The EMBO Journal Vol.16 No.11 pp.3303-3311, 1997

Genome-wide hypermutation in a subpopulation
of stationary-phase cells underlies
recombination-dependent adaptive

mutation

Joel Torkelson', Reuben S.Harris’,
Mary-Jane Lombardo’, Jayan Nagendran,
Carl Thulin and Susan M.Rosenberg'?

Department of Biochemistry, 4-74 Medical Sciences Building,
University of Alberta, Edmonton, Alberta T6G 2H7, Canada

IAddress after August 1997: Department of Molecular and Human
Genetics, Baylor College of Medicine, One Baylor Plaza, Houston,
TX 77030-3498, USA

2Corresponding author
e-mail: susan.rosenberg@ualberta.ca

Stationary-phase mutation in microbes can produce
selected (‘adaptive’) mutants preferentially. In one
system, this occurs via a distinct, recombination-
dependent mechanism. Two points of controversy have
surrounded these adaptive reversions of akscherichia
coli lac mutation. First, are the mutations directed
preferentially to the selected gene in a Lamarckian
manner? Second, is the adaptive mutation mechanism
specific to the F plasmid replicon carrying lac? We
report that lac adaptive mutations are associated with
hypermutation in unselected genes, in all replicons in
the cell. The associated mutations have a similar
sequence spectrum to the adaptive reversions. Thus,
the adaptive mutagenesis mechanism is not directed to
the lac genes, in a Lamarckian manner, nor to the F
replicon carrying lac. Hypermutation was not found
in non-revertants exposed to selection. Therefore, the
genome-wide hypermutation underlying adaptive
mutation occurs in a differentiated subpopulation. The
existence of mutable subpopulations in non-growing
cells is important in bacterial evolution and could be
relevant to the somatic mutations that give rise to
cancers in multicellular organisms.
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Introduction

Cairns et al, 1988; Charlesworttet al, 1988; Cairns,
1993; Lenski and Mittler, 1993a,b). The unorthodoxy of
this suggestion led many to argue that adaptive mutation
must not exist (reviewed by Foster, 1993; Culotta, 1994).
In one experimental system, adaptive mutation has been
demonstrated to exist as a process mechanistically distinct
from growth-dependent mutation by the following find-
ings. Adaptive reversion of dac frameshift mutation
carried on an Fsex plasmid irescherichia col{Cairns and
Foster, 1991) requires homologous genetic recombination
functions (Harriset al,, 1994, 1996; Fosteet al, 1996),

and produces a novel sequence spectrum (Foster and
Trimarchi, 1994; Rosenbewgt al, 1994). Neither of these

is seen in growth-dependent reversions of the same allele.
These findings demonstrate a novel mutagenic mechanism
for the adaptivelac reversions, which includes genetic
recombination and has other unique features (reviewed by
Rosenberg, 1994; Rosenbery al, 1995, 1996; and
discussed below). However, it has been suggested that
this mechanism may represent a peculiarity of sex plasmid
biology which would not pertain to mutagenesis in general,
and would not operate on replicons other than sex plasmids
(Foster and Trimarchi, 1995; Galitski and Roth, 1995;
Peters and Benson, 1995; Radiceda al, 1995; and
discussed below).

In this report, we address three questions. First, is the
mutagenic process that produces recombination-dependent
Lac™ adaptive mutations directed in a Lamarckian manner
preferentially to thelac gene? Second, is that mutation
mechanism specific to the Bex plasmid? Third, we test
the postulate of Hall (1990) that adaptive mutants arise
from a differentiated subpopulation of all the cells exposed
to selection which experiences a (random Darwinian)
genome-wide hypermutable state (also considered by
Ninio, 1991; Harriset al., 1994; Rosenberg, 1994). We
find first, that the mutational process that generates the
Lac adaptive reversions is not directed to the genes,
and second, that it is not specific to thé réplicon that
carrieslac. Unselected genes in all replicons in the cell
are mutated at a high level in association with Lac adaptive
reversion. Third, genome-wide hypermutation underlying

adaptive Lac reversion is found to occur in a subpopulation
of cells exposed to selection as suggested (Hall, 1990).
dThese findings bear on the molecular mechanism of
recombination-dependent adaptive mutation and on its
evolutionary significance.

‘Adaptive’ mutations are an unexpected kind of spon-
taneous mutation that are distinguished from normal
spontaneous growth-dependent mutations (e.g. Luria an
Delbrick, 1943; Lederberg and Lederberg, 1952) by the
criteria that adaptive mutations arise only in the presence
of selection for those mutations, and in non-dividing or
slowly growing stationary-phase cells (e.g. Ryan, 1955; Results

Cairnset al, 1988; Hall, 1990, 1992; Cairns and Foster,

1991; Jayaraman, 1992; Steele and Jinks-Robertson, 1992Assay for a hypermutable subpopulation

Foster, 1994; reviewed by Drake, 1991; Foster, 1993). To test the possibility that random, genome-wide mutation
Adaptive mutation provoked controversy about whether might occur in only a small subpopulation of the cells
mutagenesis mechanisms exist that direct mutation prefer-exposed to selection (Hall, 1990; Ninio, 1991; Harris
entially to a selected gene, in a Lamarckian manner (e.g.et al, 1994), a replica-plating screen was used to score
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Table I. Plasmid-borne T8tmutations are associated with Laadaptive reversion

Plasmid Tet mutation Te? mutation No. of T&f mutants  No. of Tét mutants  No. of Tét mutants  No. of Tét mutants
namé nucleotide among Lalc among Lac among Lac among Lac adaptive
positior? adaptive revertants stressed cells unstressed cells revertants re-grown
(Tef? colonies/ (TeR colonies/ (TeR colonies/ on lacto$gTetR
colonies scored) colonies scored) colonies scored) colonies/colonies
scored)

pW17 +1G 536 93/27 784 0/8894 3/26 097 0/14 513

pw1s -1G 536 0/2329 0/5687 0/8578 M.t.

pX2 +GC 435 0/3626 0/4407 0/12 554 f.t.

pRDK35 oligonucleotide 23 12/1684 0/4176 f.t. n.td

insertion

Mutation to tetracycline-resistance (Tgis dominant and the plasmids are multicopy, such that on2 fietation among the multiple Tet gene
targets will produce T& thus providing a sensitive assay.

@Derivatives of theac frameshift-bearing strain (Cairns and Foster, 1991) carry pWw17, pW18 (Koffel-Schetaaitz 1984), pX2 (Burnhouf and
Fuchs, 1985) or pRDK35 (Doherst al,, 1983), all of which are identical to pBR322 (Sutcliffe, 1979) except for frameshift mutations in the
tetracycline resistance (Tet) gene (see Figure 1).

bSee Figure 1 for sequence position and context information.

CThis control shows that growth of a Lacell into a colony on lactose medium is not sufficient to produce associatBarilgations, i.e. that
lactose medium is not mutagernper se

dn.t., not tested.

unselected mutations. Unselected mutations were scored into colonies and replica-plated to rich medium containing
amongst Lat adaptive revertant colonies and in two tetracycline. The data in Table | show that two of the
control populations (see Materials and methods): the Tet alleles tested revert frequently enough to score in this
Lac frameshift-bearing cells grown into colonies without assay, and their reversion is 10—-100 or more times higher
exposure to selection (Laanstressed colonies), and amongst Lacaptive revertants than in the two Eac
the Lac frameshift-bearing cells that were exposed to control populations. The hypermutation is seen amongst
selection, but which did not mutate to L'afac stressed adaptive Laaevertants but not amongst Lacells from
cell colonies). To obtain Lac adaptive revertants and the same starved cultures. This implies that a subpopulation
Lac stressed cells, thiac frameshift-bearing cells were of cells exposed to starvation on lactose experiences
plated on lactose minimal medium and incubated for 6—7 mutability that can affect a gene in another replicon.
days as described (Cairns and Foster, 1991; Hatrad., These data demonstrate a strong correlation between Lac
1994, 1996). Growth-dependent Laenutant colonies  adaptive reversion and reversion of an unselected gene.
appear after 2 days incubation and are followed by the A sample of adaptive mutation-associateditaet
appearance of RecBC-dependent adaptive revertants ortions was mapped to the pBR322-based plasmid, and
days 3-7 (Cairns and Foster, 1991; Foster and Trimarchi, shown not to be associated witth#tie&rries théac
1994; Harriset al, 1994, 1996; Rosenbewgt al, 1994; genes. Plasmid DNAs prepared from 10 independerit Tet
Fosteret al, 1996). The Lacstressed cells were rescued isolates from the strain carrying plasmid pW17 (Table I)
from the plates after 4-6 days of incubation by resus- were transformed into a plasmid-free female strain of
pending plugs of agar and plating to form colonies on E.coli, the parent of thelac frameshift-bearing strain
medium containing a utilizable carbon source. TheLac (Cairns and Foster, 1991), and tetracycline resistance
adaptive revertant colonies, and colonies of theLac was selected. In all cases, tetracycline resistance was
stressed cells, and of Laanstressed cells were replica- transferred to the new cells (as was ampicillin resistance
plated to assay mutations in several other genes in three which is also encoded by pBR322), and the female plasmid
replicons in the cells: a pBR322-derived plasmid, the F recipients did not, coincidentally, become male (assayed
and the bacterial chromosome. The tastressed and by resistance to male-specific phage R17). Thiis Tet
unstressed cell colonies were grown to be at least as largetransfers with the pBR322-derived plasmid, and the
as the largest Lacadaptive revertant colonies replicated, pBR322-derived plasmid has not somehow become associ-
so that any higher frequencies of unselected mutation ated with the F. These results indicate that a replicon
detected amongst Laadaptive revertants could not have other than thie futable during adaptive Lac reversion.
arisen trivially because of more cell generations during  The TeR mutations were presumed to occur coincident-
colony growth. This point is also demonstrated in experi- ally with Laeversion and not during growth of the
ments below. Lac’ colonies, because simple growth of a colony from

a single starved or unstarved cell (on non-lactose carbon
Unselected mutations in a plasmid sources, Table I) was shown to be insufficient to generate
Reversions of mutant tetracycline resistance genes (Tet high levels Bfmigation. However, if the Lat
genes) on pBR322-based plasmids were examined. Fourevertants were heritably mutator, or if lactose medium
different plasmids were used as mutation targets. Each is provoked mutations “inréxaertants, then the com-
identical with pBR322 except for a frameshift mutation parison with colonies grown on other carbon sources
that inactivates the Tet gene (Table 1). Caadaptive would be insufficient. We have shown that most*Lac
revertants, and Laanstressed and stressed cells derived adaptive revertants do not have a heritable mutator pheno-
from strains carrying each of the plasmids were grown type that could accelerate unselected mutation during
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332
GCCACTATCGACTACGCGATCATGGCGACCACACCCGTCCTGTGGATCCTCTACGCCG

435
GACGCATCGTGGCCGGCATCACCGGCGCCACAGGTGCGGTTGCTGGCGCCTATATC

GCCGACATCACCGATGGGGAAGATCGGGCTCGCCACTTCGGGCTCATGAGCGCTTGT

536
TTCGGCGTGGGTATGGTGGCAGGCCCCGTGGCCGGGGGGACTGTTGGGCGCCA

TCTCCTTGCATGCACCATTCCTTGCGGCGGCGGTGCTCAACGGCCTCAACCTACTACT

624
GGGCTGCTTC@TGCAGGAGTGGCATAAGGGAGAGCGTCGACCGATGCCCWGAG
+1 stop

690
AGCCTTCAACCCAGTCAGCTC
< Primer complement

Fig. 1. DNA sequence of a region of the tetracycline resistance (Tet)
gene of plasmid pW17. pW17 carriestdl G mutation at position 536
abolishing function of the Tet gene (Koffel-Schwaetzal,, 1984).

Tet" mutations could restore the reading frame by addition or deletion
between the two stop codons spanning the mutation. The downstream
+1 stop codon is shown (boxed). The upstream —1 stop codon occurs
in a region upstream of the sequenced region shown. Nucleotide
position numbers apply to the left-most base immediately below them,
and correspond to those used for pBR322 (Sutcliffe, 1979) with the
+1 G present in pW17 unnumbered.

colony growth (Longericlet al,, 1995; also shown below).
We can rule out the unlikely alternative possibility that

Genome-wide hypermutation in stationary phase

+1 G Tet mutation (Figure 1) was sequenced (see Materials
and methods) in 16 independent Negversions of ther1
frameshift Tet allele. All 16 reversions are —1 deletions
in the six G repeat at position 536, the site of the original
+1 frameshift mutation (Figure 1). These results indicate
a mutation hotspot for —1 deletions in a six G repeat,
consistent with the pattern seen in adaptive Lac reversion.

Mutations in the F' and the bacterial
chromosome
To test whether replicons other than pBR322 experience
elevated unselected mutation correlated with fLac
adaptive reversion, we screened for mutations in a non
lac gene in the F, codAB and for mutations in multiple
genes in the bacterial chromosoncedABencodes cyto-
sine deaminase and transport activities, loss of function
of either of which confers resistance to 5-fluorocytosine
(5-FC) (De Haaret al,, 1972; Lindet al,, 1973; Neuhard
and Kelln, 1996)Escherichia colican also become 5-FC-
resistant (5-F€) by loss of function of the chromosomally
locatedupp gene, which in addition confers resistance to
5-fluorouracil (5-FU) (Pierarctt al,, 1972; Neuhard and
Kelln, 1996). We obtained high frequencies of 58-hd
5-FUR mutants associated with Laadaptive reversion,
but not amongst Lacstressed and unstressed cells (Table
). The episomal and chromosomal location of the SRFC
and 5-F}® mutations respectively were confirmed by
transductional mapping (see Materials and methods).
These results demonstrate that unselected genes or the F
and in the bacterial chromosome are mutable in association
with Lac™ adaptive reversion. The approximate equality of
5-FUR (chromosomal) with 5-F& (F'-located) mutations
(Table II) indicates that theupp gene in the bacterial
chromosome anddbtéBlocus in the F are similarly

growth into a colony under lactose selection conditions mutable in association with adaptive Laceversion.

induces the T& mutations, by showing that Lac

revertants isolated, replated and grown into colonies on Mutations at multiple chromosomal locations

lactose display low Tet mutation frequencies (Table I).
This strengthens the correlation between adaptivetLac
reversion and unselected Fenutation.

Sequence similarity to Lac adaptive mutation
To begin to assess whether the Rlgtutations occur via
a mechanism similar to that by which thé-lporne lac

To generalize the finding that chromosomal loci mutate
in association with Lat adaptive reversion, two broad,
genome-wide screens were undertaken. First, the ability
to ferment the sugars xylose, maltose and fructose was
assayed by replica-plating to appropriate indicator media
(Table II). All three fermentation pathways are encoded
by multigenic regulons and so provide large mutation

gene reverts, we examined the sequence specificity Bf Tet targets (Berlynet al, 1996; Bak and Sawyers, 1996).
reversions (Figure 1). Unlike growth-dependent reversions The data in Table Il show elevated mutation to Xghd

which are heterogeneous, adaptive reversions oflabe
+1 frameshift allele are nearly all -1 deletions in small

mononucleotide repeats, with a strong hotspot in the 4 C

Mal-, but not Fruc phenotypes, amongst Laadaptive
revertants as compared with the two Laontrol popula-
tions. All 15 Xyt 14 Mat mutations tested were

repeat of the original frameshift mutation (Foster and verified as being located in the bacterial chromosome (see
Trimarchi, 1994; Rosenbergt al, 1994). This spectrum Materials and methods). Thus many, but apparently not
is characteristic of DNA polymerase errors that accumulate all, chromosomal loci hypermutate in association with

in the absence of post-synthesis mismatch
(Longerichet al., 1995). In support of a similar spectrum
in the TeR mutations, we note that the most active
mutagenic target is a1 frameshift allele in a run of six
Gs (pW17, Table I). Two other targets, a —=1 G in the
same G repeat, and-aGC in a GC dinucleotide repeat,

repair

*Ladaptive reversion. Second, mutants temperature-
sensitive (Ts) for growth on minimal medium were also
enhanced amongst bdaptive revertants compared
with Lac™ control populations (Table Il). These probably
carry auxotrophic Ts mutations.

are both less active (Table I, Figure 1), in agreement with Timing of unselected mutation
previous results regarding the sequence preference of theNVe wished to address directly whether the unselected

Lac reversion mechanism (Foster and Trimarchi, 1994;

Rosenberget al, 1994). (A fourth target of unknown

sequence is also active.) Second, a region spanning the

mutations associated withatlagtive reversion arose
coincidentally with Lac¢ reversion, and not during sub-
sequent growth of'tleeloay. Thus, we examined the
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Table Il. F' and chromosomal unselected mutations are associated with ddaptive reversion

Replicon carrying the
unselected mutation

Mutant phenotype

No. of mutants
among Laadaptive
revertants
(mutant colonies/
colonies scored)

No. of mutants
among Lac
stressed cells
(mutant colonies/
colonies scored)

No. of mutants
among Lat
unstressed cells
(mutant colonies/
colonies scored)

F 5-FCR 1 121/19 647 1/17 876 2/21 940
5-FCR 2 115/41 238 0/66 274 0/12 860

Chromosome 5-FB 1 n.tb n.tp n.t?
5-FUR 2 121/41 238 1/66 274 1/12 860
Xyl=¢ 22/42 617 3/69 795 0/26 025
Mal=¢ 31/42 617 0/69 795 0/23 471
Fruc® 2/42 617 1/69 795 1/37 961
Minimal Ts 10/44 984 1/71 709 1/27 265

A few of the mutants listed among Laare multiple: two 5-F& Mal~; one 5-FU} Mal~; one 5-FR Xyl~ Mal~; one Xyl Mal~; one Mat Minimal

Ts. Transductional analyses indicate that all of these are separately heritable and thus represent different mutations.

bn.t., not tested.

“The numbers of fermentation mutants amongst’Leevertants are underestimates because the liaxkground forms a film of fermentation-
positive (red) growth after replica plating. This is not the case for the taotrol populations. The underestimation may be most serious for Fruc
in which only pink (no white) mutants were found.

original (master) colonies from whicH Bnd chromosomal  Discussion
unselected mutants were identified in the replica-plating
screens. The data in Table Il show that most of the
original 5-FC} and 5-FUR Lac™ colonies are pure with
respect to 5-F€ and 5-FIR mutations, as assayed by
diluting the original colonies, replating on minimal lactose
medium and replica-plating to 5-FC medium (on which
both 5-F& and 5-FLR cells grow). Thirty-nine of 53
5-FCR and seven of nine 5-Ftimutant colonies were pure
and not mixed with sensitive cells, as would have been
expected if these clones became 5RRMd 5-FWR during
growth of the Lac colony. This implies that most of the
unselected mutations arose coincidentally with the*Lac
adaptive reversion event, and agrees with the previous
finding that most Lat adaptive revertants do not have a
heritable mutator phenotype (Longeriehal, 1995; and
below). Of the few mixed colonies obtained, most carried
a few per cent of 5-F€and 5-FU cells, and some carried
a small percentage of resistant cells. These probably
represent independent Lacevertants that overlapped with
the resistant colonies. Likewise, three of four fermentation-
defective colonies were shown to be pure and not mixed
with fermentation-positive cells. Therefore, the majority
of unselected mutations associated with Lac reversion
formed coincidentally with Lac reversion. The possibility
that unselected mutations formed before Lac reversion A hypermutable subpopulation
can be excluded by their scarcity in the cultures giving Hypermutation of unselected genes is seen amongst
rise to Lac revertants (Tables | and Il, Fastressed and adaptive Lacevertants but not amongst Lagells from
unstressed cells). the same starved cultures. This implies that a subpopulation

of cells exposed to starvation on lactose experiences
Mutants are not heritably mutator a genome-wide hypermutable state (Rosenberg, 1994,
As found previously for simple Lacadaptive revertants Rosenbertal, 1995, 1996). This state must be transient
(Longerichet al, 1995), most of the Lacrevertants with because most adaptive revertants are not heritably mutator
associated unselected mutations do not possess a heritable (Loregesichl995; Table IV). Such a hypermutable
mutator phenotype (Table IV). Ten each of the RJet subpopulation could be induced by selection, stationary
5-FCR, Xyl- and Mat mutants, nine 5-FB mutants, as phase or stress (Rosenberg, 1994; Rosemies,
well as all six multiple mutants isolated (Table 1) were 1995, 1996).
analyzed for mutator phenotype as described previously A similar conclusion, based on fewer data, was inferred
(Longerich et al, 1995). Only six of the 55 possess a for Trp™ adaptive reversion, which occurs via a different,
heritable mutator phenotype: two Fetone 5-FLF, two recombination gene-independent mechanism (Hall, 1990,
Mal~ and one 5-FB Xyl- Mal~. 1995). Hall suggested a selection-induced hypermutable

The results presented imply the existence of a mutagenic
process at work in the entire genome of a subpopulation
of the cells exposed to selection. The mutagenic process
that generates RecBC-dependent, adaptive reversions is
not directed preferentially to thiac genes (as had been
suggested by Cairret al, 1988; Hall, 1988; Davis, 1989;
Boe, 1990; Cairns and Foster, 1991; Foster, 1993, 1994),
to a region of DNA around thiac genes (as was implied

in the model of Rotret al, 1996), to the Freplicon on
which thelac genes reside (as was predicted by Foster
and Trimarchi, 1995; Galitski and Roth, 1995; Peters and
Benson, 1995; Radicellat al, 1995; Fosteet al., 1996)

or to episomes in general. Multiple loci in multiple
E.coli replicons, including the bacterial chromosome, are
hypermutated in association with Laadaptive reversion.

An alternative interpretation is that a second, correlated
but different mutagenic mechanism also operates in cells
that mutate adaptively. This is a more complicated hypo-
thesis and is argued against by the similarity of the
sequences of the Tetadaptive reversion-associated
mutations to Lat adaptive reversions (Foster and
Trimarchi, 1994; Rosenbergt al., 1994).
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Table Ill. Lac* revertant colonies carrying associated unselected in unselected genes occurred randomly’ then the numbers

mutations are mostly pure clorfes of (Lac") single, double, and triple mutants should fall
within a Poisson distribution. The data for single, double,
Unselected mutafit No. of Lac" master Phenotyfe and triple mutants from a single large experiment reported
colonies tested in Table Il conform to a Poisson distribution with a
5 QR 39 mutation rate of 0.5102 per day in ~16° of the whole
- pure . . . . -
14 mixed population. The implication of being able to fit these data
LR ; to a Poisson distribution is that the mutation rates for
) 5 N od unselected genes are similar to that ffaz.
Mal~ i pure | Additional evolutionary implications
mixe Subpopulations of mutant cells have been found to arise
Xyl~ 1 pure and then overtake stationary-phase bacterial cultures
Total 66 49 pure (Zambrano and Kolter, 1996). These so-called GASP
17 mixed mutants (growth advantage in stationary phase) appear to

provide variation that allows evolution during the harsh
af the original Lac” master colony is pure such that all cells in that condition of Stationary phase. A hypermutable sub-

colony carry the unselected mutation, then the unselected mutation . . _
could not have arisen subsequent to Laduring growth of the Lat pOPUIatlon of stationary phase cells such as that reported

cell into a colony. here could lead to the formation of GASP mutants. The
bF" and chromosomal unselected mutants were analyzed whereas hypermutation could be part of a developmental program
pBR322-borne T&tmutants were not because fés a dominant for generating subpopulations with GASP ability. This

mutation carried on a multicopy replicon. Therefore, all Lanaster idea. that the environment influences mutation rate. con-
colonies with Tek mutations should be mixed with respect to the ! !

number of cells per colony carrying the Fanutation, even if the trasts with the neo-Dar\Nlnlan ten_et of a uniform mUtat_lon
TeR mutation formed coincidentally with Lac rate. However, Darwin’s formulation of natural selection
%In order to avoid analyzing colonies contaminated by other nearby included this idea (Darwin, 1859).

colonies, only master colonies that were separated from other colonies
on the plate by at least 0.5 cm were examined. This necessitated

exclusion of all of the fermentation mutants other than the four Molecular mechanism of recombination-dependent

reported. stationary-phase mutation
dThe original Lac master colonies whose replica-plating led to A current list of aspects of the molecular mechanism of
identification of unselected mutants were picked, suspended and recombination-dependent mutation in this system follows.

replated to minimal lactose medium. The colonies that arose were then (; ; ; ;
replica-plated to 5-FC medium for both 5-R@nd 5-FI®, and to () The process of Lac adaptive reversion includes a

minimal maltose and minimal xylose media for Mahd Xy, requirement _fOI’ recombination genes of the RecBCD
respectively. Between 40 and 660 individual colonies were examined ~ System (Harriset al, 1994, 1996; Fosteet al, 1996).

per Lac” master colony for all except six of the 5-R@aster colonies (i) RecBCD involvement implicates double-strand DNA

in which the numbers tested were 5, 14, 20, 22, 36 and 36. ‘Pure’ breaks (DSBs) as a molecular intermediate, because
master colonies are those that showed zero derived colonies not .
carrying the unselected mutation. The percentage of non-mutants per RecBCD loads .Onto DNA only at DSBs (Taylor, 1988;
mixed master colony ranged from 1 to 100 (of the derived colonies Kowalczykowskiet al, 1994; Myers and Stahl, 1994).
examined per master colony) and was distributed such that 13 of the  (iii) The adaptive mutation sequences resemble DNA
17 mixed colonies contained mostly one phenotype with only a small  polymerase errors (Foster and Trimarchi, 1994; Rosenberg

percentage of the other, whereas four contained between 25 and 51% et al, 1994), probably made by DNA polymerase IlI
non-mutant. All of these may represent overlapping Lataster

colonies; however, the latter four might also be derived by segregation (Fosteret al, 1995; Harriset al, 1997). (iv) The p0|)_/-
of a heterozygous unselected mutation that arose close to the same ~ Mmerase errors resemble those that accumulate in the

time as Lac. absence of mismatch repair (Longeriegh al, 1995).
Mismatch repair appears to be diminished during adaptive
state in which a small subpopulation of the cells experi- mutation by a transient deficiency in functional MutL
ences genome-wide mutagenesis, but ultimately dies unless protein (R.S.Harris, G.Feng, K.J.Ross, R.Sidhu, C.Thulin,
a selected (adaptive) mutation is generated (Hall, 1990). S.K.Szigety, M.E.Winkler and S.M.Rosenberg, submitted).
This type of model (see also Ninio, 1991; Hards al,, (v) F-plasmid transfer (Tra) genes are required for Rec-
1994) is supported for RecBC-dependent Laeversion dependent adaptive reversion lat on the F, and two
by the data presented, and we have suggested previously 'neiteB tested do not produce Rec-dependent Lac
a molecular basis of such death (Hares al, 1994; reversions (Foster and Trimarchi, 1995; Galitski and Roth,
Rosenberg 1994; Rosenbexgal., 1995, 1996). However, 1995; Radice#a al, 1995; R.S.Harris and S.M.Rosen-
the data presented here do not require invoking death:berg, unpublished results). However, other loci in other
Lac’ revertants represent ~f0of the population (e.g. replicons are hypermutable during adaptive mutagenesis
see Harriget al, 1994, 1996; also true here). If unselected (this report).
mutations occurred in 1 Lac starved cells they would One way to assemble these pieces follows (see
not have been detected by our replica-plating screen.Rosenberg, 1994; Rosenbeet) al., 1995, 1996): DSBs
Previous failure to detect unselected mutations in the generated in a subpopulation of the stressed cells would
whole population might be because the only unselected promote high levels of RecABCD-mediated recombination
mutation target used could not detect frameshift mutations (Hatial, 1994). DNA synthesis associated with
(Foster, 1993). recombination could include polymerase errors (Harris
The size of the subpopulation that gives rise to adaptive et al, 1994) which persist as mutations due to down-
Lac revertants can be estimated as follows. If the mutations regulation of mismatch repair (Foster and Trimarchi, 1994;
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Table IV. Most unselected mutants associated with Lac reversion are not heritably mutator

Strairf No. of independent No. of independent No. of spots tested Mutant colonies pBidean (= SEY]

isolates tested cultures tested per  per culture

isolate Nalidixic aci® Streptomycift Phenotype

Lac™ parent 1 4 25 0.05% 0.006) 0.01 ¢ 0.002) non-mutator
Lac™ parent[pW17] 1 4 25 0.03% 0.004) <0.01 non-mutator
Lac” mutL 1 4 10 >25 (+ 1) 1.1 (x0.1) mutator
Lac dam 1 4 10 4.1 ¢ 0.2) 0.05 (= 0.02) mutator
Lact Tef? 8 4 1 <0.03 <0.03 8 non-mutator
Lac™ TefR 1 4 1 15 ¢ 7) <0.03 mutator
Lac™ Tef? 1 4 1 11 ¢ 3) <0.03 mutator
Lac™ 5-FCR 10 4 1 0.075 ¢ 0.02) 0.025 ¢ 0.01) 10 non-mutator
Lac" 5-FUR 8 4 1 <0.03 0.03 ¢= 0.02) 8 non-mutator
Lact 5-FUR 1 4 1 18 ¢ 2) 2(=x0.7) mutator
Lact Mal~ 8 4 1 <0.03 <0.03 8 non-mutator
Lact Mal~ 1 4 1 26 (- 5) 1.5 + 0.5) mutator
Lac™ Mal~ 1 4 1 6.3 ¢ 1) 0.75 = 0.3) mutator
Lact Xyl= 10 4 1 0.075 £ 0.08) 0.075 £ 0.04) 10 non-mutator
Lac™ 5-FCR Mal~ 2 4 1 0.12 ¢ 0.1) <0.1 2 non-mutator
Lac™ 5-FUR Mal~ 1 4 1 <0.3 <0.3 non-mutator
Lact Mal~-Xyl~ 1 4 1 <0.3 <0.3 non-mutator
Lac™ Mal-Ts 1 4 1 <0.3 <0.3 non-mutator
Lact 5-FURMalXyl- 1 4 1 7.0 ¢ 2) 0.6 (+0.3) mutator
Totals 55 49 non-mutator

6 mutator

3All are isogenic derivatives of thiac frameshift-bearing strain (Cairns and Foster, 1991) designateddaaent here. ThenutL and dam
derivatives (Longericlet al, 1995) are positive controls for strong and weak mutator phenotypes respectively. Isolation of thevertants with

associated unselected mutations is described in Tables | and II.

bSpots of 10ul of culture grown to saturation were made onto solid media containingutd®l streptomycin or 4Qug/ml nalidixic acid, the plates

incubated and the number of mutant colonies per spot counted.
°SE, one standard error of the mean.

dGreater than 50 colonies per spot causes confluent growth and is uncountable. The number of colonies recorded for such uncountable spots was
>50. The calculations were made based on 50 and the final values marked

Rosenbergt al, 1994; Longerictet al,, 1995; R.S.Harris, single-strand opposite (but with neither caused by Tra;
G.Feng, K.J.Ross, R.Sidhu, C.Thulin, S.K.Szigety, Rosenbergt al, 1995), or by other mechanisms (Harris
M.E.Winkler and S.M.Rosenberg, submitted). et al, 1994; Rosenbergt al, 1996). There is evidence

that different chromosomal regions are differently suscept-
Which DNA recombines? ible to DSBs (reviewed by Rosenbeggal., 1995, 1996).
The finding of unselected mutation in replicons other than This could account for the existence of two sites in the
the F bears on the question: ‘With which DNA does bacterial chromosome that are inactive for recombination-
the double-strand-broken DNA recombine?’ The DNA dependent Lac reversion (Foster and Trimarchi, 1995;
homology used for recombination in recombination- Galitski and Roth, 1995; Radiceli al,, 1995; R.S.Harris
dependent mutation could have been either a whole or and S.M.Rosenberg, unpublished results), and does not
partial sister replicon (Harrist al,, 1994), a gene duplic-  exclude the possibility that other chromosomal sites will
ation (amplification) (Harriset al, 1994) or exogenous be active.
DNA taken up into the starving cells. However, if duplic- Models invoking transfer, transfer synthesis or sex as a
ations were the homology source, then unselected precondition to the mutagenesis in this system predict that
mutations associated with adaptive reversions might haveunselected mutation in association with Lac adaptive
been confined to sites in the duplicated DNA segment, i.e. reversion would be confined to’ tfieodter and
next to the adaptive reversion. Thus this gene duplication Trimarchi, 1995; Galitski and Roth, 1995; Peters and
hypothesis and others (Foster, 1993; Rethal, 1996) Benson, 1995; Radicelkt al, 1995; Rosenbergt al,
appear less tenable in light of finding genome-wide hyper- 1995). This prediction appears to be inconsistent with the
mutation. results reported here.

Role of F transfer proteins Generality of the mechanism

The role of F transfer proteins may be single-strand The discovery of genome-wide hypermutability underlying
nicking of the F transfer origin by the Tra proteins. This this novel recombination-dependent mutagenic mechanism
nick could be converted to a DSB by, for example, in stressed, non-growing cells re-opens the possibility that
endonuclease activity (Rosenbeagal., 1995), by replic- this mechanism may apply more broadly. Associations
ation (Harriset al, 1994; Kuzminov, 1995; Fostast al, between recombination and either mutations or DNA
1996; Rosenberget al, 1996) or by DNA repair-like synthesis have been inferred in other systems. These
single-strand excision and/or synthesis up to the nick on include mutations associated with double-strand break
the nicked strand. Chromosomal and pBR322-located repair in yeast (Strathemt al,, 1995), mutagenesis correl-
mutable sites could experience DSBs similarly, by two ated with recombination, sex or both in bacteria (Demerec,
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1962, 1963), yeast (Magni and von Borstel, 1962; Esposito
and Bruschi, 1993), and filamentous fungi (Paszewski and
Surzycki, 1964), and the association of hyper-recombin-
ation or chromosome instability with elevated mutation in
the Bloom’s and Werner’s syndromes in humans (reviewed
by German, 1993; Yuet al, 1996). DNA synthesis
promoted by recombination is thought to be the source
of replication origin-independent ‘inducible stable DNA
replication’ (iISDR) inE.coli which has similar, but not
identical, genetic requirements to Rec-dependent Lac
reversion (Asai and Kogoma, 1994a,b; Fosteal., 1996;
Harris et al,, 1996).

Thus, the mutagenic mechanism being elucidated in the
lac system could be relevant in microbial evolution and
in other organisms, during normal development and, for
example, in the origin of cancer. The abundanc& @bli
recombination and mutator protein homologs already
implicated in such processes (Modrich, 1994; Edisal,,
1995; Yuet al, 1996) underscores the need to understand
all of the ways that these proteins promote genetic change
in E.coli and in more complicated organisms whose
proteins are structurally and functionally similar.

Materials and methods

Obtaining adaptive mutants, Lac™ stressed and unstressed

cell colonies

Lac™ adaptive revertants of thiacl-Z fusion lacl frameshift-bearing
strain were obtained after 3—7 days incubation on M9 thiamine 0.1%
lactose medium (Cairns and Foster, 1991; Haetisal, 1994, 1996)
(+100 pg/ml ampicillin for experiments in Table I). Day 3—7 colonies
were marked on the backs of the plates and replica-plated.dtezssed
colonies were obtained by resuspending agar taken from between visible
Lac™ adaptive mutant colonies on days 4-6, in M9 salts, and plating on
LBH rifampicin plates or on M9 thiamine 0.2% glucose rifampicin
plates (LBH, 1% tryptone, 0.5% NaCl, 0.5% yeast extractigZml
thymine, pH 7, plate media solidified with 1.5% agar, rifampicin,
100 pg/ml + 100 pg/ml ampicillin for experiments in Table 1) on which

the lac™ frameshift-bearing cells form colonies, but thac-deleted
scavenger cells plated with them do not. Scavenger cells consume any
non-lactose carbon sources (Cairns and Foster, 1991}. restressed
colonies were grown on M9 thiamine 0.1% glycerol plates100 ug/

ml ampicillin for experiments in Table 1).

Sequencing

Tef® plasmids were isolated, transformed into plasmid-free cells and
TeR selected to purify the dominant mutant plasmid fromSTesrental
plasmids prior to sequencing. Template DNA prepared by alkaline lysis
was purified in QlAprep spin columns (Qiagen). An oligonucleotide
primer complementary to the sequence ‘Primer complement’ in Figure 1
(synthesized on an ABI Model 392 Synthesizer, Applied Biosystems,
Foster City, CA) was used for double-stranded sequencing of DNA from
the region shown (see Rosenbeitgal., 1994).

Identification of unselected mutations

Tef? mutants were identified on LBH 20 ug/ml tetracycline plates.
5-FCR mutants were identified on M9 thiamine glycerol or lactose with
20 pg/ml 5-FC. Those also 5-Ftowvere identified by spotting saturated
cultures derived from isolated 5-F@olonies onto M9 thiamine glycerol

or lactose plates with 10g/ml 5-FU. Mutants defective in fermentation
of xylose (XyIn), maltose (Maf), and fructose (Frug were identified

as white or pink colonies on MacConkey indicator solid medium (Difco)
containing 1% of these sugars and rifampicin. The>ahd Maf were
then confirmed on minimal xylose and maltose media. Mutants Ts for
growth on minimal glycerol medium but not on rich medium, were
identified by replica-plating the two Lacontrol colony populations to
M9 thiamine 0.1% glycerol plates, and to rich LBH plates. Both were
incubated at 37 and 43°C. Those that grow at 37 but not 43°C only on
minimal medium are designated Minimal Ts, and are probably aux-
otrophic Ts mutants. (General Ts mutants were too few to quantify in

Genome-wide hypermutation in stationary phase

this assay.) None is Ts for proline biosynthesis (all are ts on minimal
glycerol proline plates), the only amino acid biosynthetic locus on the
F'. For the Lac revertants, phenotypic Lac-ts colonies (presuriaed

ts frameshift mutants), which represent a few percent of the total, were
screened for other Ts by replica-plating to minimal lactose medium at
37 and 43°C. Those that failed to grow at 43°C were diluted serially by
consecutive toothpicking in minimal lactose rifampicin agar (to purify
Lac’ revertants away from non-revertant and rifampicin-sensitive scav-
enger cells; Cairns and Foster, 1991), incubated at 37°C then replica-
plated to minimal glycerol plates at 37 and 43°C. All Minimal Ts
mutants isolated were confirmed by picking the original Laolony,
diluting and plating for single colonies on minimal lactose rifampicin at
37°C then replica-plating to minimal glycerol at 37 and 43°C.

Mapping unselected mutations

5-FCR and 5-FUR mutations were mapped to thé &nd the chromosome

by P1 transductional mapping. TkedABlocus, whose loss of function
confers 5-F®&, is located next tdac on the F and is deleted from the
bacterial chromosome in this strain (Cairns and Foster, 1991). Phage P1
transductional mapping demonstrated linkage of all 49 independent
5-FCR mutations tested to tHac gene. Thdac™ codA" strain BW7620
(E.coli Genetic Stock Center number CGSC6813) was transduced with
P1 grown on each 5-FTisolate, Lac colonies were selected and co-
transduction of 5-F& mutant phenotype was observed. Tigp gene,
whose loss of function confers both 5-8@nd 5-F, is located next

to guaBAin the bacterial chromosome and is not present on théE
transductional mapping showed linkage of all 35 independent B-FU
mutations tested to the deletiofi(gua-xseA (Vales et al, 1979).
Guanosine-proficient transductants oA@ua-xseA strain were 5-F8

at the expected frequency. Fifteen Xgnd 14 Mat mutations tested
were confirmed as chromosomal by the ability of the mutants to be
transduced to Xyl and Mal" phenotypes with phage P1 grown on strain
P90C (Cairns and Foster, 1991), the female parent ofgih&ameshift-
bearing strain. P90C carries né &d has a chromosomklc deletion
identical to that in the frameshift-bearing strain.

Acknowledgements

We thank S.Moore, K.Ross, F.Salinas, R.Sidhu and J.Yang for experi-
mental help, R.Fuchs, R.Kelln, R.Kolodner and J.Neuhard for plasmids
and strains, P.J.Hastings, F.Hutchinson, R.Kelln, K.B.Low, R.Milkman,
J.Neuhard, P.Radicella and D.Sherratt for helpful discussions, and
B.Bridges, J.Cairns, R.Devoret, J.Drake, B.Hall, P.J.Hastings, R.Lenski,
Peg Riley, M.Winkler and E.Witkin for comments on the manuscript.
Supported by the National Cancer Institute of Canada, funded by the
Canadian Cancer Society, and the National Institutes of Health (USA),
two Alberta Heritage Foundation for Medical Research (AHFMR)
graduate studentships (J.T. and R.S.H.), a Natural Sciences and Engineer-
ing Research Council (Canada) graduate studentship, and University of
Alberta Ph.D. Scholarship (J.T.), an Honorary Izaak Walton Killam
Memorial Scholarship (R.S.H.) and an AHFMR postdoctoral fellowship
(M.-J.L.). S.M.R. is an Alberta Heritage Senior Medical Scholar and a
Medical Research Council Scientist.

References

Asai,T. and Kogoma,T. (1994a) D-loops and R-loops: alternative
mechanisms for the initiation of chromosome replicatioBseherichia
coli. J. Bacteriol, 176, 1807-1812.
Asai,T. and Kogoma,T. (1994b) Roles aivA, ruvC and recG gene
functions in normal and DNA damage-inducible replication of the
Escherichia colichromosomeGenetics 137, 895-902.
Berlyn,M.K.B., Low,K.B. and Rudd,K.E. (1996) Linkage map of
Escherichia coliK-12, Edition 9. In Neidhardt,F.C. (ed Escherichia
coli and Salmonella: Cellular and Molecular BiologASM Press,
Washington, DC, pp. 1715-1902.
“clga. and Sawyers,G. (1996) Fermentation. In Neidhardt,F.C. (ed.),
Escherichia coli and Salmonella: Cellular and Molecular Biology
ASM Press, Washington, DC, pp. 262—-282.
Boe,L. (1990) Mechanism for induction of adaptive mutations in
Escherichia coli Mol. Microbiol., 4, 597—601.
Burnouf,D. and Fuchs,R.P.P. (1985) Construction of frameshift mutation
hotspots within the tetracycline resistance gene oBigRB2i2.
67, 385-389.
Cairns,J. (1993) Directed m&eitoee 260, 1221-1222.

3309



J.Torkelson et al.

Cairns,J. and Foster,P.L. (1991) Adaptive reversion of a frameshift strain specificity and mutation-prone sedquévickesBiol, 177,
mutation in Escherichia coli Genetics 128 695-701. 33-51.
Cairns,J., Overbaugh,J. and Miller,S. (1988) The origin of mutants. Kowalczykowski,S.C., Dixon,D.A., Egleston,AK., Lauder,S.D. and
Nature 335 142-145. Rehrauer,W.M. (1994). Biochemistry of homologous recombination
Charlesworth,D., Charlesworth,B., Bull,J.J., Holliday,R., Rosenberger, Estherichia coli Microbiol. Rev, 58, 401-465.
R.F., Van Valen,L.M., Danchin,A., Tessman,l. and Cairns,J. (1988) Kuzminov,A. (1995) Collapse and repair of replication forks in
Origin of mutants disputedNature 336, 525-528. Escherichia coli Mol. Microbiol., 16, 373-384.
Culotta,E. (1994) Evolutionary biology: a boost for ‘adaptive’ mutation. Lederberg,J. and Lederberg,E.M. (1952) Replica plating and indirect
Science 265 318-319. selection of bacterial mutands. Bacteriol, 63, 399-406.
Darwin,C. (1859)The Origin of SpeciesSixth Edn. Penguin Books, Lenski,R.E. and Mittler,J.E. (1993a) Directed mutati@cience 260,
New York, reprinted 1958. 1222-1224.
Davis,B.D. (1989) Transcriptional bias: a non-Lamarckian mechanism Lenski,R.E. and Mittler,J.E. (1993b) The directed mutation controversy
for substrate-induced mutation®roc. Natl Acad. Sci. USA86, and neo-DarwinismScience 259, 188-194.
5005-5009. Lind,R.M., Sukhodolets,V.V. and Smirnov,Y.U. (1973) Mutations
De Haan,P.G., Felix,H.S. and Peters,R.C. (1972) Mapping of the gene affecting deamination and transport of cyssiherichia coli
for cytosine deaminase on tischerichia colichromosomeAntonie Genetika 9, 116-121.
van Leeuwenhoel38, 257-263. Longerich,S., Galloway,A.M., Harris,R.S., Wong,C. and Rosenberg,S.M.
Demerec,M. (1962) ‘Selfers’-attributed to unequal crossovers in (1995) Adaptive mutation sequences reproduced by mismatch repair-
Salmonella Proc Natl Acad. Sci. USA48, 1696-1704. deficiencyProc. Natl Acad. Sci. USA92, 12017-12020.
Demerec,M. (1963) Selfer mutants o$almonella typhimurium. Luria,S.E. and Delbrek,M. (1943) Mutations of bacteria from virus
Genetics 48, 1519-1531. sensitivity to virus resistandgenetics 28, 491-511.
Doherty,M.J., Morrison,P.T. and Kolodner,R. (1983) Genetic Magni,G.E. and von Borstel,R.C. (1962) Different rates of spontaneous
recombination of bacterial plasmid DNA. Mol. Biol., 167, 539-560. mutation during mitosis and meiosis in yeaSenetics 47,
Drake,J.W. (1991) Spontaneous mutatioAnnu. Rev. Genst 25, 1097-1108.
125-146. Modrich,P. (1994) Mismatch repair, genetic stability and cancer.
Ellis,N.A., Groden,J., Ye,T.-Z., Straughen,J., Lennon,D.L., Ciocci,S., Science 266, 1959-1960.
Proytcheva,M. and German,J. (1995) The Bloom’s syndrome gene Myers,R.S. and Stahl,F.W. §1984) RecBCD enzyme of
product is homologous to RecQ helicas€zll, 83, 655-666. Escherichia coli. Annu. Rev. Gene8, 49-70.
Esposito,M.S. and Bruschi,C.V. (1993) Diploid yeast cells yield Neuhard,J. and Kelln,R.A. (1996) Biosynthesis and conversions of
homozygous spontaneous mutatio@urr. Genet, 23, 430-434. pyrimidines. In Neidhardt,F.C. (edEscherichia coli and Salmonella:
Foster,P.L. (1993) Adaptive mutation: the uses of adversiynu. Cellular and Molecular BiologyASM Press, Washington, DC, pp.
Rev. Microbiol, 47, 467-504. 580-599.
Foster,P.L. (1994) Population dynamics of a Latrain of Escherichia Ninio,J. (1991) Transient mutators: a semiquantitative analysis of the
coli during selection for lactose utilizatiosenetics 138 253-261. influence of translation and transcription errors on mutation rates.

Foster,P.L. and Trimarchi,J.M. (1994) Adaptive reversion of a Genetics 129 957-962.
frameshift mutation inEscherichia coliby simple base deletions Paszewski,A. and Surzycki,S. (1964) ‘Selfers’ and high mutation rate

in homopolymeric runsScience 265 407-409. during meiosis iAscobolus immersudNature 204, 809.

Foster,P.L. and Trimarchi,J.M. (1995) Adaptive reversion of an Peters,J.E. and Benson,S.A. (1995) Redundant transfet pfaBmids
episomal frameshift mutation iEscherichia colirequires conjugal occurs betwedtscherichia colicells during nonlethal selection.
functions but not actual conjugatioffroc. Natl Acad. Sci. USA J. Bacteriol, 177, 847-850.

92, 5487-5490. Pierard,A., Glansdorff,N. and Yashphe,J. (1972) Mutations affecting

Foster,P.L., Gudmundsson,G., Trimarchi,J.M., Cai,H. and uridine monophosphate pyrophosphorylase or #rgR gene in
Goodman,M.F. (1995) Proofreading-defective DNA polymerase Il Escherichia coli Effects on carbamoyl phosphate and pyrimidine
increases adaptive mutation Escherichia coli Proc. Natl Acad. biosynthesis and on uracil uptakiglol. Gen. Genet.118 235-245.

Sci. USA 92, 7951-7955. Radicella,J.P., Park,P.U. and Fox,M.S. (1995) Adaptive mutation in

Foster,P.L., Trimarchi,J.M. and Maurer,R.A. (1996) Two enzymes, Escherichia coli a role for conjugationScience 268 418-420.
both of which process recombination intermediates, have opposite Rosenberg,S.M. (1994) In pursuit of a molecular mechanism for
effects on adaptive mutation ifEscherichia coli Genetics 142, adaptive mutationGenome 37, 893-899.

25-37. Rosenberg,S.M., Longerich,S., Gee,P. and Harris,R.S. (1994) Adaptive

Galitski,T. and Roth,J.R. (1995) Evidence thdt tFansfer replication mutation by deletions in small mononucleotide repe&@sience
underlies apparent adaptive mutati®cience 268 421-423. 265 405-407.

German,J. (1993) Bloom syndrome: a Mendelian prototype of somatic Rosenberg,S.M., Harris,R.S. and Torkelson,J. (1995) Molecular handles
mutational diseaseMedicine 72, 393-406. on adaptive mutatioMol. Microbiol., 18, 185-189.

Hall,B.G. (1988) Adaptive evolution that requires multiple spontaneous Rosenberg,S.M., Harris,R.S., Longerich,S. and Galloway,A.M. (1996)
mutations. |. Mutations involving an insertion sequenGnetics Recombination-dependent mutation in non-dividing celdutat.

120, 887-897. Res, 350, 69-76.

Hall,B.G. (1990) Spontaneous point mutations that occur more often Roth,J.R., Benson,N., Galitski,T., Haack,K., Lawrence,J.G. and
when advantageous than when neutfaénetics 126, 5-16. Meisel,L. (1996) Rearrangements of the bacterial chromosome:

Hall,B.G. (1992) Selection-induced mutations occur in ye&sbc. formation and applications. In Neidhardt,F.C. (edEgcherichia coli
Natl Acad. Sci. USA89, 4300-4303. and Salmonella: Cellular and Molecular BiologyASM Press,

Hall,B.G. (1995) Genetics of selection-induced mutations:uvrA, Washington, DC, pp. 2256-2276.
uvrB, uvrC and uvrD are selection-induced specific mutator loci. Ryan,F. (1955) Spontaneous mutation in non-dividing bacteria.
J. Mol. Evol, 40, 86-93. Genetics 40, 726-738.

Harris,R.S., Longerich,S. and Rosenberg,S.M. (1994) Recombination Steele,D.F. and Jinks-Robertson,S. (1992) An examination of adaptive
in adaptive mutationScience 264, 258-260. reversion irsaccharomyces cerevisia€enetics 132, 9-21.

Harris,R.S., Ross,K.J. and Rosenberg,S.M. (1996) Opposing roles of Strathern,J.N., Shafer,B.K. and McGill,C.B. (1995) DNA synthesis
the Holliday junction processing systems &S&cherichia coliin errors associated with double-strand-break rep@ienetics 140,
recombination-dependent adaptive mutati@enetics 142, 681-691. 965-972.

Harris,R.S., Bull,H.J. and Rosenberg,S.M. (1997) A direct role for Sutcliffe,J.G. (1979) Complete nucleotide sequendesciighiehia
DNA polymerase Il in adaptive reversion of a frameshift mutation coli plasmid pBR322Cold Spring Harbor Symp. Quant. Bipk3,
in Escherichia coli Mutat. Res 375, in press. 77-90.

Jayaraman,R. (1992) Cairnsian mutageneskssicherichia coli genetic Taylor,A.F. (1988) RecBCD enzyme ofEscherichia coli In
evidence for two pathways regulated bgutS and mutL genes. Kucherlapati,R. and Smith,G.R. (e@netic Recombinatio”ASM
J. Genet. 71, 23-41. Press, Washington, DC, pp. 231-263.

Koffel-Schwartz,N.,  Verdier,J.-M.,  Bichara,M.,  Freund,A.-M., Vales,L.D., Chase,J.W. and Murphy,J.B. (1979) Orientation of the
Daune,M.P. and Fuchs,R.P.P. (1984) Carcinogen-induced mutation guanine operon ofEscherichia coli K-12 by utilizing strains
spectrum in wild-typeuvrA and umuC strains of Escherichia coli containing guaBupp deletions.J. Bacteriol, 139 320-322.

3310



Yu,C.-E. et al. (1996) Positional cloning of the Werner's syndrome
gene.Science 272, 258-262.

Zambrano,M.M. and Kolter,R. (1996) GASPing for life in stationary
phase.Cell, 86, 181-184.

Received on December 16, 1996; revised on February 12, 1997

Note added in proof

A paper published after this manuscript's acceptance could seem to
suggest that unselected mutation during Lac adaptive mutation is
confined to the F [Foster,P.L. (1997) Nonadaptive mutations occur
on the F episome during adaptive mutation conditionsEacherichia

coli. J. Bacteriol, 179 1550-1554]. However, as no non-Bites
were examined, the data are compatible with those reported here.
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