimal medium
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to which irradiated glucose had been added. The negative
results of Bugyaki et al. are not surprising, however, if it is
considered that phage induction is strongly influenced by
nutritional environment., Thus, Lwoff et al. (1950) have
demonstrated that lysis occurs only when bacteria are grown

in a rich medium both before and after exposure and none was
found if minimal medium was used, even though this could support
bacterial growth.

(2) Cytological effects: A part of the growth suppression and
cytotoxic effects described in the preceding section, which
cannot be studied in bacteria, may owe their origin to
chromesomal aberrations. Higher plants provide a good systenm
for testing this point. This approach to studying the indirect
effects of ionizing radiation which was imitiated by a group of
Indian workers at New Delhi has been pursued in several
laboratories. The main findings of the Indian group (Natarajan
end Swaminathan, 1958; Naterajen 1960; Sweminathen et el., 1962;
Chopra et &l., 1963; Chopre end Swaminathan 1963;) can be
summarized as follows:

(a) Treatment of germinating seeds of barley, Allium end Vicia
faba in irrediated medium (for example White's medium or
irradiated thymine solution) produced chromosome breaks in cells
of root meristenms,

(b) Cytological abnormalities such as chromosome breeks, lagging
chromosomes at anaphase and micro-nuclei were found during mitoses
in root tips of barley when embryoes excised from unirradiated
seeds were grown on uncooked potato mash irradisted with 20-80 Kred
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of X-rays. The frequency of micronuclei increased with
increasing X-ray dose and the radiomimetic prineciple in
irrediated tubers persisted for up to 8 months of storage at 5%c.
(e) Treatment with irradiated fruit juices, likewise, produced
chromosome breaks during root tip mitosis. No inter chromosomal
changes were recorded.

Confirmation of the above findings came from the work of
Moutschen and Matange (1965) and Holsten et al. (1965) who found
that irradiated glucose solution produced chromosome breaks in
barley and Vicla faba root tip and Tradescantia microspores.
Chromosome breaks and interchanges have also been found in human
lymphocytes cultured in irradiated medium TC 199 (Kesven and
Swaminathen, 1966) and medium to which irradiated sugar had been
added (Shaw and Hayes, 1966).

Steward's group at the Cornell University in U.S.A. has
tried to isolate the component in the irradiated medium
responsible for producing chromosome breaks in Vieia and
Tradescantia and for suppressing growth of carrot plant cells
and tissue explants. They have concluded that the active
principle is a radiation product of glucose. Attempts at further
chemical characterization have not been successful so far though
the indications are that formic acid or a salt of formic acid may
be involved (Steward et al. 1967).

Kuzin in Russia has described an interesting experiment
(Kuzin 1963) wherein irradiation of a shoot of Vicia plant
produced radiomimetic compounds which could be translocated to
other parts of the plant that had been carefully screened from
radiation and caused growth inhibition and cytological
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disturbances of cell division there. On the basis of

chemical analysis of purified agent from irradiated tissue,
Kuzin identified the bilologically active fraction to be
orthoguinoid in nature. In agreement with this he found that
orthoguinones, obtained from enzymic oxidation of tyrosin,
sharply reduced cell division and produced chromosome bresks in
treated broad bean seedlings. Admittedly, a plant shoot is a
far more complex substrate than sugar solution and consequently
a greater array of radiation products in the former is to be
expected. However, it is difficult to reconcile the differences
between Steward's and Kuzin's identificetion as regards chemical
constitution of the agent responsible forpredominant biological
effects.

(3) Genetic effects: The mutagenic effect of irradiated medium
was first discovered by Stone et al. (1947) and to date theirs'
are the only published reports of mutations induced by uv-irrad-
iated medium in bacteria. Stone and co-workers found that
streptonyecin and penicillin resistant mutants occurred more
frequently than in control when Staphylococcus areus was grown in
UV-irradiated nutrient broth. The authcrs (Stone et al., 1948)
later presented several lines of evidence to establish that the
higher fregquency of antibiotic resistant bacteria following
incubation of the sensitive strain in irradiated broth was not
due to selection of pre-existing mutants but was the result of
induced additional mutations. The strongest evidence against
selection was the observation that both forward and reverse
mutations for ebility to ferment mannitol were induced by treatment
with irradiated broth. '
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Tests for mutagenicity of irradiated salts, glucose and
other organic (consisting of amino ascids and nuctéic acid bases)
components of a synthetic medium revealed that irradiation of
salts alone was not mutagenic but irradiation of amino acids and
purine and pyrimidine bases produced a significantly higher
mutation rate than in the untreated controls. Mutagenic effect
of irradiated glucose alone could not be determined because the
treatment caused a very high lethality. From subsequent studies
Wyss et el. (1947, 1948) attributed the mutagenicity of irradiated
medium to orgsnic (but not hydro) peroxides. The conclusion was
based on the following observations.

(a) Incubation of bacteria in hydrogen peroxide treated nutrient
broth or nuteient broth to which hydrogen peroxide treated amino
acids and purine and pyrimidine bases had been added was mutagenic
even though no free hydrogen peroxide could be detected at the
time of inoculation of bacteria.

(b) Experiments in which bacteria were grown in sub=inhibitory
concentrations of sodium azide (an enzyme poison which inhibits
formation of catalase) showed a marked increase in the rate of
mutations to penicillin and streptomycin resistance. The
increased mutation rate was ascribed to intracellular
accumulation of hydrogen peroxide.

(¢) Treatment of washed bacteria in hydrogen peroxide was not
mtagenic.

(da) Catalase treatment of irradiated and hydrogen peroxide treated
broth sbolished the mutagenic effect.

(e) The mutagenié effect of organic peroxides, produced inside the

medium by irradiation or added fﬁ;? without was concluded to be a
3,
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specific one and not & result of growing becteria in a medium
with high oxidation-reduction potential. This was based on
the observation that addition of several oxidizing and reduecing
agents to nutrient broth had no influence on mutation rates of
bacteria incubated in it.

At the time these experiments were performed, the genic
nature of bacteriesl mutations was not testeble and therefore the
experiments were repeated on a sexually reproducing fungus
Neurospore (Wegner et &l., 1950). The results obtained were in

complete agreement with findings on bacteria with the only
exception that hydrogen peroxide produced mutetions in Neurospora

even when no organic substence was present in the treatment medium.
In contrast to these studies with bacterias and Neurospora, no
mutagenic effect was found in exposures of Paramecium aurelia to
either commercial or radiation produced hydrogen peroxide (Kimbell,
1955; Kimball, Hearon end Gaither, 1955).

The mutagenic effect of feeding Drosophila on irradiated food
has also been studied though the resulis obtained are conflicting.
Swaminathen et al. (1963), for example, obtained a small but
significant increase, over corresponding controls, in the frequency
of sex-linked recessive lethal and visible mutations in the progeny
of flies that had developed on irradiated food. A similar increase
in the frequency of sex-linked recessive lethal, but not of
visibles or dominant or mosaic lethals, was observed in experiments
of Rinehart and Ratty (1965). Against this are the experiments of
Reddi et el. (1965) who tested off-spring of flies raised on
A=irradiated food for sex-linked recessive lethals, large deletions
in the X=-chromosome, sex=-linked visibles and II/III translocations.



13

In spite of the large scale on which these experiments were done,
no mutagenic effect of irradiated food could be detected.
Similar negative results were obtained by Chopra (1965) in tests
for the effect of irrsdiated food on dominant - and sex-linked
recessive lethals and 2nd chromosome lethals. It thus appears
that feeding Drosophila on irradiated food produces, at best,
only a marginal effect which may under some circumstances be
pushed beyond the borderline of sitatistical significance.

A dramatic increase in the frequency of sex-linked recessive
and 2nd chromosome lethals in flies that had developed on food
admixed with irradiated DNA was claimed by Parkash (1965a and b).
However, none of several workers who have tried to repeat his
experiments has found any basis to Parkash's claim because the
results obtained have been entirely negative in all cases (Chopra,
1965; Xhan and Alderson, 1965; Kaplan, 1966; Fahmy and Fahmy,
1966) .

Mutegenic effect of calf-thymus DNA: The mutagenic effect of
feeding Calf-thymus DNA to Drosophila larvae was first discovered

by CGershenson (1939). He claimed that this treatment produced
visible mutations, Muller (1941) and Rappaport (1940) repeated
Gershenson's experiments but looked for sex~linked lethals because
the latter are more frequent in mutagenic treatments with
radiations and chemicals. No sex-linked lethals were found.

The controversy was resolved, however, when Gershenson (1965) and
Mathew (1965) simultaneously found that calf-thymus DNA affects
nainly autosomes (2nd chromosome in their case) and produces

hardly, if any, sex-linked lethals, Similar results were
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obtained by Fahmy and Fahmy (1961) after injection of DNA into
adult flies. The Fahmys also pointed out that the effect was
not specific to DNA and injection of a number of other macro-
molecules could produce a similar effect. Gershenson and
Kiselyeva (1958) have also claimed another type of mutagen
specificity for calf-thymus DNA: that on feeding, DNA induces
visibles (most of which affect the wings of the fly) but no
lethal mutations on the x‘chroilo-om. If confirmed, this type
of speecifieity will be unprecedented and for which it is ﬁrficul‘t
to find a genetic explanation. However, Fahmy and Fahmy (1966)

have not been able to verify Gershenson's observation.
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A, BACTERIA.

Bacterial Strains

Bacillus Subtilis: No.23, & wild type strain, was used for
studying the lethal effect of irradiated medium on B. subtilis.
The strain was kindly provided by Mr. John Corren of this

Institute.
Escherichia coli
gal 22 ) and gal 22 As: Strains gal 22 , a K12 derivative

lysogenic for phage ) , and gal 22 s isogenic with gal 222
but sensitive to the phage, were obtained from the stock
collection of Dr, O.J. Bishop of this Institute. They were used
for studying the lethal effects of irradiated medium and to decide
whether the bactericidal effeet was caused by phage induction or by
a direct effect of an antibacterial principle generated in the
medium by radiastion exposure. After it was established that
irrediated medium did not induce » phage, strain »s was employed
in all subsequent studies on the lethal effects of irradiated
medium,

gal 22 »s is sensitive to the antibiotie, streptomyecin and,
therefore, was also used for studying forward mutations to
streptomycin resistance induced by treatment with irradiated medium.
WP=-2 try : is a tryptophan-requiring mutant of strain B/r of E. coli.
WP-2 was used in the present study for studying the mutagenic effect
of glyoxal. The culture used was obtained from Dr. B.A, Bridges
of MRC Radiobiological Research Unit, Harwell.

AB 712: comes from Adelberg's collection and is auxotrophic for
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three emino acids, viz,.,, threonine, leucine and proline. The
strain was used for scoring reverse mutations to independence
of growth factor requirement after treatment with lirradiated

medium,.

MEDIA
Nutrient broth and Nutrient agar: Nutrient broth was prepared
by dissolving 13 gm. of 'Oxoid' Nutrient Broth per litre of
distilled water. For preparing nutrient agar 1:5% w/v Davis
New Zealand Agar was added to nutrient broth,

Spizizen's growth medium: was used for growth and treatment of
B. Subtilis W23. A litre of liquid medium contained:

Spizizen's minimal salts (5x) 200 ml.

20% glucose - ¥
2% Casein hydrolysate 0"
in*t (2107n) 10 "
Distilled water to meke 1 litre.

20% glucose and the remaining constituents were autoclaved
separately for 20 minutes at 15 lbs. pressure per square inch and
mixed together aseptically when cool.

The composition of Spizizen's minimal salts (5x) was as

Tollows:
(Nﬂu) 250), 10 grams.
KZHPOu 0 =
KHZPOh 30 "
Na306H507 . 21120 5 "
Mg80), «THH0 3...¥

Distilled water to make 1 1itre
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9 3 Ee A
K, medium Mg mediun, used for growing E. Coli gal 22X and
gal 22 A s had the following composition:

g salts (composition given separately) 100 ml.

L% glucose 50 "
ugso), (01 ) 30"
CaCl, (0-01 ) o "
Distilled water to make 1000 ml,

Lach solution was autoclaved separately at 15 1lbs. pressure per

square inch for 20 minutes and then mixed together aseptically.

HS salts
NaZHPou anhydrous 60 grams
KH,PO) y i
NaCl - Sty
"
Nthl 10
vater to make 1000 ml.
i medium of Haas Doudn 1 ¢ was employed for experiments

with WP=2, A litre of M minimal medium contained:
M salts (composition given separately) 200 ml.
20% glucose 10 ml.
Water to 1 litre.

M salts: were prepared as 5X concentration and contained per
1000 ml.

KH,PO) 19+5 grams.
K HPO) 395 "
NasCeHs0-.2H,0 2+5
Mgs0) .7H,0 05 "
(NHY) 250y, 50 "

Water to mske 1000 ml.
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For growing WP=2, the minimal medium was supplemented with
6 ug per ml., tryptophen. 1+5% w/v David New Zealand agar was
added to the minimal medium to obtain a satisfactory gel for M
minimal agar plates. For mutation plates, minimal agar was
supplemented with 0+75 or 1 ug per ml. tryptophan.

M salts, glucose and agar in water were sterilized separately
by autoclaving for 20 minutes at 15 lbs. pressure per square inch
and mixed together aseptically before pouring the plates. Each
plate contained approximately 20 ml. of mediunm.

Brain Heart Infusion agar: was prepared by mixing together the
following:

Oxoid Brain Heart Infusion 37 grams
Davis New Zealand agar a5 2
Distilled water to make up 1000 ml.

The mixture was sutoclaved for 25 minutes at 15 lbs. per square

inch pressure.

Buffer: of the following composition was used as diluent for all
Z. coli experiments.

NHéPOu 3 granms

NayHPO), anhydrous 7 =

NaCl ERR
HgSOh.7320 0«2 "

Water to make 1000 ml.

Irradiation of the medium:
Ultraviolet (U.V): UV irradiation of the medium was done in 6 cm.
diameter glass dishes, The volume of the medium in the dish was
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kept to give a depth of 0+5 cm. The UV source was a Hanovia
low pressure mercury germicidasl tube giving 85% of its output at
wavelength 25312 in the UV zone. Irradiation was done at a
distance of 25 cm. from the tube; the medium being constantly
agitated.

X=rays: X-irradiation of the medium sterilized by autoclaving wes
done in tightly stoppered 20 ml. capacity MSE plastie centrifuge
tubes. Very little air space was left in the tubes after
stoppering so that the irradiation was essentially done under
anaerobic conditions. The Xeray machine was operated at 140 KV,
5 MA without filters, giving a dose rate of 943 rad per minute.

¥-rays: Y ray irrediation was obtalned from a 4000 Ci 0060

'Hotspot' irradiation source. The standard dose rate was 17,321
rad per minute, Any verdiation in the dose rate used will be
indicated in the relevant experiments. For study of the lethal
effects, irradiation was done in screw cap % oz. McCartney bottles
without aeration. For mutation experiments larger volumes were

irradiated in 100 ml. flasks.

Ireatments in irradiated medium: For studying the lethal effects,
nine ml. of irradiated medium in a test tube was seeded with 1 ml.

of suspension of desired bacterial density end incubated in a
shaker incubator maintained at 37°C. Viable counts were made at
intervals by withdrawing a sample from the treatment mixture,
diluting as necessary and plating.

The methods of treatment for the study of mutegenic effect
will be described in the respective experiments.
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Viable counts: Viable counts were made by spreading O+l ml.
of suitable dilutions of the treatment mixture on each of 3
nutrient agar plates per determination. The dilution was so
arranged as to give 100-200 colonies per plate. The average
value based on the number of colonies appearing af'ter 24 hour
incubation at 37°C was teken for any one determination,

Procedure of preparing bacterial culture for treatment: A single
colony from stock culture plate was suspended in 10 nl, of medium

in a ¥ oz. McCartney bottle and incubated overnight at 37°C. One
ml, of overnight culture was seeded into 200 ml., of fresh medium

to give a bacteriel density of 5-105 to 106

per ml, and incubated
with aeration at 37°C. This procedure gave an exponentially growing

culture in L4 hours.

Isolation of auxotrophs in WP=2: For inducing sdditional
nutritional requirements in WP-2, a culture grown in nutrient broth

to stationary phase was washed free of broth and resuspended in
minimal medium at a cell density of around 108 bacteria per ml.

3 ml., of the suspension was irradiated with a UV dose that gave

a 0+1% survival. The irradiated bacteria were inoculated into
100 ml, sterile nutrient broth and incubated with aeration over-
night at 37°G. The culture was washed free of broth in minimal
medium and a suitable inoculum seeded into minimal medium
supplemented with 6 ug per ml, tryptophan and containing 1000
international units per ml. of benzylpenicillin (Claxo Ltd.).
After 2 hour incubation at 37°C, the survivors were washed free of
penicillin by repeated centrifugation and resuspended in minimal
medium, A suitable dilution was plated on nutrient agar on which



21

both try and try combined with any other induced growth factor
requirement yielded cclonies. The auxotrophic mutants were
finally identified by their failure to grow after replica plating
to minimal medium enriched with tryptophean. The specific growth
factor requirements isolated in this way were identified by
streaking on tryptophan enriched minimal medlum plates supplemented
first with various combinations of pooled amino aecids, vitamins or
purine and pyrimidine bases and finelly with the indicated
individual growth factors.

Treatment of diauxotrophiec strain tng ad_ with mutagens: For
studying the response of try' and ad loel in di-suxotrophic

straein try ad to muteagens, treatments were applied to stationary

phase bacteria suspended in minimal medium minus glucose.

(i) Uv: 3 ml. lots of suspension containing ebout 108 bacteria.

per ml, were exposed to UV irradiation from UV source already

desecribed., O+l mle. of the irradiated suspension was plated on

suitably supplemented plates for acorins»try+ and ad’ reversions.
All operations were performed in yellow light to avoid

photo reactivation.

(i1) Ethyl methane sulphonate (ENS): Appropriate volumes of EMS

(obtained from Eastman Organic Chemicals, Rochester, New York) were
suspended in minimal medium minus glucose to give an end
concentration of O+l M ENS. A concentrated suspension of bacteria
was then added to give 108 bacteria per ml., The treatment was
carried out at 37°C. The treatment was stopped by adding
sufficient volume of 10% agueous solution of sodium thio-siulphate

to give a final concentration of 1% in the treatment mixture.
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The suspension was washed three times in minimal medium and
resuspended in the original volume of minimel medium, O+l ml.
of the suspension was plated on suitably supplemented plates for

scoring the two types of reversions.

Oregon-K (Or-K) is a wild type stock of Drosophila
melanogaster. This stock has been used in this laboratory for
mutation experiments for a long time and has shown a spontaneous
rate of about 0+3 per cent sex-linked lethsls in periodic checks.

Kuller=5

The Muller=5 (li-5) stock was used for scoring sex-linked
recessive lethals, The X-chromosome of the stock carries the
dominant Bar (B) and the recessive marker apricot (W®) and has
two inversions, the sc°l inversion and inversion-S, the latter
being included in the former. The inversions completely inhibit
crossing overslong the whole length of the Xe-chromosome. The

formula for the stock can be written as follows:

8¢ B Ins X ad®

cy/B1L?

This stock was used for screening recessive lethals on the
2nd chromosomne. It is a balanced lethal stock with three
dominant markers: Curly wing (Cy) in one of the 2nd chromosomes
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and Bristle (Bl) and Lobe (L?) in the other. Cy has two
paracentrie inversions, one in each arm, to prevent erossing over.

Both chromosomes are lethal in homozygous conditions.

N

XXCy/+

Heterozygous Curly virgin females with attached X; obtained
from the cross figgx Cx/BJ.L2 were used in the calf-thymus DNA
feeding experiment for simultaneous scoring of visibles on the
X=chromosome and 2nd chromosome lethals.

Ire n
(1) Irradisted medium: Two experiments were done to test the
mutegenic effect of the irradiated food. In the first experiment,
food consisting of 10% dried killed yeast, 10% sucrose and 3% agar
in water was irradiasted by the Radlation Research Laboratory,
Wantage. A total dose of 1 Mrad of Y-rays to the food was
delivered in a single exposure lasting 70 minutes from a 14000-c
annular Cobalt=60 source. Twenty=four and 48 hour cld heterozygous
Curly (Cy/+) lervee from the cross (:y/.‘lB:l.L2 x Or-K were transferred
to the irradiated food about 36 hours after termination of the
radiation exposure and the frequency of sex-linked and second
chromosome (autosomal) recessive lethals was determined simultaneously
in both treated males and females. Test of 2nd chromosome lethals
was included because it has been shown that in certain treatments,
feeding of calf-thymus DNA for example, produces specific and
pronounced mutagenic effect on chromosome II of Drosophila while
the X=chromosome remains largely refractory to the treatment.

Since the treatment was given to heterozygous Curly larvae any
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pre-existing lethal on the wild-iype 2nd chromosome of one of
the larvee would show up in all F5 cultures. Such pre-existing
lethals were excluded. In order to keep the experiment
manageable and because of the known spontaneous mutation rate of
the stock, controls were not included in this experiment.

In the second experiment malze meal-molasses fo0d was
used; the radiation dose end dose rate being the same as in the
first experiment. Young Or-K females, mated 24 hours earller,
were transferred to the irradiated food for egg laying lmmediately
on termination of radiation exposure, so that the developing flies
would be exposed to the full effect of the treatment including that
due to any transient radicals. Males which had developed on
irradiated food were tested for dominant lethals and recessive
sex=linked lethal mutations. Induced dominant lethality was
investigated in view of chromosome breakage observed in plant
materisl grown on irradiated medium, Similar breaks, if induced
in Drosophila, will result in production of dominant lethals.
Comparable controls were included in this experiment.

Scoring was done by the usual techniques, namely, hatchability
for dominant lethals, Muller-5 test for sex-linked lethals and

Cy/L test for second chromosome lethals.

(11) Irradiated DNA: Herring sperm DNA (obtained from Koch-Light
Laboratories Ltd., Zngland) was exposed to 100,000 of Ye-prays

at the Radiation Research Lsboratory, Wantage, and thoroughly mixed
into maize meal molasses food at a concentration of 1+8% (the
concentration used by Dr. Parkash, 1965). Oregon-K flies were

allowed to feed and lay eggs on this food in hall pint bottles.
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After 3 days st 25°C, the parent flies were discarded and the
eggs sllowed to hateh and develop at 25°C. Food mixed with
unirraediated DNA served as control. Males thet had developed
on DNA-treated food were tested for sex-linked recessive lethals
according to Muller-5 method. In three replicates of the experiment
no mutagenic effect was observed.

Dr. Parkash thought the difference between his results and
mine to arise from difference in the composition of Drosophila
food used. A fourth experiment was therefore done with food
prepared according to the following formula provided by Dr. Parkash.
Sugar, 7g; bran, 7g; mnaize meal, 6g; end agar 0+8g; cooked in
100 ml, water. The concentration of DNA, and Y-ray dose were
the same as in the other 3 éxperiments.

Feeding of calf-thymus DNA: Celf-thymus DNA from a sauple kindly
provided by Dr, Gershenson was well mixed into meize meal molasses

medium when cool at a concentration of 13%. COregon=K flies were
allowed to lay eggs and develop on this DNA-treated food at 25°C.
the parent flies having been discarded after 3 days. The emerging
males were individually mated to 3 virgin fi03/+ females. The Fy
males were scored for sex-linked visible mutations. A sample from
Curly Fl males was also tested for second chromosome recessive

lethals by the usual Cy/L method.
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A. BACTERIA
I, LETHAL EFFECT OF IRRADIATED MEDIUM

Bacillus subtilis: Incubation of a growing culture of
Bacillus subtilis in nutrient broth irradiated with 226 Krad of
X=-ray or with UV for 3 hours at a distance of 25 cms. did not

have an adverse effect on growth, However, nutrient broth is a
complex growth medium, and it was considered likely that some of
its components may protect the treated bacteria from the ecytotoxie
principle generated by irradiation. The effect on growth of
X-irradiated (226 Krad) salt-glucose minimal medium was, therefore,
next examined. A number of experiments were carried out, all
of which gave similar results. Data from a representative
experiment is given in Table 1 and Fig. 1. It was found that the
number of viable, colony-forming, bacteria declined progressively
with increasing period of incubation in the irradiated medium,
The duration of treatment in the irradiated medium that gave the
maximum decrease in the number_of surviving bacteria depended on
the number of bacteria initially seeded. With an initial
inoculum of shout 106 bacteria per ml., the lowest viable count
was recorded after 8 hours of incubation. With smaller initial
inocula, the minimum viability was reached more quickly. Af'ter
the period of maximum decline, growth was resumed, first et a
retarded rate and then at sbout the same rate as that of the
untreated control.

Bacillus subtilis is known to harbour a defective phage
which can be induced spontaneously as well as by treatment with

several mutagens. It was therefore necessary to ascertain



Table 1. Effect on Survival of B. subtilis W23
incubated in X-irradiated minimal medium.

% Survivel after incubation in irradiated medium (Hours)

226 Krad 100 73+8 3621 8+36 278 0-+36 0+39 210
viable counts per ml.
. 6 - 7 . 7 . 8 & 8
CONTROL 13 x 106 l-6x]06 2.7xX" 8 leé 2-8x:p 7+7x10" 2.2x10 6+2x10

L2



X RAY Dose 226Kr

2 4 6 8 1O 12

Hours of incubation
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whether the killing had been due to phage induction or to a
direct effect of the irradiated medium, Experiments with

S. subtilis could not yield a decisive answer between the two
alternatives because & strain cured of the phage is not availsble
in this bacterial species. In wiew of the complications arising
Irom spontanecus phage induction resulting in lysis and cell
death, further experiments were done with Escherichis coli.

For experiments with X-irradiated medium, unless otherwise
stated, l9 medium was exposed to 226 Krad of X-rays at a dose
rate of 943 rads per minute.

(i) Lests £

To test vhether killing resulting from incubation in
irradiated medium was due to phage induction or the effect of a
bactericidal principle produced in irradiated medium, gal 222
and gal 22' )\ 8, two derivatives of E. goli K-12, one lysogenic
for, and the other sensitive to, phage > were incubated in
Y=irradiated llg'mediun. Killing, increasing with longer periods
of incubation in the irradiated medium, was again observed

(Table 2 and Pig. 2). The experiment was repeated twice with
similar results. Table 2 and Fig, 2 are based on results of
one experiment. It was observed that gal 22 ) was slightly, but
insignificantly, more sensitive than gel 22 » 8 to the action of
irrediated medium, The survivel curves for the two strains
we;‘e, however, almost identical snd it was clear that the
bactericidal effect of the irradiated medium wae not due to phage

* A preliminary report on the effect of X-irradiated medium in
?;;2;31& has been published in Microbial Genetics Bulletin 23
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induction. In order to confirm this conclusion, supernatant
of the lysogenic strain after treatment with irradiated medium
was titrated for phage assay. Supernatant of culture from the
same original suspension grown in unirradiated medium served as
control. The number of plague Iforming units per ml. in the two
series was not different showing that medium irradiated with 226 K
rad does not induce phage

The survival of gal 22 X s determined every hour following
incubation in X-irradiated medium for up to 8 hours is given in
Table 3 and Fig. 3.

(ii) Effect of X-irradistion of components of imel me $

In order to identify the component of the minimal medium
responsible for its cytotoxie effeet on irradiation, minimal
medium or water and glucose components of the minimel medium were
irradiated with 226 Krad of X-rays. Necessary unirradiated
supplements were added subsequent to irradietion of the component
in question. Irradiation of the salts component could not be
included in these experiments because tube geometry of the X-ray
apparatus did not allow simultaneous irradiation of L4 samples.

The results are presented in Table L4 and Fig. L.

It can be seen that incubation in medium whose water
component had been irradiated produced only a suppression of growth
and no decline in viable counts; growth at normal rate being
resumed after a lapse of about 7 hours. Decline in the number of
viable bacteria was steeper after incubation in medium whose
glucose component had been irradiated compared with incubation in
irradiated whole minimal medium, The decline, however, reached its



Table 2. The effect on survival of gal 22 A and
gal 22 » g following incubation in X-irradicted
medium,

% Survival after incubation in irradiated medium
for hours
Strain

gal 22 A 100 52+3 221 L2

gal 22 )\ 8 100 558 24+6 52

o
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Table 3. Survival of gal 22 2s after different durations of
incubation in X-irradiated minimal medium

Duration éf Treatment
1ncu?§tion Irradiated medium Unirradiated medium
hawre % survival viable counts/ml.
0 100 o2 x 10°
1 62+5 . 5¥6.x 1667
2 62+5 i-1 x 167; =
5 3745 17 x 107
L 31-2 2 x 167
5 215 56 x i67*7
6 143 1.2 x 10°
7 6+2 148 x 10°
8 302 343 x 10°

¢
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Table L. Survival of gal 22 A s incubated in X-irradiated minimal
: medium, or components of the minimal medium.

% Survivel after hours of incubation

Treated component

0 2 L 6 8
Glucose 100 75 2-8 2+9 32
Minimal medium 100 L0-0 341 9+l 1+6
Water 100 92+3 92+3 103+8 231 -6

viable counts per ml.

Control 300 x 10° 58 x 10° 16 x 107 L+6 x 107 14 x 10

i
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maximum point after 4 hours' incubation in irradiated glucose
while it continued up to 8 hours when incubation was done in
irradiated minimal medium. This suggests that the bactericidal
principle generated by X-rays in glucose solution may be
qualitat1§aly and/or quantitatively different from that produced
in irrsdiated minimal medium., While the former is more potent
and exhausted quickly from the medium, the latter has a longer
stable life. Not enough is known sbout radiation chemistry of
complex chemical solutions, however, to allow a definite
conclusion on this point.

(iii) Effect of catalase, sensitivity to lrogen peroxi

It has been suggested by various workers (Frey and Pollard
1966 and others) that the lethality produced by irradiated
medium is due to radistion induced peroxides in the medium.
Prey snd Pallard (1966) made determinations of peroxides produced
in oxygenated water, glucose solution and minimal medium by &

dose of 27 x 10h rads of X=rays and found that the maximum

peroxide content in their chemical system was 3+5 x 1078 gn. per
ml. Taking this value as a gulde, experiments were conducted to
see if commercial hydrogen peroxide added to the minimal medium
simulates the effeet of irradiated medium. It was also tested
if catalase added to the irradiated medium prior to inoculating
it with bacteria, removes the bactericidal effect of irradiated
medium, Experiments with the following series were run to test

these points.



Table 5. Effect of catalase on sensitivity to hydrogen peroxide and
X=irradiated medium of gal 22 2 s.
Viable counts/ml. following incubation in
Pisca et treated medium for hours
0 1 2 3 I
Control 144 x 10° 2-1 x20° 546 x 20° 1.4 x 207 3-8 = 107
Irradiated medium
(226 Xr) 13 x 10® 2.8 x 107 1} 10° 241 x 10° 1:9 x 107
Irradiated medium 6 6 6 7 7
(226 Xr) 2+2 x 10° 3+2 x 10° 84 x 10° 1+7 x 10" 3+2 x 10
+ Catalase
Hydrogen peroxide ‘
(6 x166g/m1.) 1.6 x 20° 1.9 x 10° 1.2 x 10° 9-0 x 10* 7.3 x 10"
Hydrogen peroxide A
(6 x 10" °g/m1.) 1.1 x 106 12 x 106 27 x 106 7L x 106 2+2 x 107

+ Catalase
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(1) Un-irradiated lg medium

(11) kg mediun irradisted with 226 Krad of X-rays.

(111) M9 mediun irradiated with 226 Krad of Xerays to which

5 pg per ml, catalase from bovine liver had been added 30 minutes
prior to addition of bacteria,

(iv) i, mediun containing 6 x 100 gm. per ml. commercial hydrogen
peroxide.

(v) My medium containing 6 x 10~® gn. per ml. commercisl hydrogen
peroxide to which 5 pug per ml., catalase had been added 30 minutes
prior to addition of bacteria.

Addition of 5 pg per ml, catalase to the medium was found to
have no effect on the growtﬁ of bacteria and therefore a series
with catalase alone was not included in the experiments outlined
above. The experiment was repeated twice with identical results.
Results of one experiment are given in Table 5 and Fig. 5. It
was found that incubation in medium containing added hydrogen
peroxide produced a pattern of lethality similar to that produced
by irradiated medium. The quantitative difference in the effect
produced by the two treatments is due to the fact that the
concentration of 3202 used in these experiments was approximately
twice that which is expected to be generated by the dose of
radiation used. Also, when bacteria were incubated in irradiated
or hydrogen peroxide containing medium that had been treated with
catalase prior to inoculation, the growth curves were superimposable
on the control growth curve. These results suggest that
radiation induced hydro= or organic peroxides constitute the
bactericidal principle in the irradiated medium,



Table 6. The effect of inoculum size on survival of E. ecoll
incubated in X-irradieted medium (200 Kr).

Inoculum size

% Survival efter hours of incubation in medium
irradiated with 200 Kr.

(Bacteris/ml.) - 3 > "
1-6 x 20° 100 148+00 20440  20+80
1:6 x 10° 100 1937 1375 7+50
16 x 10“

100 10-83 9-16 5+83




XRay Dose 200OKr

inoculumsize

W 1 6xIC/ml
16x10/ml
O 16x107ml

% Survival

¥
3

Hours of incubation
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(iv) Effect of inoculum size on the bactericidsl effect of

Irradiated medium:
Exploratory experiments on the bactericidal effect of

X-irradiated medium in which the various treatment conditions
were varied had sugpgested that the magnitude of effecet was

- greater when the number of bacteria incubated in the treated
medium was smeall, To test the validity of this observation,

an experiment was performed, wherein minimel medium irradiated
with 200 Krad was split into 3 batches and each was seeded with
bacteria from a log phase culture of gal 22 X\ s at inoculum sizes
differing by a factor of 10, The results are summarized in
Takle 6 and.é%aphically represented in Fig. 6.

It 15 §een that the bacterial killing produced by irradiated
medium is éreater when smeller numbers are incubated intoLit;
suggesting that the amount of ﬁactericidal principle availaﬁiéﬂ
per bacterium is an importent factor in producing cell death.

No mathematical relationship between the inoculum size and the

bactericidal effect was, however, found.

.

(v) Resistence to irprediated medium of previously exposed bacteria:

Experiments were performed to see if bacteria surviving
ﬁreatment in irrgdinted medium acquire resistance to a suﬁéequent
exposure, Bacteria from & log phase culture of E. colli gal 22 X s
were inoculated intoc medium irradiasted with 200 Krad of X-rays at

6 bacteria per ml. and viable cdunta made

& cell density of ~ 10
at hourly intervals for L hours. Incubation in irrasdiated medium
was continued for enother 16 hours after which a sample from it

was transferred into unirradiated medium to obtain & log phase
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culture. A semple from the descendents of bacteria that had
survived one exposure to irradiated medium was exposed to
irrediated medium again and survival determined at one hour
intervals. The same cycle of treatments was repeated a second
time to see the response of cells that had been exposed to
irradiated medium twice, The steps involved in these treatments
are schematically outlined below:

Log phase culture of gal 22 X s.

lst exposure Medium irradiated with 200 Krad

Incubation at 37°C for 20 hours.
viable counts made for lst 4 hours.
Inoculation into unirradiated medium
to obtain log phase culture

2nd exposure Medium irrediated with 200 Krad.

Ineubation at 37°C for 20 hours.

viable counts made for first
L4 hours.

Inoculation into unirradiated medium to
obtain log phase culture.

3rd exposure Medium irradiated with 200 Krad.
vable counts for L hours.

The results are given in Table 7 and Fig. 7. The results
showed that bacteria that had received one exposure to irradiated
medium acquired a significant resistance to a second exposure while
those that had been exposed twice did not show any decline in
viability when exposed to the trestment a third time. The

resistance of previously exposed bacteria to subseguent treatment



Table 7. Sensitivity to irradiated medium of gal 22 X 8
that had been previously exposed to irradiated medium.

% Survival efter hours of incubstion in

Treatment irradieted medium.
0 1 2 3 L
lst exposure to
irrediated medfium 100 6+00 5142 542 6£+85
2nd exposure to
irradiated medium 100 29-39 25+15 29+39 30+30
Viable counts per ml.

3rd exposure to 7 7 7 3
irradiated medium 1.1 x 10 - Leh4 x 10° 8+2 x 10’ 2+0 x 10

CONTROL 84 x 10° 1405 x 107  1-95x 107 3-35x 107 580 x 107

6¢
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Hours of incubation
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may be due to acquired tolerance or alternatively it may

represent population of a genetically resistant strain derived
from a mutant induced or selected by the treatment with

irradiated medium. If the latter alternative is correct,
radiation pasteurization of food can present & health hazard by
providing means of induction and proliferation of harmful resistant
| strains iﬁ the absence of competition from the less resistant
species that give indications of food spollage. This point

will be discussed further later.

(b) EXPERIMENTS WITH ¥-RAY IRRADIATED MEDIUM

(1) Dose response curves:
Experiments using Ye-ray irradiated medium were performed

at the Wentage Research Laboratory of the U.K. Atomic fnergy
Authority. The rediation source used was a LOOO 01/0060
'Hotspot', giving a dose rate of 17,321 rads per minute. Dose
response curves for Y-ray dosages of 50, 100, 200, 500 Krad

end 1 Mrad are presented in Fig. 8. The experiment was repeated
twice with similar results. Table 8 and Fig. 8 are based on
results of one of the two experiments.

It was found that for eny given period of incubation in
irradiated medium up to 4% hours, the bactericidal effect
inereased with increasing Y-ray dose, Thus while 4 hour
incubation in medium irradiated with 50 Krad reduced the survival
to only 355, the same period of incubation in medium exposed to

500 Krad reduced the survival to 0:08%, For each dose, with the

exception of 500 Krad, the survival curves exhibited a shoulder



Table 8. Effect on survival of gal 22 A s incubated in medium
exposed to five dosages of Y=-rays..

¥Y-ray dose to % Survivel after incubation in irradiated medium for hours
the medium

100 100 57+5 748 2+0 16
200 100 50+5 242 0+9 0+36
500 100 845 1+6 0-12 0+07
1000 100 3645 1+8 0-27 0+15

Visble counts per ml.

6 6 6

CONTROL 17 x 10° 2.8 x 10 L3 x 10 1+5 x 107




Hours of incubation
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for the first hour of incubation. This may correspond to the
time teken by the bactericidal prineciple/s to reach the
biologically importaent site within the bacterium. After the
first hour, and up to 3 hours' incubation, the drop in survival
was exponential. After 3 hours, a gradual levelling off of the
survival sets in., The maximum bactericidel activity was
exhibited by medium irradiated’withlsoo Krnd._ An increase beyond
this dose decreased the cytotoxicity of irradieted medium
suggesting that the bactericidai prineiple/s reach a saturation
point at 500 Krad and increments of dose over 500 Krad serve

only to inactivate it, thereby reducing its effectiveness,

(ii) Effect o
irradiated medium,

A comparison of survival curves of bacterie incubated in

X=irradiated end Y-ray irradiated medium showed the latter to

be markedly steeper. S8ince an obvious difference between the two
treatments, besides the energy values of the incident radiation,
was the rate at which the radiation dose was delivered (943 rad
per minute for X-rays; 17,321 rads per minute for Y-rays) it
was considered likely that the production of bactericidal principle
in the 1rradiat;d medium may be dose rate dependent. The
possibility was examined by testing the bactericidal action of
200 Krad  Y-irradiatéd medium when the dose was delivered either
in 11 minutes 32 seconds (acutely) or in 19 hours (chronically).
The résults are presented in Teble 9 and Fig. 9. It can be seen

that the production of bactericidal principle in irradiated medium
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Table 9. Survival of gal 22 x e treated with medium irradiated
with 200 Krad of Yerays at two different dose rate

% Survival after incubation in medium for hours

Dose rate
943 rad per min. 100 837 751 275 2.8
17,321 rad per

0+36

min. 100 52 19+9 28




Dose 200K,
o Delivered in II"-327
_Delivered in 9hrs.

I 2 3 4
Hours of incubgtion in irradiated
medium.
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is, in fact, dose rate dependent. A four hour incubation in
irradiated medium, for example, produces 8 times as much killing
when the dose 1s delivered acutely than when delivered chronically..
This observation has important bearing on the design of
radiation sources meant for food sterilizing programmes, To
obtain the maximum elimination of spoilage organisms from radiation
preserved food, 1t will be of obvious advantage to heve powerful
sources that are capeble of delivering the sterilizing dose in
the shortest interval of time.

*(1i1) Identification of the effective bactericidal component in
¥-ray irradisted medium.
Resultes of the effect on survival of bacteria imuﬁated in
X=-irradiated minimal medium or its components have already been
described. The experiments were repested using high dose rate
irradistion from a 0060 Y¥=ray source. Irradiation of salts,
which could not be done with X-rays, was included in these
experiments., The composition of irradiated mixture and the
unirradiated supplements added subsequent to the irradiation of

component in gquestion were as follows:

* A preliminery meport of this work has been published in
Microbial Genctics Bulletin 25 (1966).
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Component Composition of Unirradiated supplements
under Irradiated mixture added subsequent to
consideration irrediation
Water 9+75 ml. water 1:25 ml. Mg selts; 1:25 ml.
1% glucose’soln; O-1 ml.,
each of O+1M ngsoh and
0+01M CaCl
Glucose 125 nl,. 1% glucose 1+25 ml. salts; 125 ml,
soln, + 8+5 ml. H0. sterile water; 0-1 ml,
each of 0-1 K ugsoh and
0+01 M CaCl.
Salts 1+25 ml. I9 salts + 1+25 ml. 1% glucose;
8+5 ml. HLO 1+25 ml, sterile water;
T O+1 ml, each of O-1lM HgSOh
end 0+01 M CaCl.
Minimal 9«75 ml. Mg medium 2+7 ml., sterile minimal
medium.

' medium

The results are contained in Table 10 end Fig, 10, It is
observed that the resulis are gualitatively similar to those
obteined with X=irradiation of the medium. It was found that
irradiation of only water produced a slight decrease in bacteria
surviving treatment for the first two hours af'ter which growth
was resumed at about the normel rate. Irradiation of salt
solution produced only a lag and no killing, The maximum
cytotoxic effect was obtained by irradiation of glucose. When
salt=-glucose medium was irradiated, the effect was reduced. It
thus appears that the salts when present in the irradiated mixture
not only reduce the quantity of bactericidal principle produced
but also react with radiation product/s of glucose solution
responsible for cytotoxicity thereby reducing its effectiveness,



Teble 10. Effect on survival of E. coll gal 22 Xs incubated in
.éirradiated medium or in medium components of which were
irradiated with Y-rays.

% Survivel following incubation in irradiasted medium

Component for hours
irradiated ‘
, 0 1 2 3 5 £
Minimal medium 100 76+2 28-1 6+5 0-19
Glucose 100 5%.6 248 0+20 005
Water 100 76+5 Th+8 115+0 3125
Salts 100 87+3 105-2 110-0 1648

Viable counts per ml.

6 6

CONTROL 1.2 x 10° 15 x 10° 2+6 x 106 39 x 106 i3 = 107
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Table 11l. The effect of post-irradiation storage at u90 on the bactericidal

activity of irradiasted medium.

Day elapsing % survival after incubetion in medium irradiated with
between

irradiation 100 Kr 200 Kp 500 Kr
and testing

Hours of Incubation

0 59+2 7+8 2+0 1+5 503 22 09 0+3 8¢5 1+6 0°-12 0-07

30 86+6 > 100 82+8 671 U457 28+5 81+3 23+7 186 5°+4

6l > 100 > 100 6Li«8 625 > 100

th
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(iv) Stability of the bactericidal principle
To test the stability of bactericidal principle generated

in the irradiated medium, the lethal effects of Y=ray
irradiated medium were tested after 30 and 6L days of storage

at 4°C. The results are summerized in Tsble 11. It was

found that the bactericidal sctivity of irradiated medium
decreased with storage and that the residual activity after
storage depended upon the radiation dose originslly delivered.
After a month of storage, medium irradiated with 200 Krad and
500 Krad still produced a drop in survival of bacteria incubated
in it and the decrease in survival increased with increasing
period of incubation., The ecytotoxic principle from 100 Krad
irredieted medium, on the other hand was exhausted by the
incubated bacteria in the rirst hour and growth was resumed after-
wards. After 64 days of storsge, there was no bactericidal
activity left in the medium irradiated with 100 Kraed and 200 Krad
and a small amount of aectivity remaining in 500 Krad irradiated
medium was exhausted within two hours.

(v) pH of the irradisted medium:
X-ray dose of 226 Krad did not change pH of the minimal

medium used in the present study. Determinations made before
commencement of the irradiation and immediately after it,
showed the pH to remain constant at 6+9. The killing observed,
thus, cannot be attributed to 2 change in this factor.
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II., MUTAGENIC EFFECT OF I IATED MEDIUM

The ablility of irradiated medium to induce mutations was
studied in two types of systems:

(a) Forward mutations from susceptibility to resistance to
streptomycin in E. coli K~12.

(v) Reverse mutations to prototrophy in a triple auxotrophic
etrain (th¥, leu”, pro~) in Z. goli,

Reverse mutations:

Nutations to independence from requirement for three amino
ecids, threonine, leucine énd proline following treatment in
X~-irradiated medium were studied in strain AB712. A culture of
bacteria grown to log phase in nutrient broth was centrifuged and
washed free of broth by three washings in minimal medium. The
pellet after the third washing wes suspended in minimal medium
irradiated with 226 Krad of X=rays to give a cell density of about
108
hours. The treated bacteria were centrifuged, washed in minimal

bacteria per ml, and incubated with aseration at 57°C for two

medium and incubated at 37°C in nutrient broth for 3 hours to
ellow fixation and expression of induced revertants, The bacteria
were then washed free of nutrient broth and resuspended in minimal

medium at a cell density around 1010

per ml, For scoring
reversions O+l ml, of the suspension was spread on the surface of
each of suitably supplemented plates (containing 20ug per ml.

of the required amino aclds except the one for which reversions
were being scored), Revertants were scored after 48 hour
incubation at 3700. Suitable controls, incubated in unirradiated

medium but otherwise handled in the same way as the treated series
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were kept for each experiment.

Because of the limit imposed on the volume of medium that
could be X-rayed at one time, reversions to more than two markers
could not be studied in one and the same experiment. ixploratory
experiments showed that the effect of inoculum size, observed for
the lethal effect of the irradiated medium, was operative also for
the mutagenic effect. Experiments in which the irradiated medium
was seeded with bacteria at densities greater than 5 x 108. gave
inconsistent results making detection of a mutagenic effect more
difficult.

Results of reversions induced by Xeirradiated medium at the
three loei thr , leu and pro in AB712 are given in Table 12,

It can be seen that for leu and thr loci, irradiated medium
has a weak mutagenic effect which can be demonstrated only by
comparison with corresponding controls. The proline marker,
however, did not respond to mutagenic effect of irradiated medium.
In experiment L4 of Table 12, reversions to pro+ and thr' were
studied in the same treated suspension., It was found that while
sbout 20 times more thr' revertants compared to control were
obtained following treatment with Xerayed medium, there was no
increase over control in the fregquency of pro+ revertants. The
mutagenic response of pro relative to those of thr or leu to
treatment with direct irradiation or with other mutagens is not
known. However, the inability of irradiated medium to induce
reversions at the pro lucus suggests that different genes may
respond quite differently to treatment with irradisted medium.

In experiments listed in Table 12, a post incubation for
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Table 12, Reversions to thr"", leu+ and pm+ induced by
X-ray irradiated minimal medium in E. coli AB712,.
(Experiments involving post treatment incubation in Nutrient Broth)

ixpt. Treat- Survival Gene Bacterias Reversions Reversions/ 10a

No. ment % studied Screened No. survivors

1  Control 100 leu  8+2 x 109 33 0+0L
X-ray 989 " 8.0 x 100 s87 0+73
Control 100 thr  8:2 x 20°° 46 0-05
Xoray 98+9 " 8+0 x 102° 511 0+63

2  Control 100 leu 1.8 x10% 21 0+01
X-pay 8604 " 1+02x 107 602 0459
Control 100 thr  1+8 x 10™* 62 0+03
Xeray 860l " 102 x 101+ 592 0+58

3 Control 100 pro  1+2 x 1009 i 0+03
X=ray 892 " 341 x 1079 - 16 0+05

L  Control 100 pre ~ 5+6 x 10°° 89 0+15
X-ray 625 » g« x 1029 50 0+20
Control 100 thr - 5+6 x 100 .78 0+13

X-ray 6245  thr .2+4 x 10°°0 682 2481
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%3 hours in nutrient broth was given before the treated

bacteria were challenged with the selective media. Approximately
9 bacterial divisions will take place in this duration. If
independence of a nutritional requirement were to confer a faster
rate of growth on the prototrophs, a spurious increase in
mutation rate could result from post=treatment incubation in
nutrient broth. The following two experiments, however, ruled
out the possibility of this factor being involved in the experiments
described above.

(1) A reconstruction experiment was done by mixing known numbers
of triple requirers with revertants for threonine and incubating
the mixed population in nutrient broth for 3 hours. The
relative proportion of the two types of bacteria was determined
by plating washed suspension on suitebly supplemented media. The

results are given below,

Duration of incubation Viable bacteria of ratio £ 2
%n nutgient broth genotype thr ,leu ,pro
thr ,leu”,pro- leu ,pro-,thy' 1% »pro ,thr
6 2
0 1«6 x 10 2«1 x 10 7619
3 18 x 10° 2+3 % 107 7826

These results showed that the rate of growth of two
genotypes in a mixed population was not significently different
end therefore the increased frequency of reversions after treat-
ment in irrediated medium was not due to faster rate of division
of the prototrophs during the post treastment incubation in

nutrient broth.
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(2) In a second experiment, the step of intermediate growth in
nutrient broth was dispensed with altogether. Fixation and
exprésaion of mutations was achieved by supplementing the
minimal medium of mutation plates with limiting amounts (1 ug
per ml.,) of the amino acid for which reversions were being
scored. The remaining nutritional requirements were fully
supplemented by adding 20 pg per ml., of the required growth
factor. This allowed a limited growth of the auxotrophs giving
& background growth, Prototrophic revertants established them-
selves during this period, however, and grew into maecro-colonies.
Results of this experiment are given in Table 13.

Table 13. Reversions to thr' end leu’ induced by X-rayad
minimal medium,

Treatment Survivalicene Bacteria No. Revoralonq/la8
% studied screened Reversions survivors

Control 100 lew  L4+9 x 107 1 0+02
X=rayed 2 " % 9 .

§meum 58+l L4+0 x 10 29 0+72

Control 100 thr  L4+9 x 107 11 0+22
X=-rayed ¢ " . 9 o

fr o 58414 140 x 10 87 2417

An increase in mutation freqguency over control, of the same
order of megnitude as that found in experiments involving post-
treatment growth in nutrient broth was agein cbserved showing that
a post-treatment growth in nutrient broth is not essential for
induction of mutations by treatment with irradiated medium. It

is also apparent that the increased incidence of mutations
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following the treatment is a result of induction of new

mutations and is not due to selection of pre-existing ones.

Forward mutations:
UV, X=ray and Y=-ray irradiated medium was tested for

its ability to induce forward mutations to streptomycin resistance
in a streptomycin sensitive strain of E. gcoli K-l2, Results of
treatment with medium irradiated with the three types of radiation
will be described separately.

Ultraviolet light (UV).

The source of radiation was a Hanovia low-pressure mercury
discharge tube with 85% of its output comprising the band
253TR in the UV spectrun. Irradiation of the medium was done in
large 6 cm, diameter glass dishes, the depth of the medium in the
irradiation dish being about 05 cm. A total dose of
approximately 1+8 x 105 ergs/inm.2 was delivered at a distance of
25 em, from the tube in 3 hours to constantly agitated medium,.
At the end of UV exposure any loss of volume of the medium was made
up by adding required volumes of sterile distilled water. The
irradiated medium was inoculated with bacteria from an exponentially
growing culture at bacterial densities of approximately 106
bacteria per ml. Treatment with irradiated medium lasted two
hours in a shaker uncubator maintained at 37%. O+1 ml. of
suitable dilutions of the treatment mixture were spread on the
surface of nutrient agar plates at the start and termination of the

treatment for viable counts to determine survival.

At the end of treatment approximately 107 viable bacteria
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were retained on each of a reguired number of membrane filters
and washed with two 20 ml. lots of sterile minimal medium. The
membrane filters were asllowed to sit on pre-warmed plates of
Brein Heart Infusion agar for 5 hours at 37°C to allow expression
of mutants after which they were transferred to nutrient agar
plates containing 100 ug per ml., streptomycin and incubated at
37°C. Scoring for streptomycin resistant mutants was done
after 48 hours' incubation.

Table 14 contains results obtained from treatment with
UV irradiated medium. Results from the three experiments are
consistent and show that treatment with UV irradiated medium
brings about a significant increase over control in the freguency
of mutations to streptomycin resistance. In experiment 3 of
Table 14, the mutagenic effectiveness of UV irradliated minimal
medium and nutrient broth were tested simultaneously in
treatments of bacteria from the same suspension. While treatment
with irradiated minimal medium gave a mutation rate similar to
the other two experiments, incubation in irradiated nutrient
broth gave a much higher mutation frequency. However, treatment
in irradiated minimal medium decreased survivel whereas irradiated
nutrient broth‘permitted growth during the period of treatment.
Velid comparison between the relative mutagenicity of the two
medla, therefore, cannot be made in the absence of information on
the rate of growth of the streptomycin resistant mutants relative
to the parent strain. The observation does suggest, nevertheless,
that the lethal and mutagenic effects of the irradiated medium are
independent events and that treatment that does not produce

lethality can still be mutagenic.



Table 1h.

Mutations to streptomycin resistence in E. coli K-12 induced
by medium irradiated with ultraviolet light.

Expt. Medium Treatment Survival Bacteria s® mutants s® mutants/ II.O8
No. screened survivors
1  Minimal Control 100 2.8 x 10° 12 0-42

Mgy ov 5875 3+0 x 10° 32 10+66

2 Minimal Control 100 55 x 108 2 0-36

) uv 72.53 244 x 10° 20 8+33

3  Ninimal Control 100 5+7 x 10° 18 0+31
M

9 uv 81.0 28 x 10° 3 12-14

Nutrient Control 100 3.6 x 10° 13 0+36

uv 150 17 x 10 38 22435

1



Table 15. Mutations to streptomycin resistance in E. coli K-12
induced by medium irradiated with 200 Krad of X-rays.
Experiment Medium Treatment Survival Bacteria sk sk nutanta/loa
No. % screened mutants survivors
1 Minimal Control 100 6.0 x 10° 1 016
% 5.2 x 10° 5 096
2 Minimal Control 100 1-2 x 10° 0 0
M

9 X=ray 39 x 108 L 1-02

A
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Xerey:

Considerable difficulty was experienced in standardizing
treatment conditions that will give consistent results with
X=irradiated medium. The difficulty arose chiefly from the
following two causes (1) only a limited volume of about LO ml, of
medium could be irradiated at any one time with the available
X-ray apperatus and (2) the magnitude of the mutagenic effect was
dependent on the number of bacteria per ml. seeded into the
treated medium,

If the irradiated medium was seeded with many more than
5 x 107 bacteria per ml., the mutagenic effect became very small.,
The use of a low inoculum size, on the other hand, limited the
nunber of treated bacteria that could be screened and consequently
the number of mutants obtained wes too low to give meaningful
results.

Results obtained from treatment with X-irradiated medium
of two experiments are given in Table 15, The initial inoculum
size in the treatment mixture of the first experiment was L+8 x 107
and for the second experiment 3+2 x 107 per ml, The rest of the
screening procedure was the same as for treatment with UV
irradiated medium. The frequency of streptomycin resistant
mitant was small, but still showed & trend towards increase over

corresponding control values.

Y-rays:
Experiments to test the effect of Y=ray irradiated medium
were performed at the VWantage Research Laboratory, Wantage, where

large volumes of medium could be treated in short times (dose rate



Table 16 .

Mutations to streptomycin resistance in E. coli K-12 induced

by medium irradiated with 200 Krad Y-rays.
Experiment Medium Treatment Survival Bacteria s® s’ mutantq/lo8
Noe. screened mutants survivors
1 Minimal  Control 100 1+7 x 10° 3 1+76
M
2 Y-rays % 09 1 1k x 10° 21 15+0
200 Krad
2 Minimal Control 100 2.2 x 107 8 0+36
M
9 Y =rays 162 8+3 x 10° 86 10-36

200 Krad

66
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17321 rad per minute). Minimel medium was irradiated with
200 Krad and seeded with bacteria at densities close to 106
per ml, The treatment in irradiated medium extended over two
hours. Subsequent screening procedure was the same as has
already been described for UV irradiated medium. The results
are given in Table 16, As can be seen, in both the experiments,
the freguency of mutations to streptomyein resistance was
significantly higher than in the control.

From the foregoing it is clear that when suitable screening

systems are used, either for forward or for reverse mutations,

the mutagenic effect of the irradiated medium can be demonstrated.
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III. LETHAL AND MUTAGENIC EFFECTS OF GLYOXAL™®

Berry, Hills and Trillwood (1965) have found that
irradiated carbohydrate solutions are toxic to mammalian cells
in vitro. They attributed the toxicity to glyoxal (CHO)2
produced in these solutions from radiation decomposition of
carbohydrates. Since glyoxal is a stable compound and is,
therefore, likely to persist for considerable periods in carbo=-
hydrate rich foods preserved by radiation, the lethal and
mutagenic effects of glyoxal were studied in E. coli.

(a) Lethal Effect:

In order to test if a correspondence, similar to that
found for mammalien system, is obtained between toxic effects of
a given radistion dose to the medium and of glyoxal concentration
in the medium generated by this dose, the lethal effect of glyoxal
was studied on the same organism (E. goli K=12) and under the semew
experimental conditionsias prevailed during treatment with
irradiated medium.

Glyoxal monohydrate (B.D.H.) was prepared 88 a stock solution
containing 10 mg./ml. in distilled water and sterilized by
autoclaving at 15 lbs. pressure for 20 minutes. Appropriate
volumes of the stock solution were added to l9 medium to get the
desired glyoxal concentrations in the treatment medium. Viable
counts were made at one hour intervals from commencement of the
treatment, by spreading O+l ml, of a suitable dilution of the
treatment mixture on the surface of nutrient agar plates.

2

Dilutions of 10™2 to 10~2 at which viable counts are scored o

* A preliminary report of this work has been published in
Microbial Genetics Bulletin 25 (1966).
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obtain 100-200 colonies per plate effectively terminate the
treatment by diluting out the glyoxal.

Five experiments, all giving reproducible results, were
carried out using glyoxal concentrations ranging from 0-2 mg./ml,
to 1 mg./ml, Results frém e representative experiment are given
in Fig. 11. It can be seen that glyoxal does not produce
bacterial killing at concentrations up to 0+5 mg./ml. Above this
level there is a progressive decrease in the number of colony
formning bacteria with increasing glyoxal concentration, Also, the
bactericidsl effect increases with increasing duration of
incubation in glyoxal containing medium.

In order to compare the bactericidal action of glyoxal and
irradiated medium, the killing curve produced by irradiating
medium with 500 Krad of Ye-rays has been included in Fig. 1l.

It is seen that to simulate the level of lethality induced by
500 Krad to the medium, between 0+8 and 0+9 mg. per ml., glyoxal
has to be incorporated into the medium. Berry, Hills and
Trillwood (1965) have calculated the concentration of glyoxal in
1% solution of dextrose exposed to 2+5 Mrad of Y-rays to be
0+22 mg. per ml, It is thus apparent that the lethal effect of
irradiated medium in the bacterial system cannot be ascribed to

radiation produced glyoxal.

(b) Mutageniec effect:
To test the mutagenic effect, mutations from tryptophan

requirement to tryptophan independence (try"-a try+) in WP=2,
a tryptophan requiring B/r strain of E.coli, were studied after
glyoxal treatment. |
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(1) Mutations to try+ in sn untreated culture of E. coli WP=2 try

Spontaneous mutations to tryptophan independence in an
untreated culture of WP-2 were found to show some peculiarities
which merit consideration. Before going on to the mutagenic
effect of glyoxel treatment, these will first be described.

When an exponential culture of WP=2 grown in minimal medium
supplemented with 6 ug per ml. tryptophan was sampled for try+
revertants by plating on minimel medium, the rate of background
mutations was found to maintain itself at a low stable level of
ebout 10'8. If there ies no selection sgainst newly arising
mutations one would normally expect en accumulation of revertants
with growth. In several experiments, however, no such
accumulation could be detected. Two possible explanations for
this observation were considered.

(a) The prototrophs that have been growing in medium containing
tryptophan are so conditioned that they faill to grow when plated
on minimal medium, This possibility was tested by growing a
population of try+ revertants in tryptophan rich medium and plating
a sultable dilution of it on three types of media for viable
counts: (i) minimal medium, (ii) minimael medium supplemented
with lug per ml, tryptophan, and (ii1i) nutrient agar. The viable
counts on the three plating medie were identical showlng that
neither the tryptophan content of liguid medium in which the
revertants have been grown nor the richness of the plating medium
has any influence on growth of the try+ revertants.

(b) The possibility of an active selection against prototrophic

revertante was next examined., 200 ml, of minimsl medium
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supplemented with 6 pg. per ml. tryptophen was inoculated with
bacteria from an overnight culture at densities ranging from

2 x 106 8

to 2+*9 x 10" per ml., in different experiments. The
frequency of try+ revertants was determined every hour of
subsequent growth up to 4 or 5 hours by spreading 0+l ml. of the
culture on & suitable number of minimal plates. Experiments in
which cultures were started at low initial inocula, mutation
rates were determined by inplating technique so that a
sufficiently large bacteriel population could be screened without
having to use a very large number of plates, Results from two
experiments are given in Tebles 17 and 18. It is seen that with
the growth of the culture, there was a progressive decrease in the
frequency of try+ revertants, demonstrating that the rate of
mitetions to try" in a growing batch culture of WP=-2 is not
proportional to growth rate; in fact there is a positive selection
against the try+ revertants.

To determine the stage at which the selection becomes operative,
& reconstruction experiment was done in which known numbers of try
and try’ bacteria were mixed and grown at 37°C in minimal medium
supplemented with 6 pg. per ml, tryptophan. Samples were plated
at intervals on minimal agar or minimal agar + 20 pug. per ml.
tryptophan to determine the number of try+ bacteria relative to
the total number (i.e., try  + try ). The data are given in
. Table 19. It was seen that the proportion of trsr+ relative to
the total number of bacteria remained constant during 3 hours of
growth of the mixed population. Two repetitions of the experiment

gave similar results, These experiments showed that the selection



Table 17 v

Frequency of try+ revertants at intervals of growth in
6 pg/ml. tryptophan supplemented medium.

Duration of Viab}.e counts Number of Number of try"/loa
growth ml. bacteria +
Sulaibd try revertangs
8 9
0 2.9 x 10 Fely x 10 30 0+88
1 64 x 10° 9+6 x 10° 28 0+29
2 9.9 x 10° 1+4 x 10%° 31 0+22
3 1+9 x 10° 2+8 x 1010 50 0+17
" 2.0 x 107 3.0 x 10%° 37 0+12




Table 18.

Frequency of try+ revertants at intervals of growth

in 6 pg/ml. tryptophan supplemented medium.

Duration of Viable counts Number of Number of tryt/ 1‘.‘)8
growth per ml. bacteria screened try* reverteants

0 1-3 x 10° 2.2 x 107 18 0+81 o
1 34 x 10° 541 x 107 19 0437

2 L8 x 10° 7.2 x 10° 16 0+22

3 7.2 x 10° 1.0 x 1010 21 0-21

L 1+3 x 107 1.9 x 100 17 0+087

5 1+3 x 10° 1.8 x 10%° 23 012




Table 19. Number of try+ bacteria relative to total number in a mixed
population of try  and try’ bacteria grown in minimal medium
supplemented with 6 pg/ml tryptophan.

Hours of Total number of Number of try"' Retio try"
growth bacteria (try™ bacteria per ml. '1"5*31 bacteria
+ try*) per ml.
-2]‘

0 2.87 x 107 3430 x 10° 1-1 x 1078

1 Lol x 207 4495 x 10° 1.1 x 1074

2 129 x 10° 130 x 10% 1.0 x 1074

8

3 3.72 x 10 3.62 x 108 0+97 x 1072
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against try+ operates at the stage of nascent prototrophs

while completed revertants are no longer selected against.

(i1) Sponteneous reversions to try’ on medium supplemented with
1 er ml to .

In mutation experiments designed to score prototrophic
revertants from an auxotrophic strain, pleting is routinely done
on media supplemented with limiting amounts of required growth
factors to allow for fixation and expression of induced mutants.
When untreated WP=2 try wes plated on minimal medium enriched
with 1 pug per ml,., tryptophan, which allowed limited growth on the
plates, the mutation rate became proportional to growth and new
mutants arose on the plate. The selection against new
prototrophs observed for growth in the ligquid medium did not
operate for mutations arising on the plate.

It was further observed that the average number of these
plate mutants remained nearly constant and independent of plating
density. This is borne out by results of one of several
experiments, summerized in Table 20, that were performed to verify
this observation. It is seen that when the number of bacteria
spread on a plate is reduced by a factor of 10, the number of
revertants is not reduced to 1/10th but remains nearly the same
as for undiluted plating. Disproportionately higher mutation
rates per plated bacteria are, therefore, obtained when the same
suspension is plated at progressively higher dilutions. The
reason for this "dilution effect"” was investigated and it was

found to be due to the faect that the final number of bacteria



Table 20. Number of try+ revertants per plate on lug/ml. tryptophan
enriched medium at four plating densities and their relationship
to the population density attained after 24 hours' incubation.

Number of Number of Number of Number of Number of
bacteria bacteria revertents revertants revertgnts
plated per attained per observed per plate per 10¥ of final
plate plate in 24 (on 15 number attained
hours incub- plates)
ation at 37°C
14 x 10° 1.2 x 10%° 161 10+7 0-089
14 x 107 103 x 10 140 ge3 0+090
2efs x 20° 8+3 x 10° 108 742 0+086

14 x 10° 8+2 x 10° 109 742 0+087

69
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attained on a plate is almost constant over plating densities

of 10° to sbout 5 x 10°

bacteria per plate (column 2 of Table 20).
The slight reduction in the number of revertants per plate

as also in the number attained by bacteria on a plate at very

low plating densities can be attributed to exhaustion of glucose
from the plates before the lack of tryptophan becomes a limiting

factor for growth.

(111) Mutagenic effect of glyoxel in E, coll WP-2.
For studying the mutagenic effect of glyoxal, treatment was

carried out, unless otherwise specified, in M medium of Haas and
Doudney supplemented with 6 pg. per ml, tryptophan. Concentrations
of 0+25 mg. per ml, to 1 mg. per ml, were prepared by adding
required volumes of asutoclaved sterilized stock solution contalning
10 mg. per ml. glyoxal monohydrate in distilled water. In some
experiments the treatment was done in N medium minus glucose. All
treatments were given to bacteria in logrithmic phase of growth
at 37°C.
At the end of treatment, cells were washed free of glyoxal
by centrifugation and resuspended in minimal medium minus glucose.
0+1 ml, of the treated suspension was spread on the surface of each
of minimal agar platee supplemented with 0+75 ug. tryptophan per ml,
Reversions were scored after incubation for L8 hours at 37°C.
Results of 9 experiments when glyoxel treatment was given in
tryptophan supplemented medium are given in Table 21, Mutation
rates in Table 21 are given both as mutations per plate as well as
per survivors. The corrected mutation rate per plate is obtained

by subtracting the mean number of colonies per plate in the control
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series from the mean number per plate of the corresponding treated
series. Mutations per 108 survivors are arrived at by dividing
the corrected number of mutations per plate by the number of live
bacteria spread on a plate and then computing the number per 108
plated bacteria,

It was found that when the treatment was done in medium
supplemented with tryptophan, at concentrations less than 0+5 mg.
per ml., glyoxal produced no increase of mutation rate over control.

However, when concentrations higher than 0+5 mg. per ml. were
used, in all paired comparisons glyoxal treatment gave a higher
mitation rate than the corresponding control.

A perusal of Table 21 shows considerable variation between
experiments in control mutation rates. This variation is due to
the difference in plating densities. It will be recalled that for
any particular culture, spontaneous reversioms to tx-y+ per plate
remain constant independent of the number of bacteria spread on a
plate. For instance if, say, 10 reversions appear on a plate

when 106

bacteria are spread on it, on an average 10 reversions per
plate will still be obtained when plating densities are 10° or 107
per plate. Thus, if control mutation rates are expressed per
bacteria plated, large varliations can be obtained for even thé?gzll
suspension when plated at different bacterial densities. VWhen
this factor is taken into consideration, variation of mutation
rates between experiments falls within the range expected between

different cultures.

Similarly, variation in mutation rates produced by the same

glyoxal treatment in different experiments 1s also evident.
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Table 21. Reversions to try* induced by glyoxal treatment in
M medium supplemented with 6 ug. tryptophan per ml,
in WP=2 try .

Expt. Treatment Survival Live Corrected
Nos ' coneens  Durstien % b:gteria mutations A
tration of treat- pl ste per per 10
ng./ml. ment P plate survi-
(minutes) vors
(1) (2) (3) (L) (5) (6) (7)
1 0 0 100 6+05 x 10° 7+1 0+11
0+5 120 69+2 1+0 x 10° 3646 3466
2 0 0 100 9+0 x 107 gely 0+10
0+5 120 973 242 x 107 3243 1:46
3 0 0 100 8+3 x 107 7+0 8+l43
0+5 120 93¢5 7+6 x 107 U7+9 6302
L 0 0 100 6+0 x 10° 147 28433
1+0 60 0:9 L1 x 10° 3.7 90+2Y
5 0 0 100 5.8 x 10° 6+8  117+24
1+0 60 0+03 2+0 x 10° 15+7 7850
6 0 0 100 2+0 x 107 L5 22450
1+0 90 3¢3  1e4 x 107 160 11428
7 0 0 100 8+l x 10° 7.2 85+71
140 90 01l 7-7 x 10° 11+1 14415
5 0 0 100 6k x 10° 4e9  76+56
1+0 90 0-0l k3 x 10° 208  L83+72
9 0 0 100 9+2 x 10° 7+0 7608
140 90 0403 2-2 x 10° 6*9  313+63




Table 22.

nelative sensitivity to glyoxal treatment of try smd two

independently isolated try+ revedtants in mixed populstion.

Revertant Duration of

Number of viable bacteris per ml.

No. growth in of' genotype ratio
08 mg-/ll. + o > + e
glyoxal try' + try try Ly m.:
medium try
1 0 1026 x 208 nea7x10® 1210x120°  oe03y
1 hour 740 x 106 2+58 x m’ 71 x 106 0+036
2 0 8+30 x 107 6+59 x 10% 8+29 x 107 000079
1% hour 5+61 x 10° 8+62 x 10° 5460 x 10° 0+0015

€l
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Though it is difficult to offer a complete explanation for this
observation, it seems likely that the background of dead cells
influences the yleld of mutations. This is suggested by the
observation that experiments in which survival was low, the
mutation rates were high. In mutation experiments, at very low
survivals, the number of dead bacteria plated alongside the live
bacteria becomes high. These dead bacteria on the mutation plates
could provide material for feeding and allow fixation of mutants
that would otherwise be lost.

Two other possibilities that could account for the higher
mutation rates at low survivals were tested and excluded. These
are:

(a) Glyoxsl treatment preferemtially selects for try’ revertants. to
test this possibility, reconstruction experiments were done in which
try eand spontaneous or glyoxal induced try+ bacteria from growing
cultures were mixed and the mixture treated with glyoxal. It

glyoxal treatment really selects for try+ bacteria, the ratio EEI;—

try
should be lower at the end of than at the beginning of glyoxal

treatment. The results of such a test of two revertants 1s given
in Table 22. The slightly better survival of try  bacteria in the
two experiments may be fortuitous. The results do show, however,
that treatment of a mixed population of try and try+ bacteria

with glyoxel does not preferentially select for try+ genotype.

(b) Glyoxal produces delayed mutations: At lower plating densities,
the plated bacteria can undergo more residual divisions on the
plate. If division dependent delasyed mutations are produced by
glyoxal treatment, higher mutation rates will be realized when
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plating densities are low.

This was tested by plating the g