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ABSTRACT

We tested the hypothesis that unstable suppression of auxotrophy in
triazole-resistant derivatives of Cym- mutants of Salmonella typhimurium is
due to reversible insertion at the Cym~ site of genetic material originating in
the cysALKptsHI region. We have shown that the unstable phenotype was
co-transducible with markers in the cysCDHIJ region. The suppression of the
Cym phenotype was recA dependent and frequencies of segregation were
affected by UV irradiation. Restored enzyme activity in suppressed strains was
determined by wild-type enzyme, suggesting that the unstable regions are
located in cys gene regulatory regions. These results support the hypothesis.
In contradiction, we found no evidence for a deletion in the cysALKptsHI
region.

THE preceding paper (Kincsman, Smite and Huranicka 1978) reports

the isolation of triazole-resistant (Trz®) derivatives of six cysteine or
methionine requiring (Cym~) mutants of Salmonella typhimurium (QuresHi,
Smrra and Kinesman 1975). Some of the derivatives (CTS) of each Cym-~
mutant were prototrophic, i.e., the Cym~ phenotype was suppressed. This sup-
pression was initially unstable (Kinesman 1976), resulting in the segregation
of Cym~ auxotrophs at high frequency. Upon subculture, some of these deriva-
tives remained highly unstable, segregating Cym~ auxotrophs at 50-70%.
whereas others stabilized, segregating at frequencies less than 1%. All CTS
strains possessed a Trz' marker co-transduced with cysA (Huranicka and
Kroporowskr 1972). The stabilized strains were Cymt, whereas the unstable
strains were apparently Cym~. To account for these and other observations
(Kingsman 1976; Kinesman, Smita and Huranicea 1978) and in accord
with the work of Cornaro and RosEman (1972), it was suggested that when some
Trz* mutants were isolated, a low molecular weight plasmid was formed by
excision of part of the cysALKptsHI region of the S. typhimurium chromosome.
Suppression of Cym~ then occurred by the integration of this plasmid (CSP) at
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the Cym- site, resulting in correction of the Cym- lesion. Instability was thought
to result from reversibility of this integration.

This hypothesis led to a number of predictions: (1) If the instability of sup-
pression of Cym- results from the reversible integration of CSP, then it should
be possible to select the Cym+ genotype and to transfer it in appropriate trans-
duction crosses. Cymt transductants should show the instability of the donor.
The inserted CSP should also be detectable genetically due to its disruption of
linkage relationships in the region of the suppressed Cym- mutation, i.e., the
cysCDHIJ gene cluster (Qureswi, Smita and Kinesman 1975). (2) If integra-
tion of CSP is dependent on similar base sequences at the Cym- site and on CSP
(Kingsman, Smita and Huranicka 1978), then the integrative recombination
event should be recA-mediated (Crarx 1973). (3) If the Cym~ mutations and
the correcting integrative events occur within regulatory regions of the relevant
cys genes (QuresH1, SmiTH and Kinesman 1975), then restored enzyme levels
in CTS strains may be lower than in wild type, but the protein produced should
be identical. (4) If CSP is formed by excision of part of the cysALKptsHI region,
there should be a deletion in CTS strains corresponding to the excised piece.

We describe here the testing of these predictions with the exception of the
demonstration of an insertion in the cysCDHIJ region, which was the subject of
another publication (Kinesman 1977).

MATERIALS AND METHODS

Organisms, media, genetic crosses and segregation assays: All strains were derived from
Salmonella typhimurium LT2; they are listed in Table 1 of KinesmanN, SmitH and HULANICKA
(1978) with the exception of cysA20ptsI31, which was obtained from D. Huranicka (Polish
Academy of Sciences, Warsaw). The media used were also those of the same authors, and their
procedures for genetic crosses and for the measurement of segregation frequencies were used.

Ultra-violet irradiation: In experiments in which UV irradiation was used to stimulate
recombination, doses that gave 70% kill were chosen to provide opimal stimulation (Roman
and Jacos 1958).

Preparation of cell-free extracts: Four hundred ml quantities of the appropriate media were
inoculated with 10 ml stationary phase cultures of bacteria in the same medium, supplemented
with 19, NB, and incubated on an orbital shaker (220 rpm) at 37° until the subcultures had
reached an 0.D. 650 of about 0.6*. The bacteria were then harvested by centrifugation at
1800 X g for 15 min, washed twice with distilled water and resuspended in 3 ml of buffer
appropriate to the enzyme assay involved. Suspensions were subjected to two 15 sec bursts of
ultrasonic disintegration using an M.S.E. 100 watt sonicator at 20 kc/sec. (8 microns peak to
peak, 34” probe). Cell debris was removed by centrifugation at 27,000 X g for 20 min. The
method of Lowry et al. (1957) was used for protein determinations.

Assay of PAPS synthetase: The assay was that of Huranicga and KropoTowskr (1972).

Assay of SO, reductase: The assay was based on that of SIEGEL and Kamin (1971), but

using hydroxylamine as substrate to increase sensitivity (LeINwEBER, MonTy and SIEGEL
1965).

RESULTS

The genetics of instability in CTS strains: Although KiNnesmAN, Smite and
Huranicga (1978) could not show transduction of unstable Cym+* when trans-

* Bacteria derepressed for cysteine biosynthesis were obtained by growing in the sulfur-free (SF) medium of Quressi,
Smrrr and KiNesman (1975) containing 40 ug/ml of djenkolic acid.
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ducing lysates were prepared on nonselective media (Smrra 1961), it seemed
likely that if there is an unstable insertion at the Cym- site in CTS21 and 151
(KingsmanN, Smrte and Huranicka 1978), then that insertion would be trans-
duced, provided that selection was made for the insertion during preparation of
the transducing lysate. To test this, three clones of each of the unstable strains
CTS21 and 151 were grown overnight in NB, 109, NB in MM and 1% NB in
MM, and P2214 lysates were prepared in the same medium. This ensured three
levels of increasing selection during preparation of the donor lysates. The trans-
ducing ability of each lysate was assessed in spot transduction crosses with
aroB57 as recipient. The ability of each lysate to transduce Cym- was assessed
by using as recipients a deletion cysCD519, which spans the original Cym- site
and the original Cym- site and the original Cym~ mutation. Wild type,
CymAa2Trzl and CymBc15Trz551 were used as donor controls (Table 1).
The lysates of all the clones prepared under the various conditions had about

TABLE 1
The selection of Cym genotype in CTS21 and 151

. pml;ngigteion Recombinants per spot with these recipients:
Donor strain Clone conditions* aroB57  ¢ysCD519 CymA2  cysHI536 CymBcl5
Wild type 1 A ++ ++ A+ 4+ 4+
B ++  ++ A
G ++ ++ A+
CymA2Trzl 1 A ++ — — nt nt
B+ + — — nt nt
Ct — — —_ nt nt
CymBc15Trz5 1 A 4+ nt nt — —
Bt — nt nt — —
Ct — nt nt — —
CTS21 1 A -+ 4 12 nt nt
B -+ -+ 21 nt nt
C -+ -+ + nt nt
2 A —++ 12 -+ nt nt
B R + nt nt
G ++  ++ + nt nt
3 A -+ — — nt nt
B +-4- —_— — nt nt
C +-+ -+ + nt nt
CTS151 1 A ++ nt nt — —
B -+ nt nt — —
C -+ nt nt + +
2 A +-+ nt nt — —_
B “++ nt nt —_— 19
C —+-+ nt nt + 17
3 A —++ nt nt — —
B ++ nt nt — —
C 4 nt nt -+ 15

*A=NB, B=10% NB in MM, C =19 NB in MM.
1 Cym Trz' mutants grew very poorly on these media.
— =0, +=25-50, +- = > 50, nt = not tested.
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the same ability to transduce aroB57 to prototrophy, showing that there were
about the same number of transducing particles in each of the lysates. In the
tests of the Cym status of the various clones, it was generally observed that an
increased number of prototrophic transductants were obtained with increased
selection of Cym+ in the lysed cultures of CTS21 and 151, whereas the number
was unaffected in the case of wild type. No transductants were formed with
CymAaTrzl and CymBc15Trz51 as donors. These facts confirmed that the
Cym* genotype is selectable in unstable strains and are compatible with the
detection of the Cym marker in these strains resulting from the lysed cultures
containing a large proportion of segregants in which CSP was excised (Kings-
MaN, Smita and HuraNicka 1978).

According to the hypothesis, the prototrophs produced in the crosses between
the cys deletions the original Cym mutants and CTS21 and 151 will have
acquired the integrated CSP and should therefore be unstable. Five transductants
from each cross were picked and tested for the segregation of auxotrophs at high
frequency. Transductants from crosses with the CTS strains as donors were all
highly unstable and retained this property through five single-colony subcul-
tures. In contrast, the ability to grow on MA (37°) of transductants from crosses
between the same recipients and wild type was completely stable, showing that
apparent instability was not an effect of transduction. Next, ten segregants from
each of the ten unstable transductants tested were streaked onto MA (37°) to
determine whether, like CTS21 and 151, their segregation was reversible (Kives-
MAN, Smrta and Huranicka 1978). Segregants from all produced prototrophic
clones on MA (37°) that maintained a high level of instability over ten sub-
cultures, showing that the transductants behaved exactly like CTS21 and 151.

We conclude that the phenotypic instability of CTS21 and 151 is transferable
by transduction; this provides strong evidence that it is a genetic phenomenon.

Involvemerit of the recA system:The role of the generalized bacterial recom-
bination system in suppression of Cym- in CTS strains was assessed by (a) the
isolation of Trz* derivatives of a Cym~ recA mutant and their subsequent screen-
ing for the formation of Cym—suppressed clones (Kingsman, Smrrm and
Huranicka 1977) and (b) testing the effect of UV irradiation, which stimulates
recombination (Roman and Jacos 1958; Jacos and Worrman 1961; Horripay
1971), on segregation in CTS strains.

(a) In a recA strain, CSP should be unable to integrate at the Cym- site and
so not suppress the Cym~ phenotype. Trz* derivatives of CymAa7 and CymAa7-
recA8 were isolated (KinesmAN, SmiTH and HuraNickA, 1978) and tested for
their ability to grow on MA (37°). Eight out of ten Trz' isolates of CymAa7
gave ‘“‘unstable” growth on MA (37°), which stablized after five subcultures.
However, none of 50 Trz® derivatives of CymAa7recA8 gave any growth on MA
(37°), even after four days incubation to allow for the slightly slower growth
rate of the recA8 strain (Kinesmaw, unpublished). These results suggest that a
functional recA system is required for the suppression of Cym- in CTS strains.

(b) The effects of UV irradiation on segregation in the two classes of CTS
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strains will be discussed separately. In the unstable strains, KiNesmaN, SmiTH
and Huranicga (1978) proposed that CSP rapidly alternated between the inte-
grated (Cym-suppressing) and excised (Cym~nonsuppressing) states and that
both integration and excision were recA mediated. UV stimulation of recombina-
tion should affect both integration and excision. This makes prediction of the
effect of UV irradiation on the frequency of segregation in the unstable strains
complex. If it does stimulate both integration and excision, a reduction in the
between-clones variation of segregation frequencies, after irradiation, compared
with spontaneous frequencies is anticipated. Thus, there should be a negative
correlation between spontaneous segregation frequency and the UV-induced
change in that frequency. Thirty clones of CTS21 and 20 clones of CTS151 were
grown overnight in NB, and each culture was diluted 10~ in NB. These dilutions
were split into two. A 3 ml sample of one-half of each was irradiated, and 1 ml
was used to inoculate 5 ml of fresh NB. The other half of each was further
diluted 10-* to stimulate the killing effect of UV, and 1 ml of this dilution was
used to inoculate an identical volume of the same medium. Both sets of cultures
were incubated at 37° for 45 min in the dark, diluted appropriately and the
segregation frequencies measured by the standard segregation assay. Figure 1
shows that with both CTS21 and 151 there was a significant negative correlation
between the UV-induced change in segregation frequency and the spontaneous
segregation frequency (p = < 0.001 in each case). The regression lines for the
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Ficure 1.--The relationships between spontaneous segregation frequency and the UV-
induced change in segregation frequency. The equations of the straight lines were calculated
by the method of least squares. In both (a) and (b), from regression analysis of variance,
P = < 0.001.
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two strains are very similar, supporting the idea that events involved in each
strain were the same. The straight lines intercept the z-axis at a spontaneous
segregation frequency of about 759. This shows that excision, rather than
integration, of CSP is the more probable event. Figure 1 also suggests that UV
irradiation reduces the segregation frequency in populations with a high spon-
taneous frequency. To test this unequivocally, we subjected the data to the right
of the vertical lines in Figures 1A and B to Student’s z-test; the probabilities
that the means of those points differed from zero as a result only of error variance
were 0.02-0.05 and 0.01-0.02, respectively. Therefore, these results are consis-
tent with UV irradiation stimulating both integration and excision of CSP via the
generalized recombination system.

In the stabilized strains, segregation frequencies are less than 19, so that CSP
integration is relatively stable. Thus the effect of UV irradiation should be only
to increase segregation frequency. From Table 2, it is seen that for each of the
stablized strains tested there was a marked increase in segregation after UV
treatment. In the absence of UV irradiation, segregation was barely detectable,
but its levels were increased to 1.6-11.29% for CTS71, 194 and 43 and to 9.3-
93.7% for CTS84. The large increase in segregation frequency for CTS84 may
relate to its segregation properties, which are intermediate between those of
the unstable and the stabilized strains (Kingsman, Smire and HuraNicka
1978). We conclude that the nature of the unstable and stabilized strains is
essentially the same, but that in the stabilized strains CSP has a greater affinity
for its integration site.

The nature of the restored enzyme activities in CTS strains: If the integra-
tion of CSP at the Cym- site leads to the restoration of a functional cys gene with
CSP integrated alongside (Kingsman, Smite and Huranicka 1978), the bac-
teria should be prototrophic since active cys enzyme will be produced. This would

TABLE 2

Ultra-violet induction of segregation in stabilized strains

Segregation frequency®
ov + UV

Strain Clone —

CTS71 1 9/ 267 2/ 108
2 0/193 4/245
3 0/215 5/176

CTS194 1 ‘3/301 1/ 30
2 0/195 1/118
3 0/112 z 158

CTS43 1 /10 18/,
2 0/203 8/248
3 3/412 11/519

CTS84 1 %/ 107 21/,
2 0/186 15/16
3 1/162 3/32

* The segregation frequency is given as a fraction from the raw data of a segregation assay.
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mean that the level of enzyme activity in CTS strains would be proportional to
the proportion of cells with CSP integrated, i.e., inversely proportional to the
segregation frequency. Also, if the integration of CSP occurs in a regulatory
region of the appropriate cys gene, then wherever an active enzyme is detected
it should possess wild-type properties.

These predictions were tested in CTS strains derived from Cym~ mutants
deficient either in the sulphate-activating enzymes, PAPS synthetase (cysCD)
or sulphite reductase (cysGIJ). The levels of these two enzymes were determined
in wild type, CTS71, 194, 84 and representative CymTrz" double mutants bear-
ing the same three Cym- mutations as the CTS strains that were unsuppressed
when grown under both derepressing (SF + djenkolic acid) and repressing (MM
and cysteine) conditions (Table 3). The restored enzyme activities in the CTS
strains were high (74% and 959% of wild-type activity for PAPS synthetase
in CTS71 and 194 and 539% for sulphite reductase in CTS84). This is in contrast
to the low activity of the respective enzymes in the unsuppressed double mutants.
Wherever high enzyme activity was detected, it was repressed by cysteine.

The effect of segregation on restored enzyme activity was examined in CTS21
and 151. Then clones of CTS21 and 5 of CTS151 were grown on SF + djenkolic
acid. First, the segregation frequencies of these cultures were determined and
then, immediately afterwards, their PAPS synthetase and sulphite reductase
activities were measured. There was a significant negative correlation between
restored enzyme activity and segregation frequency in both strains (Figure 2).

Different properties of each of the two enzymes whose activities were restored
in the CTS strains were examined. The heat labilities of PAPS synthetase activi-
ties of CTS71, 194 and 21 (segregation frequency of 39%) were indistinguish-
able from that of wild type (Figure 3), as were the Kmm,om values of the
sulphite reductase of CTS84 and 151 (segregation frequency of 32%) calculated
from Lineweaver-Burke plots (Figure 4). These data strongly suggest that the
restored enzyme activities in CTS strains are determined by wild-type proteins.
This, coupled with less than wild-type enzyme activity in the stabilized and
nonsegregating (from extrapolation) unstable strains, supports the idea that

TABLE 3

Restored enzyme activities in CTS strains

PAPS synthetase* after growth in: 80=, reductase* after growth in:
Strain SF + DJA MM + CYS SF + DJA MM 4+ CYS

‘Wild type 100 0 100 0
CTS71 742 1.2 97 1.2
CTS194 95.4 0.4 108.3 0
CTS84 105 1.1 53 0.8
CymAa7Trz62 0.7 0 136.1 0.01
CymBb8Trz113 118 0.3 0.1 0

* Activities are expressed relative to wild type.
CYS = cysteine.
DJA —djenkolic acid.
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Ficure 2.—The relationship between enzyme activity and segregation frequency. (a) PAPS
synthetase in CTS21. (b) Sulphite reductase in CTS151. Each point represents the mean of
three replicate assays within the same experiment; these never differed by more than 15%.
The equations of the straight lines were calculated by the method of least squares. In both (a)
and (b), P — < 0.05 from regression analysis of variance.

Cym- and the integrative events involved in its suppression are located in regula-
tory regions of cys genes. When CSP is integrated, it may reduce the level of
expression of the relevant cys gene, but does not alter the nature of its product.
This could be due to some disruption of the local template topology that may be
required for optimum gene expression (SoBeLL 1973).

The presence of a deletion in the cysALKptsHI region of CTS strains: KiNcs-
MAN, Smite and Huranicka (1977) proposed that CSP is produced by the
excision of at least part of the cysALKptsHI region of the chromosome. This
means that the integrity of cysK would be disrupted and so render the Cym-
mutant resistant to triazole (Hurawicka and KroroTowskr 1972). Most of the
deletions in this region may arise in this way (Corparo and Roseman 1972). If
CTS strains possess a deletion in the cysALKptsHI region, altered linkage rela-
tionships between genes in this region of their chromosomes should be detectable
(RoraMAN 1965; CHELALA and Marcorin 1974). This was tested by measuring
linkage between cysA and ptsl in transduction between cysA20ptsI31 and wild
type, CTS21 and 71 as donors. CysA+* recombinants were selected and replicated
to MA and mannitol as their sole carbon source to determine their Pts phenotype.
In all cases the linkage of cysA and ptsI was the same (about 40% ), which is in
agreement with Coroaro and Roseman (1972) who found 469, linkage between
these markers. These data suggest, in contradiction to prediction, that there is no
deletion in the cysALKptsHI region of the chromosome of CTS strains.

DISCUSSION

Unstable suppression of Cym- in CTS strains is a genetic rather than a met-
abolic phenomenon. The Cym+ (suppressed) genotype can be selected and trans-
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Ficure 3.—The heat lability of PAPS synthetate in extracts of wild type, CTS21, CTS71
and CTS194. The extract of CTS21 was prepared from a culture with a segregation frequency
of 39%. @ wild type; [J CTS21; A CTS71; M CTS194. Each point is the mean of two replicate
experiments; in no case did these differ by more than 109%,.

mitted to other strains, together with other markers in the cysCDHIJ region
(Table 1). The suppression is dependent on a functional recA system, and
stability is markedly affected by stimulation of recombination with UV irradia-
tion (Figure 1 and Table 2). Restored enzyme levels are relatively high and
determined by wild-type proteins (Figures 2, 3 and 4 and Table 3). All these
observations are in agreement with the model proposed by Kinesman, SmiTe
and Huranicra (1978), but the absence of a deletion in the cysALKptsHI
region of these strains is contrary to expectation. These authors showed clearly
that mutation to triazole resistance was essential for the suppression of Cym-.
This observation and those of Corparo and Roseman (1972) led to the proposal
that the suppressing element (CSP) originated in the cysALKptsHI region of
the S. typhimurium chromosome. This aspect of the model now needs to be
modified: there may be some unknown effect of isolation of Trz* derivatives
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Ficure 4.—Lineweaver-Burke plot of sulphite reductase activities with varying hydroxyla-
mine concentrations in extracts of wild type, CTS84 and CTS151. In each case the equation of
the straight lines was calculated by the method of least squares. This gave Km (NH,0H) values

for the three extracts as follows: wild type, A 1.197 mm; CTS84, [11.046 mm; CTS151,
O 1.157 mm. The extract from CTS151 was prepared from a culture with a segregation
frequency of 329%,.

that may account for the production of a DNA species able to integrate and cor-
rect the Cym- lesions. Alternatively, the phenomena we have observed in CTS
strains may be similar to the transposition of drug-resistance markers from some
R-factors to other replicons (Conen 1976) in which the donor replicon may not
lose the transposed element (Rricemonp 1976). The estimated size of CSP
of about 9 kb (Kingsman 1977) is about the same as the transposon Tn5 carry-
ing Kanamycin resistance (StaRLiNGER and Saepier 1976). Thus, the cys-
ALKptsHI region may donate a DNA fragment without a concommitant
deletion. If this is the case, then the system is different from transposition and
insertion-sequence-mediated recombination in E. coli, as these processes are
recA-independent (Conen 1976).

QuresHr, Smrta and Kinesman (1975) suggested that Cym~ mutants may be
altered in regulatory regions of the various cys genes. This means that the
integrative events involved in suppression of Cym~ occur in these regions. The
observation that restored enzyme activities in CTS strains differ from wild type
in quantity, but not quality, supports these suggestions. It seems unlikely that an
insertion into a structural gene could result in the production of wild-type
enzyme,

The restoration of enzyme activity in CT'S strains may be due to recombina-
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tion of the Cym-~ site with a wild-type site on CSP (KingsmaN, SmitH and
Huranicka 1978), or Cym™ may cause early termination of a ¢ysCDHIJ poly-
cistronic message (LoueHLIN 1975) and CSP, by insertion, would perhaps pro-
vide a new promoter (cf, IS2, SAEDLER ¢t al. 1974). These speculations await a
detailed analysis of the identity of the inserted DNA.

Genetic instability in bacteria has frequently been compared with genetic
instability in eukaryotes, in particular the unusual variations in Zea mays that
led McCrinTock (1956) to introduce the concept of controlling elements. Other
examples of genetic instability attributable to controlling elements have been
observed in Antirrhinum majus (Harrison and Fincaam 1968; HarrisoN and
CarpeENTER 1973), Glycine mar (PerErsoN and WeBer 1969), interspecific
hybrids of Nicotiana (Sanp 1971) and Nicotiana tobaccum (Desuaves 1973)
and in Drosophila (GrEen 1973; Rasmuson and Green 1974; Rasmuson,
GreeEnN and Karrson 1974). These systems involve either one or two elements.
In one-element systems, the element resides in or close to the affected gene. In
the two-element systems, a separate locus, the regulatory element, controls the
activity of the controlling element. Pererson (1970) and Greex (1973) have
suggested that the closest analogues of controlling elements in prokaryotes are
the IS-sequences (STARLINGER and SAEpLER 1976), while Fincram and SASTRY
(1974) suggest that the IS-sequences are too simple to explain the facts and favor
models based on the integrative properties of A or Mu (GorTEsman and YArmo-
LinskY 1968; Howe and Bape 1975). Whichever of the systems is most appro-
priate, it seems that the properties of either IS-sequences or temperate
bacteriophages are closest to the one-element systems, since in each case the
insertable element controls its own activities.

The instability in CTS strains is genetically complex and involves several
genetic entities. A mutation in cysK is required to generate the controlling ele-
ment CSP (Kinesman, Smite and Huranicka 1978), which then acts at the
Cym- site to restore activity. The stability of this event is then controlled by the
recA gene. While close analogies with other eukaryotic systems may be pre-
sumptuous, the phenomena observed in CTS strains may be useful in formulating
ideas about the more complex, multi-element systems in eukaryotes.

We thank Jovce Yeomans and J. Engerton for excellent technical assistance and M. D.
Huranicka (Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw),
M. C. Jones-Mortimer (Department of Biochemistry, University of Cambridge), S. M. Kings-
MaN (Department of Microbiology, University of Birmingham) and M. Yupkin (Department
of Biochemistry, University of Oxford) for useful discussion. The work was supported by funds

from the Science Research Council to D. A. Smirux and a Medical Research Council Award
for training in research methods to A. J. KincsMaN,

LITERATURE CITED

Crmerara, C. E. and P. Marconin, 1974 Effects of deletions on cotransduction linkage in
Salmonella typhimurium: evidence that bacterial chromosome deletions affect the forma-
tion of transducing DNA fragments. Molec. Gen, Genet. 131: 97-112.

Crarg, A. J, 1973 Recombination deficient mutants of Escherichia coli and other bacteria.
Ann. Rev. Genet. 7: 67-86.



450 A. J. KINGSMAN AND D. A, SMITH

ComeN, S. N., 1976 Transposable genetic elements and plasmid evolution. Nature. Lond. 263:
731-740.

Corparo, J. C. and S. Roseman, 1972 Deletion mapping of the genes coding for Hpr and
Enzyme I of the phosphoenclpyruvate: sugar phosphotransferase system in Salmonella
typhimurium. J. Bacteriol. 112: 17-29.

DEesaayes, A., 1973 Mise en évidence d'une corrélation entre la fréquence de variations
somatique sur feuilles et I'état physiologique d’'un mutant chlorophylien monogénique chez
Nicotiana tabacum. Mutat. Res. 17: 323-334.

Fincram, J. R. S. and G. R. K. Sastry, 1974 Controlling elements in maize. Ann. Rev. Genet.
8: 15-50.

Gorresman, M. E. and M. R. Yarmorinsky, 1968 The integration and excision of the A
genome. Cold Spring Harbor Symp. Quant. Biol. 33: 735-747.

GreeN, M. M., 1973 Some observations and comments on mutable and mutator genes in
Drosophila. Genetics Suppl. 73: 187-194.

Harrison, B. J. and R. CarpENTER, 1973 A comparison of the instabilities of the niveez and
fallida loci in Antirrhinum majus. Heredity 31: 309-323.

Harrison, B. I. and J. R. S. Fincuam, 1968 Instability at the pal locus in Antirrhinum majus.
A gene controlling mutation frequency. Heredity Lond. 23: 67-72.

Horrmay, R., 1971 Biochemical nature of the time and frequency of radiation induced allelic
recombination in Ustilago. Nature New. Biol. 232: 233-. . ..

Howe, M. M. and E. G. Babg, 1975 Molecular biology of bacteriophage Mu Science. 190:
624-632.

Huranicka, M. D. and T. Kroporowskr, 1972 Mutants of Salmonella typhimurium resistant
to triazole. Acta. Biochim. Polon. 19: 251-260.

Jacos, F. and E. L. WorLmAN, 1961  Sexuality and the genetics of bacteria. Academic Press,
New York and London.

Kinesman, A. T, 1976 Ph.D. thesis. University of Birmingham, England. ——, 1977 The
structure of the cysCDHIJ region in umstable auxotrophs of Salmonella typhimurium.

Molec. gen. Genet. 156: 327-332,

Kinesman, A. J, D. A. Smire and M, D. Huranicka, 1978  Genetic instability in auxotrophs
of Salmonella typhimurium requiring cysteine or methionine and resistant to inhibition by
1,2,4-triazole. Genetics 89: 419-437.

LovcaLIN, R. E., 1975 Polarity of the cysJIH operon of Salmonella typhimurium. J. Gen.
Microbiol. 86: 275-282.

McCuiNToCE, B., 1956 Controlling elements and the gene. Cold Spring Harbor Symp. Quant.
Biol. 21: 197-216.

PrrersonN, P. A, 1970 Controlling elements and mutable loci in maize: their relationship to
bacterial episomes. Genetics 41: 33-41.

Pererson, P. A, and C. R. WEBER, 1969 An unstable locus in soybeans. Theoret. Appl. Genet.
39: 156-162,

QuresHr, M. A., D. A. Smrra and A. J. Kinesman, 1975 Mutants of Salmonella typhimurium
responding to cysteine or methionine : their nature and possible role in the regulation of
cysteine biosynthesis. J. Gen. Microbiol. 89: 353-370.

Rasmuson, B. and M. M. Green, 1974 Genetic instability in Drosophila melanogaster. A
mutable tandem duplication. Molec. Gen. Genet. 133 : 249-260.

Rasmuson, B., M. M. Green and B. Karrssow, 1974 Genetic instability in Drosophila mel-
anogaster. Evidence for insertion mutations. Molec. Gen. Genet. 133: 237-247.



GENETIC INSTABILITY IN S. typhimurium 451

Bicamonp, M. H., 1976 Gene translocation between R-plasmids. Lunteren Lectures on
Molecular Genetics.

Roman, H. and F. Jacos, 1958 A comparison of spontaneous and ultraviolet induced allelic
recombination with reference to the recombination of outside markers. Cold Spring Harbor

Symp. Quant. Biol. 23: 155-160.

Rorrman, J. L., 1965 Transduction studies on the relation between prophage and host chromo-
some. J, Mol. Biol. 12: 892-912.

Saeprer, H., H. J. Rerr, S. Hu and N. Davinson, 1974 1S2, a genetic element for turn-off
and turn-on of gene activity in E. coli. Molec. Gen. Genet. 132: 265-289.

Sawp, S. A, 1971 A mutable allele at the E locus in Nicotiana. Genetics 67: 61-73.

Stecer, L. M. and R. Kamin, 1971 TPNH-sulphite reductase (Escherichia coli) In: Methods in
Enzymology. Vol. 17B. Edited by Tasor and Tagor, Academic Press, New York.
Soserr, H. M., 1973 Symmetry in protein-nucleic acid interaction and its genetic implica-
cations. Adv. Genet. 17: 411-490.
StARLINGER, P. and H. Saebrer, 1976 IS-elements in microorganisms. Curr. Topics Imm.
Microbiol. 75: 111-654.
Corresponding editor: I. P. CRaAwroRD



