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ABSTRACT

ISOLATION AND CHARACTERIZATION OF ARGININE MUTANTS OF
SPONTANEOUS, NITROUS ACID-AND 2-AMINOPURINE-INDUCED
ORIGIN IN SALMONELLA GALLINARUM-PULLORUM

by Mary Judith Robinson

The purpcse of this study was to isolate and character-

ize a serles of arginine auxotrophs of Salmonella gallinarum-

pullorum 53W suiltable for further genetic analysis.

Two mutagens, nitrous acid and 2-aminopurine, were
employed for the induction of mutation to arginine auxotrophy.
The penlciliin selection method and the replica plating tech-
nique were utllized for the i1solation of arginine mutants.

One hundred and elghteen arginine auxotrophs and brady-
trophs of spontaneous, nitrcus acid-and 2-aminopurine-
induced origin representing blocks at all steps of the
arginine cycle tested were 1solated and were characterized
on the basls of precursor utilization. The two. mutagens
were found to differ 1n effectliveness of inducing particular
blocks to arglnline synthesis. Evidence 1s presented which
suggests that 53W contalns a partlal genetic block for the

ornithine to c¢itrulllne conversion.
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INTRODUCTION

Studies of arginine 2uxotrophs have been cf corsid-
erable importance in the development cf three &areas of
genetlc research: intermediary metabolism, linearity cf
blochemically related genes, and cell regulatory mechanisms.

The blosynthetic pathway to arginine in Escherichia

coll differs from that in fungl by the use of acetylated
intermediates 1n ornithine syathesis. It may be of taxon-
omic and evoluticnary significance to determine whether the
use of acetylated precurscrs 1s specific to the blosynthesis
of arginine in E. coll or whether this alteration 1s
gerierally a c¢heracteristlc of arginine blosynthesis 1in
bacteria. One zim of the 1solation and characterlzatlior cf

arginine auxotrophs of Salmorella gallinarum-pullcrum was

to provide mutants for the determination of the metabclic

mn

pathway to arginine 1n this crgenism,

Chrcrnioscme maps of bacteria demoastrate & linkage cf
genes controlling the synthesls of enzymes 1n the same tio-
synthetizs pathway for many ernzyme systems. The crder cf
genes 1n a linkage mwzap colincides with the order of irdivid-
ual steps in the sequence of rezcticrns they control.

In the casé cf arginine synthesis a linkage cf genes
centrolling metabolically related enzymes has been cbserved

1
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crnly over small regions of the chromosome consisting of two
or three gene sites.

The trend in microorganisms appears to be a non-linked
or only partially linked arrangement of genes controlling
enzymes of the arginine pathway. Acceptance of a trend in
genetlc analysis rests upon 1ts confirmation in other
strains of bacterlia. Well characterized arginline auxotrophs

of S. gallinarum-pullorum may serve to determine the relation

of gene linkage tc the crder of reactions in the pathway to
arginine biosyntheslis.

Complete and partially blocked arginine mutants
(bradytrcphs) have been of primary importance ir the study
of parallel enzyme repression in E. coli. Arginine auxc-

trophs of S. gallinarum-pullorum may be of value in simillar

studies.
In the past attempts to isolate arginine dependent

mutants of spontaneous or induced origin in S. gallinarum-

pullorum have rarely succeeded.
The following study was undertaken to 1lsolate and

characterize a serles of arginine auxotrophs of S. gallirnarum-

pullorum suitable for further gernetic analysis, using as
inducing agents two mutagens not previously applled to

Salmonella spp. for this purpcse.



HISTORICAL REVIEW

Occurrence of Arginine Auxotrorhs

Arginine auxotrophs have been readlily 1solated 1r E.

coll (Vogel, 1955; Maas, 1951; Gorini, 1961), Microzczcus

-

glutamicus (Udaka and Kircshita, 1958), Torulopsis utilils,

and Neurospora crassa (Vogel, 1955). Only two arginine

mutants of Salmonella spp. have been repcrted (Clarke,1962).
Of these mutants one was spcntaneous (Isekil and Kashiwagi,
1957; cited by Clarke,1962) ard the cther nitrcgen mustard
induced (Stokes anrd Bayne, 1958). Clarke (1962) has recently
attempted to 1sclate arginine mutaats cf spontarecus, ultra-

violet--and MnCls-induced orlgin In Salmorella typhimardum.

One arginine auxctroph was 1solzted. The rarity cf arginine
mutants 1In Salmonellae suggests a genus-wide refractoriness

to the occurrence of this particular c¢lass of mutants,

Arginine Blosynthesis in Microorganlsms

Intermediary metabolism cccuples a prominent place 1=
current blochemistry and microblal genetics. It 1s the aim
of Intermedlary metabolism to dlscover individual steps 1in
the synthesls of metabclites and to determine thelr arrange-
ment in blosynthetic pathways.

Two techniques are commcnly employed fcr the study of
metabollic pathways with mutants: 1ntermedlate accumulatlons

and precursor utilizaticn.
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Use of these techniques had led to the observation
that requirements of certain microorganisms for pyrimidines
and proline as well as a requilrement for arginine can be
overcome by the addition of arginine to a growth medium
(Davis, 1962). The pathway of arginine synthesis was pre-
sumed to be Intermedlate 1n the synthesls of proline and
prylimidines.

The blosynthetlizs pathways to arginine, proline, and
pyrimldines have been described in Neurospora. The path-
wayé were found to 1nclude the sequence of reacticns gilven
in Table I (Vogel and Kopac, 1959;Srb and Horowitz, 1944;
Srb et al., 1950; Davis, 1962). Glutamic semialdehyde 1is
shown twice to emphasize the probabllity that the semlalde-
hyde as proline precursor 1s distinct from the semlaldehyde
as ornlthilne precurscr. The gultamic-proline-ornithine

interrelation in Torulcpsis utllis 1s 1dentical to that of

Neurosopora (Abelson and Vogel, 1955).

The interrelated blosynthetlc pathways to prolilne,
arginine, and pyrimidines 1in bacteria have been described
for E. coll. The sequence of reactions givern 1n Table II
was determined (Maas, 1961). Of parti-zular significance isg
the utlilization of acetylated compounds 1n ornlthine
syntheslis.

Vogel (1955) has postulated a possible taxonomic and
evolutlonary significance 1in the difference between the

pathway to arginine in fungl and bacterla.
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Lineralty of Blochemically Related Genes

Auxotrophic ﬁutants have been used extenslvely for re-
comblnation studies with fungl and with bacteria. Such recom-
binational analysis leads to the representation of the chromo-
some as a one dimensional diagram each polnt of which
represents a single mutation.

Demerec et al. (1956) have reported that in S.

typhimurium genes controlling enzymes in the same biosynthe-

tic pathway are frequently linked on the chromosome. Linkage
i1s of such a nature that the order of genes reflects the
order of individual steps 1n a synthetic pathway. A similar
linearity has been found for many enzymes of other Salmonella
species and of other bacteria (Demerec and Hartman, 1959).

In the fungi Neurospora and Aspergillus linkage of
genes for metabolically related enzymes has been found only
rarely (Gross and Fein, 1960; Wagner et al., 1960). In some
instance a near random arrangement of genes has been observed

for enzymes which are linked in Salmonellae and E. Colil

(Pontocorvo, 1958).

In the case of arginine synthesis a linkage of genes
controlling metabolically related enzymes has not been
observed in Neurospora (Newmeyer, 1957) or in E. coll
(Gorini et al., 1961; Maas, 1961). Gene linearity in arginine

blosynthesis has not been determined in other bacteria.

S. galllinarum-pullorum has recently been shown to be

sulted for transduction studies (Snyder, 1961; Vaughn, 1962).

Recombinational analysis of the arginine system in this
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organism 1s feasible pending isolatlon and characterization
of various classes of arginine mutants.

Although chromosome maps of genes controlling the
formation of enzymes for arginine synthesis do not demon-
strate an overall correspondence between linkage and the
order of steps 1n the blosynthetlc pathway to arginine, the
arrangement of genes 1s by no means random.

Recombinational studies with E. coli K12 (Maas, 1961)
and with E. coli B (Gorini et al., 1961) have made 1t clear
that somé of the genes controlling arginine biosynthesis
occur 1In clusters of two or three genes correlated wlth two
or three successlve steps 1n the metabollic pathway. Such a

partial linkage of blochemically related genes appears to be

peculiar to the arginine system in bacterila.

Cell Regulatory Mechanisms

The enzymes of the arginine pathway have been shown
to be repressible on addition of arginine to the culture
medium in which E. coll 1s growing (Vogel, 1961). Vogel
(1957) has defined enzyme repression as "a relative de-
crease, resulting from the exposure of cells to a glven
substance, 1n the rate of synthesls of a particular
apoenzyme."

Maas (1961) has shown that in E. coli K12 repressi-
bility 1s controlled by a gene R located some distance on
the linkage map from most of the other genes assoclated

wlth arginine blosyntheslis. The actlion of this gene
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represses mcst, 1f ret all, the enzymes of the arginine path-
way (parallel repressicn).

One mcdel which has been suggested to explailn the
mechanism of parallel enzyme repression 1s the operator
model (Jacob et al., 1960). Here repression occurs at the
level of the gene. According tc thils model, structural
genes governed by the same repressor are linked. An oper-
ator gene adjJacent to these genes governs repression of
thelr activity. The functional chromosome unilt consisting
of the operator and a group of continucus structural genes
whose actlvity 1t controls 1s called the operon. Another
gene, R, not necessarily rext to the operator, contrcls
the activity of the operatcr by production of a repressor
substance,

Because of the scattering of arginine loel on the
bacterlal chromoscme (Gorini et al., 1961; Maas, 1961) <“ne
cperatcr mcdel may be applied to arginine blosynthesls only
1f 1t 1s assumed that each struciural gene cr small cluster
of gernes 1s gcverned by a separate operator and that the
repressor substance 1s effective against the operaticn of
all of these (Mzas, 1961). Maas (1961) suggests that
definite evidence for the operator mcdel 1n arginine bilo-
synthesls depends upon the lsolation cf mutants 1in which a
single operator 1s affected. He further suggests that such

mutants in whlch the rate of snythesis instead of the struc-

ture of the enzyme 1s affected should be discovered ariong
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mutants with a partial block for the crnithine to citrullire
cenversion isclafed as slow-growlng revertants from ncmplete
auxotrophs.

A seccnd hypothesis to explain the mechanism of
parallel enzyme repressicn, more sulted to the erginine
system, has been suggested by Gorini et al. (1961). This
hypothesis postulates that ezzh enzyme synthesizing unit
possesses an 1identical site of actlion of the common repressor.
According to this secord hypcthesls the enzymes controlling
arginine synthesis shculd be zomposed either of two peptide
chains, cne of which is ccrmon to all arginlne enzymes, cr
of a single chain with a reglion of structure identicel to
all enzymes resparsible for arginine bilosynthesls. Thls com-
mcn region may be the slte of the single repressor substance
responsivle for parallel repression cf the discontinuously
arranged genes which gcvern synfthesls of the enzymes 1n the
arginine pathway. 1If ore assumes that arginire ernzyres con-
taln a common peptlde chain then there ghculd be a single
gere which when mutzted alters the repressibllity of all‘
enzyres respernsible for arginire bicsynthesis (Gorini et zl.,
1961). If, alternatively, a pcrtion of the peptide chain
1s identical in each arglnine enzyme, mutaticns of a struc-
tural gene for a glven ernizyme should alter the repressi-
billity of that particular enzyre alone. Gorinil et al.

(1961) suggest that such mutuants should be found among

back mutants to prototrophy of an arginine repressible

strain.
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Fescluticrn of the apparent complexities of argirine
bicsyntheslis and 1¢s regulztion in bacterlia 1s dependent
upor: further extensive genetlc analysis of arglnine mutants
of various classes, toth ~omplete and partial and cf back

mutants to prototrcphy.

Mutagens

Nitrcug ALcid.-~Niltrous acld 1s cre of a class of

mutagens which alters resting DNA 1n such a way that
mutations result during subseqguent DNA replicatlon (Freese,
1959) .

The mutagenegiz cof nitrous acid was flrst repcrted
by Murdry and Glerer (1958) for tcbaccc mosaic virus.
Nltrous acid has sgince been found to te applicable for in-
duction cf rmutaticn 1In plart, animal, and baczterial viruses
(Mundry and Glerer, 19%8; Boeye, 1959; Tessman, 1959;
Freese, 1959; Vielmetter and Wider, 1959), and in bvacteria
{Kaudewitz, 19%9).

The zhemlcal acticr. cf nitrous acld on the DNA mole-
cule has been extensively studled by Schuster (1960). Tnis
actlon conasists of the replacement of free amino groups cf
purine and pyrimidire btases by ketc groups as a result of
oxldative deaminaticn and tautomerlc shifts. Direct deamin-
ation of DNA tases by niftrous acld results in the formation
of new bases wilth altered palring prcperties. These
altered palring properties cause the change of a nucleotilde

palr so that in subsejuent replication a purine 1s replaced
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by a different purine and a pyrimidine 1s replaced by another
pyrimidine.

Nitrous acid alters adenine (A) into hypoxanthine (H)
which pairs like guanine (G); cytosine (C) into uracil (U)
which pairs like thymine (T); Guanine into xanthine (X)
which pairs like guanine (Schuster, 1960).

The following diagram represents a deamination and
two subsequent replications which might lead to a mutation

(Sanger and Ryan, 1961):

H
c
H/
c\
A H/ G
Tome T o
T T

3 >

Studies cn the reacticn velocitles of the bases 1n
DNA have shown that adenire and cytosine react slower with
nitrous acid than does guanine (Schuster, 1960). As the
hydrogen 1lon concentration of the reaction mixture 1s in-
creased more adenlne and cytosine relative to guanine
undergo reaction with nitrous acid. The increased activity

of adenine and cytosine 1s presumably due to the labillty
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cf hydrcgen bonds between the amino groups of thymine ard
guanine at the low pH (Schuster, 1960). Breakage of these
hydrogen bcnds expcses the amino groups for reaction with
nitrous acid.

Deamination of DNA bases by nitrous acid may result
in rnmutation or in 1lnactivaticn. Vielmetter and Schuster
(1961) have compared deamination rates of guanine, adenire,
and cytoslne 1n phage T2 treated with nitrous acld at
various pH values with corresponding rates of mutation ard
lnactivation. These authors have ccnzluded that the
deamirnation of malrly adenine, c¢ytcsine, or both, but not
guanire 1s responsitle for the inducticn of mutatiors.
Inactivation may be caused by deaminatlion of adenine,
cytosine, or guanine {Vielmetter and Schuster, 1961).
Deamlnations of cellular prcteins mey also contribute to
inactivation. To increase the rate of mutagenesis with

respect to the rate of lnactlivation cells are treated with

nitrous acid at a low pH.

Low pH.--Low pH has 1tself been shown to be mutagenilc
for T, phages (Freese, 1959). A ccaditlon of high hydrogen
ion concentration 1s krnown to readily remove purines frcn
the DNA molecule (Loring, 1955). Replacement cf the
removed purine by a different purine or by a pyrimidine 1in
resting DNA or during DNA replication results in the prc-

duction of point mutaticns.
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2-Aminopurine.--2-Aminopurine 1is one of a second class

of mutagens comprised of close analogues of normal nuclelc
acid bases. The mutagenlc effect of base analogues 1s
probably due to mistakes 1n complementary base palring
which accompany thelr Incorporatlion into the DNA molecule
(Freese, 1959).

2-aminopurine closely resembles adenline in structure
and presumably may be incorporated in place of adenine into
the DNA molecule. Because of 1ts structural similarity to
adenine, the 1ncorporated analogue would be expected to
pair with thymine during a subsequent replication. The
original condition rather than mutation would thus be re-
stored. Mutation occurs when a base other than thymilne 1is
Incorporated opposlite 2-aminopurine into the DNA molecule.
In each pairing mistake with 2-aminopurine one purine 1s
replaced by ancther purine.

Both nitrous acid and 2-aminopurine have been reported

to be highly mutagenic for S. typhimurium (Kaudewitz, 1959;

Hartman et al., 1962).



MATERIALS AND METHODS

Culture Methods

Strain 53 (KCD 35-22-51) of S. gallinarum-pullorum

was used throughout thls study. The symbol 53W 1s used
to deslgnate wlld-type strain 53.

The nutritional requirements of 53W and arglnine
auxotrophs subsequently isolated were determined using the
followlng chemlcally deflned basal medium and basal medium
supplemented with l-arginine, l-ornithine, l-citrulline,

l-proline, and arginlnosuccinic aclid, barium salt:

KH,PO,, C.2 g
K-HPO, 0.4 g
NH4N03 1.0 g
Na,S0y 2.0 g
MgSOp 7H,0 0.1 g
CaClop Trace
KHCO3 2.0 g
Glucose 10.0 g
Sodlum Cltrate 0.5 g
Asparagline 1.5 ¢ ; Dissolved in
Xanthine 5 mg ) 5o M 1N KOH
1-Cystine 60 mg Dissolved in
l-Leucine 87 mg 15 ml 1N HCIL

15
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1-Histidine 39 mg
DL-Valinre 78 mg
DL-Serine 59 mg
Decxycytidire HC1 1 mg
Nicotinlc acid 5 mg
Thlamine HC1 l mg

Calcium pantcthenate 2 mg
Distilled water 950 ml
(Schoenhard, 1951; Brock, 1958).

Supplements were zdded in the amount of 43 mg/ml
unless otherwlise stated. The argininosuccinic acid,
barium salt,was dissolved in 1N HC1l prlor to additicn to
the basal medium. The basal medium and supplemernts were
sterilized by filtraticri through Millipore filters.

Wild-type 53 and all mutants were maintained on
Brain Heart Infusion (BHI) agar slants.

Induction ¢f Mutation and Inactivation with
Nitrcous Acid

A 15 hcur culture of 53W was sedimented by centri-
fugation and resusperded in 5 ml 0.5M acetate buffer pH
4.5. One-tenth ml cf the suspension was removed to 10
ml 0.038M phosphate buffer pH 7.0 for determination cof an
original cell count. Immediately one ml cf 2M NaN02 was
added to the suspension of 53W 1n acetate buffer. Samples
were withdrawn and plated as shown in Table III. Nitrous

acid was inactivated by dlluting 1:100 in 0.038 M phosphate
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buffer pH 7.0 or 1:5 in 0.038M. Aliquots were plated on BHI
agar. Plates contalning ten to one hundred colonles were
replicated for 1solation of arginine auxotrophs.

The 1nactivation rate of a log phase culture of 53W

by 0.025M nltrous acld was determined from a graph representing

the fraction of survivors plotted agalnst time of contact

with nitrous acid in seconds.

Induction of Mutations and Inactivation with
Acetlc Acld Buffer pH 4.5

To insure that any inactivation and mutagenic effect
observed with HNO, was due to the nitrous acid alone and not
the result of the acetate buffer, the following test was
performed.

A 15 hour culture of 53W 1in BHI broth was sedimented
by centrifugation and resuspended in 5 ml 0.5M acetlic acid
adjJusted to pH 4.5 with IN NaOH. Samples were withdrawn
and plated as shown 1n Table IV. Aliquots were plated on
BHI agar. All plates containing ten to one hundred colonies
were repllcated to determine the number of arginine mutants
present. The 1inactivation rate of a log phase culture of
53W by acetic acld buffer pH 4.5 was determined from a plot
representing the fraction of survivors versus time of
contact with the acid in hours.

Preparation of a Stock Culture Free of Arginine
Dependent Mutants

An overnight culture of 53W 1n BHI broth was sedimented

by centrifugation, washed twice, and resuspended in an equal
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volume cf saline. Approximately lO2 twlce-washed cells were
transferred to 10 ml basal medium. The culture was irncubated
with aeraticn at 37C untlil reximum turblidlty developed. The
cells were 1mmedilately zerntrifuged awzy from the synthetlc
rmedium, washed twlce, and resuspendeld in an equal volume of
saline. Since arginine dependent rutants are incapable of
growth in basal medium not supplemented with arginine, a

stock culture free of argininre dependent mutants was obftained.

Isolaticn of Spontaneous Arginine Mutants

Approximately lOl cells of a stock suspersion of 53W
free of arginine auxc-trophs were incculzted into a tube cf
BHI broth. Thre culture was incubated wilth aeratiocon until
raximum turbidity developed. The culture was washed twlce
to remove extracellular metabolites znd the final czell
count wag determined. This suspernsion was used to 1lnoculzte
tubes of basal medium plus penlzillin azzording to the
penicillin sereening *techniques of Lederberg and Zinder
(1948). Arginire mutants were 1sclated by the replicza-

plating tezhnique (Lederberg and Lederberg, 1952).

Induction cof Mutaticyn wilth 2-Axnizcpurine

Approximately 102 cells of a stock culture cf 53W free
of arginine deperient mutants were inoculated into three
tubes contalning BHI broth plus 200 mg per ml of 2-amino-purire
(Hartman, et al., 1962). The tubes were incubated overright

at 37 C with aeraticn. Five nl samples from each culture
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were washed twlze and the cell count was determined. One-
tenth ml allquots of 10'3, 10'4, 10'5, diluticns were inocu-
lated into basal medlum plus penicillin according to the
penlicillin selecticn technique. Arginire zuxotrcphs were

detected by replica plating.

Isolation of Arginine Auxotrophs

Pencillin screening (selection)technique.--One-tenth

ml portions of 10'3, 10'4, 1072 dilutlons of twilce-washed
treated or untreated cultures were transferred to three
tubes contalning 3 ml basal medium plus 250 units of
penicillin per ml. The tubes were 1ncubated at X7 C without
aeration for about 2L hours. Penicillin inactivates growing
cells by preventing cell wall synthesis. Wilé-type cells
are able to grow 1n unsupplemented basal medlum and are

destroyed by the penicillin (Davis, 1949; Lederberg

t al.,

1945). Arginine deperdent mutants which arise as a result

M

of mutagernic zction or which zrise spontaneously 1in a culture
are incapable cf growth in unsupplemented basal medium and
are spared frcm the aztion of pernicillin. After 24 hours
inzubatlion in the presence of perileillin ten 0.1 ml aliquots
were remnoved from each tube ané spread on BHI agar plates.

Plates were Iincubated 48 hcurs. Plates contalning ten te

one hundred colonies were replicated.

Replica plating technique.--Colonles con a BHI agar

plate were imprinted onto a piece of sterile velveteen spread
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cver the surface of a wccden cylinder by pressing the EBHI
plate gently agalnst the velveteen. Cells from each colony
retalned cn the flne fibers of the fabric were transferred
to a plate containirng basal meldiurm ard to a plate contalning
basal medium supplemented with arginine by pressing these
plates agalnst the imprinted velveteen. Plates were com-
pared for growth after 24 and 48 hours incubaticn at 37 C.
Colonles which grew on basal mediumr wilith arglnine but dic
not grow on unisupplemented basal medium were classifled zas
arginine auxotrcphs. All such colonles were transferred

from the original BHI rplate tc BHLI agar slants for ralnten-

W SR TR TR s A s gy

ance prior to characterization.

Charecterization of Arginine Auxotrophs by
Precurscr Utllizaticn

Eazh arginire auxotroph and 53W was grown overrnignt
in BHI broth. Cultures were washed twlze and resuspended
in the original veolume of saline. One-tenth ml of a lO_2
dillution of eazh salline suspensicn wezs incculated into a
serles of 16 x 150 rm test tubes contalning 2 ml of media
as follows: unsupplemented basal medium, basal medium sup-
plemented with proline, with ornithine, with cltrulline,
with arglininosuccinic acid, or with arginine. Tubes were
incubated at 37C. The amount of growth in each tube was

recorded approximately every twelve hcurs according tc

turbidity estimates (+1, +2, +3, +4) for six tc seven days.



RESULTS

Inactlvation of S. galllnarum-pullorum by Nitrous Acid

Nitrous acid inactivation of bacterial cells was
measured as a decrease in the abllity of a suspension to

form colonies. The inactivation of S. gallinarum-pullorum ft

strain 53 cells 1in the log phase by 0.025M HNO, followed a

8

two-hit curve (Fig. 1). Starting with about 10* cells per

ml the rate of inactivatlon wes determined over a flve log

decrease in viable cell count. The inactlivation rate was Qw
determined to be .126/sec.
A tailing effect was cbserved after a six log decrease

in viable cell count of S. gallinarum-pullorum in 0.025M HNOp

(Fig. 2, page 25). This tailing effect may represent a
selection for cells in the culture which are resistant to
the action of nitrous acid.

Induction of Mutatlicns to Arginine Auxotrophy by
Nitrcus Acid

The spectrum'of arginine auxotrophs incduced wilth
nitrous acid is given in Table V on page 26.

Nutritional requirements of the arglnine auxotrophs
isolated were tested in basal medium unsupplemented and in
basal medla supplemented with proline, with ornithine, with

cltrulline, wlth argininosuccinic acid, or with arginine.

23
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Fig. 1. Inactlivation of log phase cells of S. gallinarum-
pullorum by O.025M HNO, (pH 4.5) as a function of
time.
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Growth was recorded every twelve hours for six to seven days.
Wild type straln 53 gave a +4 reaction 1in all testing medla
after 36 hours. Mutants which demonstrated a growth dif-
ferentlal of 48 hours or more among the testing media after
an initial incubation period of 36 hours were classifiled as
arginine auxotrophs. The genetic block of a mutant was deter-
mined according to the supplement earliest in the arginine
cycle which would support i1ts growth. Examples of growth
patterns of three representative nitrous acid-induced argin-
Ine auxotrophs and of £53W are presented in Table VI.

Proline was 1ncluded in tests for the nutritlonal
requirements of arginine auxotrophs to separate proline
mutants whose metabollc block can be overcome in the presence
of arginine from mutants deficient 1n arginine blosynthesls.
The primary requlrement of mutants able to grow on proline
appears to be proline rather than arginine (Vogel and Kopac,
1959) while those unable to grow on proline exhibit genetic
blocks 1in the arginine cycle.

The exact nutritional requirements of mutants with
metabolic blocks priorto ornithine were not determined since
N-acetylated intermediates to ornithine synthesls are not
commercially avallable.

Mutants which demonstrated a 36 to 48 hour growth dif-
ferential among the various media but which did not show
growth in unsupplemented basal medium until the fifth or

sixth day of incubation and mutants which consistantly
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showed reduced growth in media supplemented with metabolltes
prior to the proposed genetlc block were classified as
partial mutants, bradytrophs. The growth patterns of two

partial mutants are presented in Table VII.

Mutatlon Rate to Arginine Auxotrophy wilth Nitrous Acid

Nitrous acld 1s an effectlive mutagen for S. gallinarum-

pullorum 53W. With an 1nactivation of about 10-6, 2.2 to

3.0 per cent of the surviving cells were arginine auxotrophs.
With inactivations greater than lO'6 the percentage of
survivors which are arginine auxotrophs decreases consid-
erably. This decrease 1n the number of recoverable mutants
may represent a selection for cells in the culture resistant
to the action of nitrous acid, as did the talling effect
(Fig. 2). Figure 3, page 32, represents the relationship
between the percentage of induced arglnine mutants and
exposure of log phase cells to niltrous acid.

Irnactivation of S. gallinarum-pullorum by Acetic
Acid Buffer pH 4.5

The 1nactivation of 53W cells in the log phase by
0.5M acetic acld buffer pH 4.5 1s demonstrated by Figure 4.
The rates of inactivation of 53W in nitrous acid and in
acetic acid buffer are compared 1in Figure 5, page 34.

The 1nactivation rate of 53W in acetic acild buffer
was determined over six logarithmic cycles on the ordinate:

K = 1.74/hr. or 0.00048/sec.
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Inducticn of Mutation with Acetic Acid Buffer pH 4.5

In three separate inactivation trials all plates con-
taining ten to one hundred cclonles were replicated for
detectlon of arginire auxotrophy. No arginine mutants were
1solated.

Spontaneous Arginine Auxotrophy of S. gallinarum-

pullorum 53W and Spontaneous Mutation Rate to
Arginine Auxotrophy

=Y

The spectrum of spontaneous arginine auxotrophs 1so-
lated from 53W 1s given in Table VIII, page 36.

The spontarecus mutatlon rate to arginine auxotrophs

in S§. gallinarum-pullorum was determined according to the

formulaclf— In2M where ,xf 1s the mutation rate, M is the
number of argin?ne auxotrophs per ml, and N is the number of
cells produced from a small iroculum, and was found to be
5.8 x 107H mutations/cell,

Inductlon of Mutation with 2-Aminopurine and Mutation
Rate to Arginine Auxotrophs with 2-Aminopurine

The distributicn of 2-aminopurine 1nduced arginine

mutants isolated from S. gallirarum-pullorum 1s given 1n

Table IX.
The mutation rate to arginine auxotrophy in 53W with
2-aminopurine was determined by the same technlque as was

the spontaneous rate and was fourd to be 2.6 x 1073,
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DISCUSSION

Attempts by 1nvestigators to 1solate spontaneous cr
induced arginine auxotrophs from a variety of Salmonellae
have in the past met wlth 1little success. In this study
one hundred and eighteen arginine dependent mutants of
spontaneous, nitrous acld-and 2-aminopurine-induced origin

were 1solated from S. gallirarum-pullorum 53W. Mutants

blocked at all steps in the zrginine pathway tested for
were found. The technlques employed in this study were
similar to those used by previous investigators (Clarke,
1962; Kaudewiltz, 1959; Plough et al., 1950) with one
exception. Two mutagens, nitrous acid and 2-aminopurine,

Q

not previously applied to S. galllnarum-pullorum for

Induction of mutation to arginine auxotrophs were employed.
Both were found to be mutagenic for arginline loci 1in S.

gallinarum-pullorun.

Certaln differences in the efficliency of mutagenesils
of 2-amincpurine ancd nitrous aclid were observed. Nitrous
acld appears to be most effective for the productlion of a
genetic block for the ornithine to citrulline conversilon
Sixty-seven per cent of the nitrous acid-induced arginine
auxotrophs demonstrated a nutritional requirement for
cltrulline. Eilghteen per cent were found to contaln a
genetlic block prior to ornithine.

38
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2-Amincpurine appears to be most effectlve for the
production of genetlc blocks prior to ornithine in 53W.
Fifty-two per cent of the 2-amlnopurine-induced auxotrophs
1solated demonstrated a metabclic deficlency 1in ornithine
synthesis. Forty-three per cent were blocked at the ornlth-
ine to citrulline conversion. From Tables IV and V 1t may
be seen that the spectrum of arglnine auxotrophs 1solated
following inductilion with 2-aminopurine most closely
resembles the distributlion of arginine dependent mutants
of spontaneous orlgin. The difference observed 1in the ef-
ficlency of the two mutagens for induction of speciflc gene
rutatiors may refiect scme difference 1n the isclation pro-
cedurez employed or a difference 1irn the mode of actlion cof
the mutagens at the roleculzar level.

The r.umber ¢f bwradytropns isclated from 2-zminopurire-
induced cells 1s nearly 1dentlcal to the number 1solated 2zs
spontanecus nutants from the crigiriel stozk culture of 53W.
Inducticn of rutatlon with nitrous acid resulted in the
producticn of a ten per cent increase in the number of
bradytropnz cver that+t fcund amorng spontanecus or 2-aminoc-
 purine-irduced earginine auxoctropns.

A hignh rurber of arginire mutants with grcocwth patter«s
characteristlc of bradytrophs ray result from the ircuczticn
of gene unstabilizaticn with nitrous aczid. Gene unstabiliz-
ation refers toc a condition in which a gene mutates to an

altered gere with a higher spontaneous mutation rate
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(Zamenhof, 1961). One type cf gene unstabilization is re-
flected 1n the mutation of a stable enzyme producer (proto-
trcph) to an unstable enzyme producer which mutates tc an
enzyme non-producer with 2 high spontaneous mutetion rate.
Gene unstabillization may be induced in the genetlc regicn
centrolling prcduction of the enzyme respcensible for the
ornithine to citrulline conversion (ornithine transcar-
bamylase). The resultant unstatle mutant would be capable
of synthesizing ornithire transcarbamylase (O0TC) at a rate
limited by the rate of spontaneous rutatiocn of the unstabil-
ized gene to an enzyme non-producer. At any glven time only
a portion cf the cells of such a mutant would be capable
of snythesizing OTC. A delayed utllizztion of ornithire
in an crnithine supplemented mecdium would result. The hlgh
spontaneous mutation rate of an unstable gene to an enzyme
non-producer would result in a decrease 1n the number cf
OTC producing cells with an 1Increase 1n incutation time.

Since growth of 53W in unsupplemented mediurm lags
considerably behind the level of growth in ornithine sup-
plemented medium, i¢ 1s possible that the constantiy de-
creaslng nurber of OTC precducing cells may nct »each a
concentration high enough fo prcduce vislble turbidity for
48 to 72Vh0urs following the appearance of vurbidity in
crnithine supplemented medium. The growth pattern of
mutants resulting from gene unstabllization would not differ
significantly from the expected growth pattern of a brady-

troph in the same testing media.
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The 1sclaticn of a large number of stable auxotrophs
from unstable nitrous acid-induced mutants may serve to
distinguish auxotrcphs arising as a result of nitrous acid-
Induced gene unstabililization from bradytrophs.

Few auxotrophs exhiblting a geretic block after
citrulline 1n the arginine pathway were lsclated. The
rarity of these mutants suggests a low mutation rate,
spentaneous or induced, of genes coentrolling enzymes for
later conversions in the argirnire cycle. Two recently
described medificaticns of the penicillin selection tech-
nique may be useful 1in the future for the 1isolation of
rare arginine auxctrophs. (orini and Kaufrman (1960) have
isoclatecd zarginire auxoctrophs of E. ccli blocked after
citrullire bty incoulating starved, treated cells Into a
penlicillin baszl medium containing 2,000 units of anti-
blotic per ml fecr time intervals as short as 90 minutes.
The main advantage of this method lles 1n keeplng the
exposure tc penicillin so brief 25 To eliminate cross-
feeding by prototrophiz cells that lyse durirg penilcillin
treatment. A decrezse 1n the degree of cross-feeding allcws
szreening of populatibn cdensities as high as 5 x 1O8 cells
per ml, greatly ircreasing the possibllity of recovering
mutants which arise at low frequenczies.

Lubin (1962) has been able to isolate rare mutants
deficient 1n potassium transpcrt in E. coli following

enrichment of the auxctrcphic population by recycling.



Renyclirg refers t£to a process cf slternating the growth of

cells betwezn an enricihsd medium and a baszl medlum supple-

to

mented wilth penicililin. By use of this technilque progressively
nore mutants are selected for, resulting in an 1lncrecse in
the populatior. of rzre auxotropns to a detectable concen-

tratiocn.

The modified penicillin selecticn techriques may be

iin

readlly inccrporated into the prccedures described for the
isolation ¢f arginine auxctrcphs cf spcntznecus and 2-amino- g
purine-irduced crigin, Incorporztion of these technliques

into the nitrcus azild prccedure mzay be accempllished felleowirg

a modification cf the cescrited 1solaticn rethced. Nitrous
acld must be inactivateld 1 a highly buffered basal medium
supplemented vwilth arginine. Incubation of HNO2 treated

1lows <he mutants irduced to beccme

w

cells 1in this mediun
phenotyplcally expressed., The cells may then be washed a=d
starved and treated as des.ribed in the modified penicillir
techrniques, of Lubin [1962) and of Jcrini and Kaufman (196C).
Each mutagen =mployed 1n this study presents both ad-
vantages and disacdvantages to its use for the producticon cf

arginine auxotrophs in S. gagllirarum-pullorum 53W. Nitrous

acid treatment has the eadvantages over 2-aminopurine iInducticn
of rapidity of action and of a consicderably higher induced
mutation rate to arginine auxctrcphy. Approximately crne-
third of the mutants i1sclated foliowing niltrous acid

induction, however, are brzdytrophs. Induction of mutaticn
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with 2-aminopurire althqugh a more lengthy procedure,
results in the isolation of 10 per cent fewer partially
blocked auxotropns.

Indications that nitrous acid primarily 1nduced a
genetlc block in the synthesls of OTC while 2-aminopurine
induces mostly metabclic Ttlocks pricr to ornithine may
dictate that the mutagen selected fcr use be determined by
the position of the genetic blockx belng sought.

Preliminary attempts to characterlize arglnline auxo-
trophs by intermecdiate accumulations have conflrmed the
genetlc blozks predicted from precursor utilization studies
for two mutants tested. Two mutants deflcient in ornithine
synthesis were shown by the technigue of two dimensional
chromatography perform=sd cn supernatants of the cultures
grown 1in a lirmiting suppiy of arginine to accumulate
glutamic acid or glutamlc acld derivatives.

The relatively righ spontaneous mutation rate to

arginine zuxotrophy in S$. gallinarum-pullorum (4.8 x 10“4)

1s surprising on the basis c¢f previous reports concerning
the rarity of arginine mutants in Salmonellsae.
Stokes and Bayne (1958) examined six strains of

Salmonella pullorum and twelve strains of Salmcnella

gallinarum for arginine dependence. All strains were fcund

to be prototrophlic with respect to arginine. Growth of all
strains was, however, stimulated by the presence of arglinine

in the test medium. A similar stimulation of growth by
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arginine has been obzsrved in S. gallinarum-pullorum 53W.

In testing the nutriticnal requirement of 53W a delay of

12 to 24 hours in the appeararce of turbidity in ornithire
supplemented medium znd in unsupplemented basal medium was
consistently cbserved (see Table 2). Even in tests using
53W cells maintained in the logarithmic phase in unsupple-
mented basal medium tc insure that the level of procduction
of enzymes 1in the arginine cycle weas at 1ts maximum, a F
twelve hour lag in the appearance cf growth 1n these
media was observed. The delay of grcwth 1n ornithine

supplemented ard ir unsupplemented media suggests that EZW

exhlbits a partial genetic block in the production of the
enzyme necessary for tne conversion of orrithine into
ciltrulline. The existance of a pariial genetlc block in
the arginine pathway may account for the stimulaticn cf
growth cbserved when 53W 1ls supplied with arginine.

The isclaticn of mutants rore effectively blocked in
a particular metabolic corversicn than a partially blocked
parental type has been described by Fincham (1962).
Similarly, the arginine auxctrophs zrd bradytrophs isclated
in this study may represent either varylng degrees of 2
more complete genetic block between orinthine arnd ciltrulline
or a newly 1induced block at some other step in the arginine

cycle.



SUMMARY

In this study a series cof arginine auxotrophs and
bradytrophs of spontaneocus, nitrous acid-and 2-aminopurine-

induced origin in S. gallinarum-pullorum 53W were 1solated

and characterized by precursor utilization. Mutants
blocked at all steps tested in the arginine pathway were
found. Nitrous acid and 2-aminopurine were shcwn tc be
mutagenic for arginine locl in 52W, increasing the rate of
mutation to arginine auxotrophy zbove the spcntaneous rate
by a factor of lOl and 102, respectively. Nitrous acid

was found to be most efficlent fcr the indu«tion of a
genetlic block for the crnithine to citrulline conversion
and for the 1nducticn cf »radytroghs. Thespectrum of
arginine auxotroprs isolated followlng 2-aminopurine
treatment was found to be most similar to the distribution
of arginine auxotrorhs of spontaneous origin. Mutants
deflcient in ornithine syr.thesis were more efficlently
induced with 2-amincpurine then with nitrous acid. Evi-
dence 1s presented which suggests that 53W contains a
partial block for the ornithire to cltrulline conversion

and that the arginine auxotrophs and bradytroprhs 1solated
represent elther varying cegrees of a more effective genetic
block between ornithine and cltrulline or a newly 1induced

block at some other step 1n the arginire pathway.
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