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From the time of Darwin until about 1950, a controversy
continued over whether selective stress induces mutations or
only affects the relative reproductive success of organisms with
different genotypes (30). The controversy was resolved by the
classic experiments of Luria and Delbriick (27) and of Leder-
berg and Lederberg (25), who showed that some bacterial
mutants arise prior to application of the selection that allows
their detection and thus could not have been caused by selec-
tive conditions. However, these experiments used lethal selec-
tions and therefore did not eliminate the possibility that an-
other fraction of total mutations might be formed in response
to stress and be detected only by nonlethal selection. Shapiro
and Cairns et al. reopened the controversy by pointing out this
caveat and presenting data that seemed to support stress-in-
duced mutation (7, 45).

Because very few genetic systems behave in ways that sug-
gest stress-induced mutation, the rare cases that seem to ex-
hibit such behavior have attracted close attention. In one case,
mutants were later shown to preexist selection (14, 28, 29, 44).
For the system devised by Cairns and Foster (5), we suggest
that reversion occurs by a multistep process initiated prior to
selection and the appearance of stress-induced mutagenesis
results from growth under strong selection.

THE CAIRNS-FOSTER EXPERIMENT AND WHAT IT
SEEMS TO SAY

The Cairns-Foster system employs a leaky lac (+1) frame-
shift mutation carried on an F’ plasmid in Escherichia coli (5).
During nonselective growth, this mutation reverts at a rate of
about 10~ %/cell/generation. However, when 10% mutant cells
are plated on minimal lactose medium, about 100 Lac™ rever-
tant colonies accumulate over 6 days (12, 13). The initial mod-
els (directed mutation [DM] and hypermutation [HM]; see
below) assumed that selection induces Lac™ revertants in the
nongrowing parent population. This population showed little
or no increase in associated mutations compared to the 100-
fold increase in lac revertant number (12, 55), suggesting that
mutation is directed preferentially to sites that improve
growth. In later experiments, a fourfold increase in unselected
mutations was seen in the parental Lac™ population and in-
terpreted as evidence for general hypermutability (3). How-
ever the effect on the parent population is small compared to
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the 100-fold stimulation of reversion and therefore supports
the idea of directed mutation.

REGULATED MUTABILITY—DM OR HM?

The DM model suggested that cells sense the nature of the
stress and direct mutation to targets that relieve it (7, 13). Two
possible mechanisms for DM (9, 50, 51) were ultimately re-
jected for this system (13). The DM model fell from favor, but
was not eliminated (in our opinion), when it was discovered
that Lac™ revertants (but not the stressed population as a
whole) pass through a temporary generally hypermutable state
(55). Hall suggested the HM model, by which general mu-
tagenesis might appear to be directed (18). He proposed a
control mechanism that senses stress and responds by placing
a small subset of the population in a general hypermutable
state. Intense genome-wide mutagenesis continues until cells
either acquire a lac™* reversion (and leave the hypermutable
state) or die from lethal mutations. The HM model explained
the apparent direction of mutation to beneficial targets—only
Lac™ revertants survive mutagenesis. The model predicted that
Lac™ revertants (but not the parent population) would show an
increased frequency of associated unselected mutations, and
that prediction was verified (55). According to HM, associated
unselected mutations arise in the generally mutagenized sub-
population before the lac reversion occurs. Based on the mu-
tagenesis associated with reversion, stress-induced general mu-
tagenesis was extrapolated as a general feature of life (33, 39,
40). The proposed mechanism for regulating the mutation rate
was said to be valuable because it produces mutations that
relieve the inducing stress and thereby speed genetic adapta-
tion.

THE HM MODEL IS QUANTITATIVELY IMPLAUSIBLE

Because the HM model requires Lac™ revertants to be gen-
erated from a small subpopulation (estimated at 10°), it re-
quires unrealistically intense mutagenesis (42). If selection is to
produce 100 revertants from 10° nongrowing cells (10~7), then
the mutation rate must increase 10°-fold over that seen during
unselected growth (10~ %/cell/division). To our knowledge, such
intense mutagenesis has never been demonstrated in resting
cells.

Direct estimates suggest that the average mutation rate ex-
perienced by Lac™ revertants during selection actually in-
creases 20- to 50-fold rather than 10° fold as required by HM
(38, 49, 55). Application of the observed rate to 10° cells
cannot explain even one lac revertant. The rate required to
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explain Lac reversion, if it could be achieved, would produce
too many lethal mutations to generate the observed number of
viable lac revertants (42). If more cells enter a hypermutable
state, the model can explain more revertants but then fails to
explain the apparent directedness of mutation. The HM model
becomes even less attractive when one considers the evidence
of Rosche and Foster (38) that 90% of Lac™ revertants arise
with little or no general mutagenesis while 10% experience a
200-fold increase (average of 20-fold). Also contrary to HM,
selection increases the yield of lac revertants even when gen-
eral mutagenesis is prevented by a lex4(Ind ™ [unable to induce
SOS]) or dinB mutation (see below). In strains with no general
mutagenesis, the lac revertant yield is reduced only about four-
fold (32, 47, 49). This is a very small effect when considered in
the light of the amplification mutagenesis (AM) model (see
below), which suggests that growth under selection increases
the revertant yield about 10*-fold (100 revertant colonies arise
from a plated subpopulation of 10° duplication-bearing cells).
We conclude that general mutagenesis is neither sufficient nor
necessary to explain reversion under selection.

COMBINING THE DM AND HM MODELS

The strain used in the Cairns-Foster system carries the mu-
tant lac allele on plasmid F’,,4, and this location is required for
the effect of selection on lac reversion (15, 16, 48). A combi-
nation of the DM and HM models appears to underlie one
explanation of why lac must be located on the F’ plasmid (4, 6).
This model asserts that the reversion rate of a chromosomal lac
allele is about 100-fold lower than that of the same lac allele on
the F',,¢ plasmid (i.e., mutation is directed to the F'lac plas-
mid rather than to lac itself). The model further asserts that
stress induces general mutagenesis regardless of lac position.
Given these assertions, a stress-induced 100-fold increase in
the general mutation rate would give a detectable number of
revertants when lac is on F',,g, where the basal rate is already
high, but would cause very few revertants of a chromosomal
mutant allele. Evidence supporting these two assertions was
obtained using a particular mutant /ac strain (38) but contra-
dicts our results (41). A resolution of this conflict is suggested
later. This combined model would seem to require an addi-
tional sort of directed mutation to explain the 90% of rever-
tants that arise without general mutagenesis. Again, we suggest
that the AM model offers a better explanation of the adaptive
mutation phenomenon and the role played by the F’ ¢ plas-
mid.

AM MODEL

The AM model abandons the idea of stationary-phase mu-
tagenesis and proposes that mutations arise in cell populations
growing under selection with no need for mutagenesis (di-
rected or general). It proposes that preexisting cells with a lac
duplication initiate clones that grow slowly on selective me-
dium. Cells arise within these developing colonies that can
grow faster because they acquire more lac copies (by gene
amplification). The probability of a reversion event (a compen-
sating —1 frameshift) is increased by addition of more target
lac copies. This idea was initially supported by experiments
with Salmonella (2) that have since been extended to E. coli
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FIG. 1. Multiple events precede reversion. A preexisting cell with a
lac duplication initiates a clone on selective medium. Growth is slow
but improves as selection favors cells with more lac copies. Reversion
does not require mutagenesis. Selection then favors lac™ cells that lose
mutant copies. Ultimately a lac™ haploid segregant arises and over-
grows the clone. During growth, single-stranded DNA, produced from
the plasmid transfer (fra) origin, induces SOS. General mutagenesis
occurs in those clones whose lac amplification includes the dinB™* gene.

(21) and further developed (47). The basic model and support-
ing evidence are listed below, and the proposed development
of a revertant colony is diagrammed in Fig. 1. The observed
general mutagenesis is discussed below.

FEATURES OF AM

(i) The mutant lac allele is very leaky (1 to 2% of revertant
activity). The ability of the mutant to grow on lactose is
blocked (just barely) by scavenger cells (a lac deletion mutant)
added in 10-fold excess; scavengers are presumed to compete
for released carbon sources (e.g., galactose, acetate, and lac-
tate) and thereby inhibit growth of the leaky revertible tester
mutant (5).

(ii) A few plated tester cells (1%) carry a duplication of the
leaky lac allele. Due to multiple copies of the leaky lac allele,
these cells escape inhibition by scavengers and initiate slow-
growing clones on selective medium.

(iii) Within each growing clone, selection favors faster-grow-
ing variants with higher lac amplification which arise by un-
equal recombination or possibly by a rolling-circle mechanism.

(iv) The growth rate attainable by amplification alone is
limited by instability of the amplified array and by deleterious
effects of amplifying genes other than lac on the F' plasmid.

(v) Reversion occurs in these clones when the product of
three factors reaches a sufficient level. These are the number of
growing cells, the average number of lac copies per cell, and
the reversion rate per lac copy per cell division. The product
can reach a sufficient level with the standard unselected rever-
sion rate of about 10~ ¥/cell/division (37). For example, one
reversion event would be expected for every 100 clones that
attain a population size of 10* cells, each with 100 copies of lac.

(vi) Reversion produces one lac* allele in a tandem array of
mutant lac alleles.

(vii) Selection then holds the lac™ allele and favors loss of
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the other repeated units, which destabilize the lac™ allele and
limit growth rate.

(viii) Stable haploid lac™ segregants arise, overgrow the
clone, and predominate in the full-size revertant colony (10%).

EXPERIMENTAL SUPPORT FOR AM

With very few exceptions (noted below) the AM model is
consistent with evidence cited in support of the DM or HM
model. In addition, the AM model is supported by more direct
tests of its predictions, which contradict the DM and HM
models. These results suggest that amplification is both neces-
sary and sufficient to cause the observed revertants and can do
so with no required change in mutation rate.

(i) Selection-stimulated lac reversion depends on the pres-
ence of lactose (13) and on the residual function of the mutant
lac allele (2). This suggests that reversion requires growth
under selection.

(ii) All revertant colonies that arise under selection contain
some cells with a lac amplification and consequently an unsta-
ble Lac™ phenotype. These unstable Lac™ cells are not found
in day 2 colonies, which are initiated by rare fully revertant
cells that arose prior to selection (2, 21).

(iii) These unstable lac™ cells carry multiple copies of the lac
operon (2, 21).

(iv) Unstable Lac* cells are more common in tiny new
revertant colonies and rarer in mature colonies that have been
overgrown by stable haploid lac™ segregant cells (21).

(v) The unstable and stable Lac” cells within the same
colony are clonally related to each other, as expected if they
arise serially in a clone initiated by a single duplication-bearing
cell (2, 21).

(vi) A highly variable time is required for a visible micro-
clone to become a full-size revertant colony with high levels of
LacZ activity, as expected for a process that requires multiple
stochastic events (21).

(vii) Reversion is strongly reduced by placing near lac a gene
(tetA) that is toxic when amplified (21). Thus, lac amplification
appears to be a necessary intermediate in the reversion pro-
cess.

(viii) Revertant frequency is increased about 100-fold by
placing a constructed lac duplication in the F’ |, plasmid of the
parent strain (47). This suggests that a lac duplication is carried
by 1% of cells in the standard plated population, a frequency
that is only slightly higher than the standard frequency of
chromosomal duplications (1).

(ix) Reversion under selection requires RecA and RecBC
functions, as expected if it involves amplification and segrega-
tion, which are recombination dependent and can be initiated
by double strand DNA ends (19). The need for F’ plasmid tra
(transfer replication) functions (15, 16) is consistent with their
role in producing DNA ends that initiate recombination.

QUESTION OF SELECTION-INDUCED GENERAL
MUTABILITY

The AM model requires no increase in mutation rate. How-
ever Lac™ revertants are generally mutagenized in the course
of reversion (38, 49, 55). The source of this mutagenesis needs
to be explained even though it is neither necessary nor suffi-
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cient to explain the lac revertants (38, 42, 49). Evidence de-
scribed below suggests that mutagenesis is a side effect due to
occasional coamplification of dinB* with lac (47).

The observed general mutagenesis requires induction of the
SOS (DNA repair) regulon and in particular the included
DinB error-prone DNA polymerase (31, 32, 47, 54). Thus
selection seems to induce SOS mutagenesis in this system, even
though such induction is not a general response of bacteria to
starvation (22). The signal for SOS induction is known be
single-stranded DNA, which interacts with RecA protein and
thereby stimulates cleavage of LexA, the SOS repressor (57).
In understanding SOS mutagenesis in this system, it must be
remembered that the strain used carries lac on F',,g, a conju-
gative plasmid that expresses its transfer replication origin
constitutively. This transfer replication origin generates 5'-
ended single strands of DNA that we think are responsible, at
least in part, for SOS induction (47). Fragments of DNA re-
leased from unstable amplified arrays may also contribute to
SOS induction (21). However, DinB-dependent mutagenesis
has been seen only when the dinB* gene is highly overex-
pressed (23, 56) and is not caused by a single chromosomal
dinB copy, even when SOS is constitutively expressed (47). In
the Cairns-Foster system, a dinB™ allele is located near the
mutant lac gene on the F',¢ plasmid, and stress-induced mu-
tagenesis requires that these two genes be located (in cis) on
the same conjugative plasmid; the chromosomal dinB™ gene
makes little or no contribution (47).

The increase in dinB* gene copy number needed for mu-
tagenesis is provided by coamplification of dinB™ with lac.
General mutagenesis occurs only in the subset of clones whose
amplified region includes dinB" as well as lac (47). A con-
structed dinB"-lac duplication added to the parent strain
causes a 10*-fold increase in revertant number with a concom-
itant increase in associated mutagenesis. This should be com-
pared to the 100-fold increase in reversion (with little mu-
tagenesis) caused by a duplication including lac but not dinB™.
We suggest that the mutagenized 10% of revertant clones
inferred by Rosche and Foster are those in which dinB™ is
accidentally coamplified with lac. In the majority of clones
(90%), the lac amplification does not include dinB™ and selec-
tion enhances revertant frequency solely by raising the number
of the lac target sequences, as outlined above for the basic AM
model (47).

HOW NATURAL SELECTION ACHIEVES THE
APPEARANCE OF DM

In the basic AM model, stress acts only as an agent of
natural selection, favoring a succession of progressively faster-
growing cell types within a developing clone. The model pro-
poses that each revertant colony is initiated by a preexisting
cell carrying a lac duplication (i.e., Lederberg, Luria, and Del-
briick were right). If one is unaware of lac amplification and
improving growth within each developing colony, selection ap-
pears to create full lac™ revertants from a lawn of nongrowing
lac mutant cells, which would require some kind of mutagen-
esis. If, however, one considers the intervening growth within
developing colonies, revertants can be explained by increased
lac copy number and no required mutagenesis.

The amplification process appears to direct mutations to the
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FIG. 2. Growth (and reversion) occurs within colonies. The lawn of
10® parental cells is not growing and not producing revertants. Growth
and reversion occur within clones initiated by cells with a duplication
that arose prior to plating on selective medium.

growth-limiting base pairs because lac is the only region whose
amplification improves growth under selection and because
only the copy with the revertant lac™ allele remains after seg-
regation. Thus, the basic AM process (without dinB™ amplifi-
cation) is not expected to increase the frequency of unselected
mutations associated with lac* reversion, even ones closely
linked to lac. A situation in which selection may stimulate
mutations near lac that arise unassociated with lac reversion is
noted below (question 2).

In essence, growth and selection divide the reversion process
into small steps. Without growth (or during growth without
selection), the end point (a full Lac™ phenotype) can be at-
tained only by a rare discontinuous event (lac — lac™). With
growth and selection, very common events (e.g., added gene
copies) can contribute small growth improvements and the
cells added by growth of each successive subclone make the
next step more likely. Thus, the final goal is reached by a series
of nested clonal expansions: Lac™ ™~ — Lac™ " — Lac™"*
— Lac™ ™.

WHY WAS GROWTH NOT DETECTED EARLIER?

The DM and HM models assume that mutations arise in the
parent Lac™ cell population. This parent population was
shown to be nongrowing by periodic sampling of areas of the
agar surface that include no visible colonies (5) (Fig. 2). How-
ever, this population is irrelevant if reversion occurs within
slow-growing colonies. The samples assayed may include some
microscopic reverting clones that will become visible in the
immediate future (a moving window of constant size); it misses
all the cells buried within colonies that have already appeared
and accumulated with time. The series of genetic events re-
quired by the AM model (multiple steps of amplification, re-
version, and segregation) are completed within the few cell
generations that occur prior to appearance of the colony—
about 20 generations. This remarkable feat is possible because
the lac genes in question are on F' .
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ROLE OF CONJUGATIVE PLASMIDS

Stimulation of reversion under selection in the Cairns-Fos-
ter system requires that the lac operon be located on a conju-
gative plasmid, rather than in the chromosome (15, 36, 47, 48).
All the events central to the AM model—duplication, ampli-
fication, segregation, and the side effect of SOS mutagenesis—
are likely to be stimulated by the single-stranded DNA and
DNA ends produced by the transfer replication origin of the
conjugative plasmid (21, 47). The transfer functions (tra) of
these plasmids are known to cause intense recombination (8,
26, 43, 52), and conjugative plasmids are prone to amplification
(35, 46, 53). Selection promotes lac reversion very poorly when
lac is in the chromosome (15, 17, 36, 48), and selective ampli-
fication of chromosomal genes has been shown to be a slow
process (34), presumably because of a paucity of DNA ends.
We suggest that the conjugative plasmid accelerates every step
in a process that can occur more slowly in any genetic system.

GENERAL APPLICABILITY OF AM

Because of its reliance on many special features of the par-
ticular strain used, one might conclude that the Cairns-Foster
system can teach us very little about the general issue of mu-
tation under selection. On the contrary, we submit that the
idiosyncrasies of this system helped reveal a process that is
fundamentally important and generally applicable. The genetic
events underlying the AM model are standard ones expected
to occur in any genetic system but usually at a slower rate.
Because lac is located on the F',,¢ plasmid, every step of the
process is accelerated and end products can be completed and
detected within a few days. We suggest that the underlying
process—duplication, amplification, reversion, and segrega-
tion—contributes to genetic adaptation in many biological
contexts.

QUESTIONS ABOUT THE AM MODEL.

(i) Is there a problem identifying unstable lac™ cells within
revertant colonies? In our experience, every late-appearing
revertant colony (after day 2) contains both stable and unstable
Lac™ cells that are clonally related (21). In clones that expe-
rience general mutagenesis, reversion events occur early in
colony development and haploid Lac™ cells overgrow the early
population of unstable Lac™ cells. Without general mutagen-
esis, the same process operates but reversion occurs later in
colony development and unstable Lac™ cells predominate. If
the heterogeneity in colony composition is missed, it appears
that there are two colony types. Colonies that appeared to have
only stable Lac™ cells were attributed to stress-induced mu-
tagenesis, and those that seemed to contain only unstable Lac™
cells were attributed to stress-induced amplifications (20). We
suggest that these experiments missed the minority cell types
because too few cells were tested and the conditions used to
score unstable Lac™ phenotypes (Luria-Bertani plates) made
the characteristic fine blue and white colony sectors difficult to
see; color and contrast are more intense on nutrient broth
plates with 40 ng of X-Gal (5-bromo-4-chloro-3-indolyl-B-p-
galactopyranoside)/ml (2).
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(ii) If reversion is initiated by duplications that arise during
nonselective pregrowth, why does revertant number not show
a Luria-Delbriick frequency distribution? If the Cairns-Foster
experiment is repeated using many independent cultures, the
number of revertants arising on selective plates for these cul-
tures appears Poisson distributed, suggesting that revertants
formed after plating (5). A Luria-Delbriick distribution is ex-
pected for a standard mutation arising during nonselective
growth. However, Luria-Delbriick statistics apply only to stable
mutations that accumulate during nonselective growth and
show essentially no reversion. Because duplications are highly
reversible, their frequency is not subject to the jackpots that
characterize a Luria-Delbriick distribution but rather comes to
an equilibrium value dictated by the relative rates of duplica-
tion formation and segregation. We suggest that all of the
independent cultures have nearly the same frequency of lac
duplications and this leads to a Poisson rather a Luria-Del-
briick distribution of revertant numbers on selective medium.

(iii) Is there evidence that selection directs mutation to
F’55? A frameshift mutation (fetA4), within a Tnl0 element
thought to be inserted far from lac on the F’ plasmid, reverts
with increased frequency (to tetracycline resistance) during
starvation on lactose (11); very little stimulation was seen for a
similar mutant element inserted in the chromosome (3). These
results suggested a higher mutation rate for the F’ plasmid
under selection (11). However, the critical Tn/0 element (with
its tetA mutation) is actually inserted between lac and dinB, in
the mhpC gene (24), which is frequently included in lac am-
plifications (17). Thus coamplification of lac and tetA (occa-
sionally with dinB*) may provide extra copies of the tetA gene
and explain the enhanced tet4 reversion during lac selection.
That is, many microclones growing by virtue of a selected lac
amplification, also have multiple copies of fez4 (and occasion-
ally an increased mutation rate). Clones with more Tn/0 copies
are expected to show an increased probability of reverting to
tetracycline resistance, and this can occur in microclones that
have not yet acquired a lac™ reversion. Due to segregation, the
excess Tet" revertants are not expected to be phenotypically
Lac™. Because amplification can explain these observations,
the question remains open whether or not DinB mutagenesis is
more intense on the plasmid than on the chromosome (i.e.,
directed). However, since SOS induction and DinB make such
a small contribution to reversion, we feel this is a minor ques-
tion.

(iv) Is there a conflict of data on the behavior of a chromo-
somal lac allele? We have moved the mutant lac allele to 30
different chromosomal sites and have seen essentially the same
reversion frequency under nonselective conditions as that of
lac on the F',¢ plasmid; we have never seen selection-induced
general mutagenesis in strains carrying /ac in the chromosome.
These results fit with evidence that general mutagenesis re-
quires lac and dinB™ to be located in cis on a conjugative
plasmid (47). In conflict with our results, the chromosomal lac
mutation in a particular strain was seen to revert at a 100-fold-
lower rate than that seen on F’|,5 and that reversion was
associated with general mutagenesis (38). We suggest that
problem may lie in the structure of this particular strain.

The lac allele used in the Cairns-Foster system includes
three mutations—one mutation (i?) increases transcription
from the lacl promoter, a deletion fuses the lacl and lacZ
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reading frames, and a +1 frameshift in the lacI sequence
causes the (leaky) Lac™ phenotype. This triply mutant allele
was constructed on the F’,,¢ plasmid and then moved to the
chromosome by recombination (17, 36, 38). We suggest that
the three parts of this allele may dissociate frequently when
subjected to the intense recombination that occurs between the
F' plasmid and the chromosome (26, 43, 52); the strain used
for lac reversion shows evidence of this intense recombination
(47). In moving the lac region from F’,,4 to the chromosome,
a problem is created because of a dinB-lac duplication join
point carried by this plasmid (24). This join point is expected to
force frequent recombination within the lac region. We suspect
that some E. coli strains with the lac allele in the chromosome
have lost the i mutation, and are therefore compromised in
their ability to grow and revert. Similarly some of the strains
may inherit a chromosomal dinB-lac duplication. In our exper-
iments, the three-part lac allele was placed within a Mud ele-
ment and transposed as a block to various genomic sites in
strains without a lac region (48).

(v) Why did spreading experiments not increase revertant
number? To test the AM model, 10° (rather than 10%) cells
were plated on selective medium and incubated. Plates with no
revertants were respread by moving a sterile glass bar through
an arc on the plate surface to distribute cells within micro-
scopic colonies (12). One might expect a line of new colonies
to appear in the wake of each distributed microcolony, but this
was not seen. In the light of later results, this result can be
understood. An individual cell with a lac duplication has a very
low probability of generating a visible revertant colony (100
colonies arise from 10° plated duplication-bearing cells). Most
of the initial clones may segregate to extinction or be exten-
sively delayed in reaching a visible size. The numbers of cells in
clones distributed by spreading are very small (less than 10%),
and the distributed individual cells have very little chance of
making a visible colony (about 10~*). The observed results
seem consistent with AM.

SUMMARY

The AM model is consistent with a large body of experimen-
tal data obtained by others (10, 39) and is supported by addi-
tional experiments designed to test it more directly (2, 16, 21).
This model explains how growth under selection can increase
the probability of selected mutations—by adding copies of the
mutational target. The observed general mutagenesis is ex-
plained as a nonessential side effect due to occasional coam-
plification of lac with the nearby dinB™ gene. We suggest the
Cairns-Foster system has made a major contribution by reveal-
ing a genetic mechanism by which growth under strong selec-
tion can enhance production of adaptive mutations without
changing either the rate or target specificity of mutation. Be-
cause AM relies on standard genetic events, it is likely to
operate in any organism and contribute to genetic adaptation
in many biological situations.
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