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% The nature of mutation in
microorganisms has been debated
for a long time. Two theories

have been at odds: random
spontaneous mutagenesis vs.
adaptive mutagenesis. “Random
mutagenesis” means that
mutations occur in proliferating
cells before they encountered

the selective agent. “Adaptive
mutagenesis” means that
advantageous mutations form in
the environment where they have
been selected, in non-replicating or
poorly replicating cells even though
other, non-selected, mutations
occur at the same time. In the

last 20 years it has been definitely
shown that random as well as
adaptive mutagenesis occur in
bacteria and yeast. Microorganisms
in nature do not divide or divide
poorly because of adverse
environmental conditions; therefore
adaptive mutations could provide
cells with a selective advantage and
allow evolution of populations. Here
we will focus on some fundamental
aspects of adaptive mutagenesis in
the yeast Saccharomyces cerevisiae.
We begin with a historical overview
on the nature of mutation. We then
focus on experimental systems
aimed at proving or disproving
adaptive mutagenesis. We have
briefly summarized the results
obtained in this field, with particular
attention to genetic and molecular
mechanisms.
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directed mutagenesis, DNA repair,
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ADAPTIVE MUTAGENESIS IN THE YEAST SACCHAROMYCES
CEREVISIAE

INTRODUCTION

For many years bacteriologists debated the idea that bacteria can adapt to new
environmental conditions and that the acquired characters may become heredi-
tary. Indeed some experimental data suggested that a Lamarckian evolution could
take place in bacterial populations. An example has been reported by Hayes [ 1]
on the coliform bacillus Escherichia coli mutabile. Cells of this microorganism
are unable to ferment lactose (Lac-) and retain this inability indefinitely when
cultivated without this sugar. However, when they are transferred to a lactose-
containing medium, fermentation begins after about one day; if at this point,
these cells are sub-cultured in a lactose medium, fermentation starts at once.
This ability to ferment lactose without delay is stably retained. In bacteria this
behavior is also typical in the case of nutritional characters and resistance to
antibiotics. On the basis of these observations many bacteriologists suggested
that bacterial variation does not result from random events but from adaptation
to the environment. In 1943 Luria and Delbriick [2] tested this hypothesis by
the fluctuation test: they analyzed the distribution of bacteriophage T1 resistant
colonies in independent cultures of T1 sensitive bacteria by plating on selective
medium. A series of 5 to 100 cultures were set up in parallel with small inocula.
This was to make sure that resistant bacteria were not introduced into the cul-
tures at the beginning of the experiment. The cultures were grown until maxi-
mum titer was reached. Then they were plated on the selective plates containing
the bacteriophage: on this medium only T1 resistant mutants that arose in the
log phase could form colonies. The distribution of resistant colonies was highly
variable and compatible with the hypothesis that mutant bacteria formed in the
growing population before it encounters the selective agent. From the paper of
Luria and Delbriick [2] a dogma of Neo-Darwinism has been that mutations
are random events which form only in dividing bacteria. In 1988, Cairns and
coworkers [3] challenged this dogma; they confirmed previous studies by Ryan
and Shapiro [4,5] showing that mutations can arise in apparently static bacterial
populations when subjected to non-lethal selective pressure and suggested that
only selected mutations, not deleterious or neutral ones, appeared in the popula-
tion under selective pressure. In their experimental system Lac- cells plated on
a lactose-containing medium survive and eventually perform mutations which
are immediately expressed giving a selective advantage. This approach was very
different from the one previously used by Luria and Delbriick [2] where cells
sensitive to the phage immediately died when plated on the selective medium.

After that work many papers have been published about mutagenesis in mi-
croorganisms under non-lethal selective pressure. This review will deal with the
results obtained in S. cerevisiae. To avoid any possible confusion, throughout
this paper we name “adaptive mutagenesis” the process by which advantageous
mutations are produced during selection even though other, non-selected, muta-
tions are produced as well. We name “directed mutagenesis” the process which
produces mutations in genes that give an adaptive phenotype that is mutations
directed toward a useful goal. The experimental systems will be described in
some detail to allow those who approach this field a better understanding of the
results. Then we will move to the “State of the Art” with particular attention to
genetic mechanisms of adaptive/directed mutagenesis. Finally, in the “perspec-
tive” section we will address the relevance of the phenomenon for the evolution
of microbial populations in nature and for the onset of tumor processes in non-
proliferating cells or non-growing tissues.
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THE EXPERIMENTAL SYSTEM

Tests for adaptive mutation

To prove the existence of adaptive mutations a non-le-
thal selective environment is required which allows cells
to experience mutational events and to manifest them. In
this respect the Luria and Delbriick fluctuation test [2]
was not adequate. The selective agent in this test was
bacteriophage T1 which destroyed cells in a short time.
A more suitable approach is the one used by Ryan [4]
who monitored the appearance of His+ E. coli cells in
His- cultures which did not multiply in a medium devoid
of histidine. Cells ceased to increase in number after
about 24 hours when they had barely doubled. Nonethe-
less, new His+ colonies continued to appear with time.
Since then, the reversion from auxotrophy to prototrophy

has been used as a system to study adaptive mutation in
bacteria as well in the yeast S. cerevisiae. In E.coli, how-
ever, the most thoroughly used reversion system makes
use of the FC40 strain; this strain cannot utilize lactose
but it reverts to Lac+ when lactose is the only carbon and
energy source [6].

A demonstration of adaptive mutagenesis requires
some experimental proofs:

i) To be considered adaptive, mutations must form
after cells encountered the selective growth-limiting en-
vironment in which the mutations allow growth. Steele
and Jinks—Robertson [7] studied the reversion to pro-
totrophy of a S. cerevisiae strain containing the lys2del-
taBgl allele (auxotroph for lysine, Lys-). To determine
whether reversions occur before or after selective plat-
ing on minimal medium without lysine, they analyzed
the data of a fluctuation test. Table 1 shows the results
obtained in one of their experiments with 22 cultures

Tabauya 1

Accumulation of Lys+ revertants in a Lys- strain plated on minimal medium. The data from 22 independent cultures are shown

(modified from [7]).

Cells plated Number of newly arising colonies on day:

(107)* 3 5 6 7 8
105 24 6 5 6 0
84 16 10 7 5 2
93 10 5 2 4 7
80 11 5 5 4 4
79 12 18 6 3 5 6
108 13 9 6 1 4 7
80 7 23 6 5 3 2
81 2 5 2 3 4 1
90 10 16 8 3 4 2
82 27 14 5 2 3 4
80 81 14 2 4 13 6
95 105 8 6 5 4 4
99 10 11 2 3 4 4
78 38 13 3 2 4 2
86 91 14 7 7 5 3
86 6 17 § 7 7 2
78 37 23 3 6 3 2
79 17 21 10 4 3 3
94 34 23 7 8 4 0
95 8 b) 1 3 2 5
83 8 8 1 3 2 5
93 10 13 3 4 4 |

* Each number given in the table represents the sum of the Lys+ colonies obtained from each independent culture for a given day after plating on the selective medium. Each

culture was split in 10 dishes with 108 cells per dish.
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Figure 1. His+ papillae on His- colonies grown on minimal medium
with a limiting amount of histidine. In a Hall’s test [9] yeast auxo-
troph cells are plated on minimal medium with a limited amount of the
required nutrient and dishes are incubated. Colonies develop and stop
growing a few days after plating; revertants form well distinguishable
papillae.

[7]. Each entire overnight culture was plated in 0,1 ml
aliquots on 10 selective plates with approximately 103
cells/plate. Each number given in Table 1 represents
the sum of Lys+ colonies on all 10 plates for a given
day after plating on the selective medium. The first pro-
totrophic colonies begun to appear on day 3 after plating
(“early appearing” revertants) and the number of rever-
tants increased in the following days. The numbers of
revertants that newly appeared after day 3 (“late appear-
ing” revertants) were similar in all cultures irrespective
of the fact that some cultures showed many more “early
appearing” revertants than others. By means of a recon-
struction test the authors verified that the late appear-
ance of Lys+ colonies was not due to their low reduced
growth with respect to “early appearing” revertants.
Approximately 10° cells of Lys+ revertants isolated at
definite times during the experiments were plated on the
selective medium in the presence of 108 cells of a strain
containing non-revertable lys21::URAS allele. Most re-
vertants formed colonies within three days aiter plating;
therefore “late revertants” were not slowly growing log-
arithmic phase mutants. To verify whether mutations oc-
curred during the non-selective logarithmic phase and/
or alter selective plating, Steele and Jinks-Robertson
[7] examined the distribution of revertants among inde-
pendent cultures by statistical analysis. They concluded
that “late appearing” revertants formed after selective
plating. Hall [8,9] devised a different experimental sys-
tem which can be used in bacteria as well as in yeast. In
his paper “Selection-induced mutations occur in yeast”
[9] he studied the reversion from auxotrophy for histi-
dine to prototrophy in a strain with a His- allele where
the methionine encoding codon AUG has been mutated
to isoleucine encoding codon AUU. It can revert either

by direct reversion of AUU to AUG or by suppression.
To measure the mutation rate under histidine starvation
approximately 125 cells were plated on minimal medi-
um containing a growth limiting histidine concentration
and the plates were incubated for several days. On day
3 of incubation the maximum number of viable cells per
colony was reached (3,5x10° cells per colony). His+ re-
vertant papillae began to appear on day 6 and continued
to appear for several days. Papillae can be easily scored
at the microscope as shown in Figure 1, kindly provided
by G. Morpurgo. An important point is to determine
when the mutational events arose. If they arose during
the logarithmic phase, a prototroph normal-size colony
develops on plates. Instead, papillae can result either
from revertant cells, which arose during the growth of
the colonies, or from revertants, which arose after cells
stopped dividing. It’s possible to discriminate between
these two possibilities by reconstruction experiments
as described by Hall [9]. He plated on minimal medium
drops of dense suspensions containing about 10° cells
of a His-, non-revertable strain plus approximately one
His+ revertant cell; true revertants formed papillae with-
in 48 hours. In contrast, suppressor mutants required
three to four days to form papillae on mutant colonies.
ii) Evaluation of cell multiplications and survival. Auxo-
troph cells can multiply on selective medium in the first
days after plating. This would occur for several reasons.
Traces of the nutrient required for auxotroph cells can
be present in the medium; therefore, in our experience,
the use of purified agar is recommended. Notwithstand-
ing this, some multiplications may still occur. Achilli
and co-workers [10] showed that two adenine auxotroph
strains (Ade-) behaved very differently on adenine-iree
medium. One of them (de3-01) is defective in the 3’-
5’ exonuclease activity of polymerase delta, the other is
wild-type. The strain de3-01 stopped dividing on day 3
after plating; the wild type strain continued to multiply
slowly and its survival was higher than that of the exo-
nuclease deficient strain.

In general, yeast strains, especially mutators, are
changeable with time in culture and different populations
can substitute the original one (storing them at —80 °C
and sub-cloning by single cell may help to overcome this
problem). Cells may even resume growth many days af-
ter plating on the selective medium: nutrients can be ex-
creted by prototroph revertants which should be removed
from plates as soon as they are formed, and by dead cells,
a phenomenon known as “cannibalism” (Figure 2).

ESTIMATION OF MUTATION RATES

Growth-dependent mutation rates are given as the
number of mutants per cell per generation (or division).
For adaptive mutations, rates should be given as mutants
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Figure 2. The appearance of His- colonies on minimal medium with
a limited amount of histidine on day 12 after plating. A colony show-
ing small His- papillae due to “cannibalism” (left); a colony showing
overgrowth induced by the excretion of histidine by not-removed His+
papillae. (Modified from [11]).

per viable cell per physical time (hour or day). Therefore,
the time a mutant requires to form a visible colony (or pa-
pilla) and the fraction of viable cells should be determined
experimentally. It is not always possible to determine
these parameters with accuracy; when it is, the adaptive
mutation rate on day n is given by the number of rever-
tants which appeared on that day per viable cells on day
n-x where x is the time a revertant takes to form a vis-
ible colony (or papilla). Adaptive mutant growth rates may
be different. Then the estimation of mutation rates cannot
always be done as mentioned previously. Achilli with cow-
orkers [10] showed that the growth rate of Ade+ rever-
tants selected on adenine free medium from an Ade- strain
were lower than that of the parental strain and different
from each other. That made the exact estimation of adap-
tive mutation rates on day n almost impossible; therefore
the authors gave the reversion rate as ratio of the Ade+
revertants to cells plated.

Tests for directed mutation

In their original paper, Cairns and coworkers [3] pro-
vided evidence that the rate of beneficial mutations was
higher than the rate of mutation which was adaptively neu-
tral under conditions of the test and hypothesized that mu-
tations could be directed toward a useful goal. To test the
hypothesis of directed mutations, they estimated the rate
of mutation of a neutral marker, valine-resistance. Neu-
tral markers have been used in yeast as well. For example,
Marini and coworkers [ 11] studied the reversion from aux-
otrophy to prototrophy for histidine with the reversion from
auxotrophy for tryptophan (Trp-) to prototrophy (Trp+)
as neutral marker. Also, Achilli et al. [10] tested for the
presence of temperature-sensitive and nutritional mutants
in a study where auxotrophic Ade- cells were starved for
adenine.

The choice of a neutral marker should take into con-
sideration any available information about its molecular
nature and some possible technical artifacts. We would
like to give just two examples: if the marker under se-
lection is a frameshift allele, base-substitution alleles
should not be used as neutral markers (and vice-versa).
Nutrients added to the medium also have to be con-
sidered carefully: MacPhee [12] criticized Cairns and
coworkers [3] who used valine-resistance as a neutral
marker. Those experiments to test the frequency of va-
line-resistant mutants were made using a different car-
bon source (glucose) with respect to the one used in ex-
periments for Lac- to Lac+ reversion (lactose). Lastly,
the positions of the marker under selection and of the
neutral ones are relevant. Both should be on the main
chromosomes or on accessory DNA molecules such as
plasmids. In fact, different mechanisms may act on dif-
ferent DNA molecules.

THE STATE OF THE ART

Do adaptive mutations exist in yeast?
Are they directed?

Modern data strongly suggest that adaptive muta-
tions in yeast are induced as a response to nutritional
stress. Some molecular mechanisms have been par-
tially elucidated, although not in such detail as it was
done in E.coli FC40 [13, 14, 15, 16]. A more contro-
versial point is the directed mutations hypothesis. Hall
[9] concluded that the reversion from His- auxotrophy
to His+ prototrophy could be specific for the selective
pressure, although Hall considered that more experi-
mental proofs are necessary to prove directed muta-
genesis in yeast. On the contrary, Marini with cow-
orkers [11] and Achilli with coworkers [10] showed
that adaptive mutagenesis is not directed in yeast. It is
worth mention that in £.coli the hypothesis of directed
mutagenesis was fairly eliminated by negative evidenc-
es obtained by Foster [17] and Foster and Cairns [ 18]
except for mutations directed by transcription [14, 15,
19], which will be discussed below.

Mechanisms of adaptive mutagenesis

Mutations are generating either during DNA repli-
cation or during DNA repair. In adaptive mutagenesis
DNA repair should be the most relevant since cells do
not replicate or replicate poorly when nutrients become
limiting. Indeed, the integrity of the replicating genome
is constantly endangered by a variety of spontaneous le-
sions [20, 21], which could occur in starving cells as
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Figure 3. Effect of adenine starvation on partially reverted Ade+ colo-
nies.

A colony of the strain de 3—01 (see text) only partially reverted to
adenine prototrophy was grown for six days on adenine-free medium
(left); four days later, the same colony (right) showed papillae out-
growing from the colony surface (unpublished results).

well [22, 23]. Both error-free and error-prone DNA re-
pair pathways could be involved in the repair of lesions
during starvation for nutrients. We will briefly summarize
the most relevant papers about pathways either counter-
acting or promoting adaptive mutagenesis.

Which DNA repair pathways counteract adaptive mu-
tagenesis?

First, we will briefly review pathways preventing adap-
tive mutations. The role of nucleotide excision repair
(NER) (see [24, 25] for review) in adaptive frameshift mu-
tations has been studied by Heidenreich with coworkers
[26]. They used yeast strains, where the genes RADI6
(involved in the global genome NER), RAD26 (involved
in the transcription coupled NER) and RAD14 (an essen-
tial factor for both NER pathways) were disrupted. These
defects in NER resulted in increased frequencies of adap-
tive mutations with the highest values in the rad 4 strain.
Therefore NER processes spontaneous lesions in starved,
cycle-arrested cells as it does in proliferating cells. Stor-
chova and coworkers [27] and Cejka and coworkers [28]
analyzed the effect of mutations of the RAD6 repair path-
way which is involved in the repair of bulky adducts to
DNA and in mutagenesis. The pathway is controlled by
many genes whose epistatic relationships showed that it
can be dissected in at least three sub-pathways. The pivot-
al gene of these pathways is the RAD6 gene whose product
controls many cellular processes in addition to DNA re-
pair and mutagenesis (see for reviews [29-33]. Storchova
with coworkers [27] in poliauxotrophic strains defective in
the RAD6 pathway showed an enhanced accumulation of
Ade+ revertants during adenine starvation and of Trp+
revertants during tryptophan starvation. Cejka with cow-
orkers [28] gave more insights on the role of the RAD6
pathway in adaptive mutagenesis. They studied the rever-

sion of the amber allele ade2-101 in strains with differ-
ent alleles of the RAD6 gene and in strains mutated at
the loci REV3, RADS5, RAD 18 and MMS2, already known
to be involved in the RAD6 -controlled pathway. Their re-
sults showed that the RAD6 pathways are active not only
in replicating cells but also in starved cells and that they
keep both logarithmic and adaptive mutation rates at a
basal level (for the role of the REV3 gene and polymerase
zeta see below).

The role of polymerases delta and epsilon in adap-
tive mutagenesis was studied by several authors [34, 35,
10]. Their data show that polymerases delta and epsilon
are involved in the control of mutability in non-growing,
starved cells; because adaptive mutation frequencies
were enhanced in all mutant strains. Exceptionally high
rates were observed in the strain de3-01, defective in the
3’-5" exonuclease activity of polymerase delta, starved
for adenine. On day 16 after plating on minimal medium
without adenine, the reversion rate from Ade- to Ade+
was 1%, given as the rate of the total number of Ade+
revertants to number of plated cells (see above). Most
Ade+ revertants showed additional nutritional require-
ments and 51% were temperature sensitive. Among
Ade- survivors 66 % were nutritional mutants and 39%
were temperature sensitive. Instead, the reversion rate
from Trp- to Trp+ was much lower. Therefore, it has been
concluded that adenine starvation is highly mutagenic in
yeast and it induces genome-wide hyper mutagenesis in
the strain devoid of the polymerase delta proofreading
activity [10]. The mutagenic effect of adenine starvation
in de3-01 cells is well documented in Figure 3. Most of
Ade+ revertants (on de3-01 background) grew poorly on
minimal medium either because of additional mutations
[10] or because of partially restored prototrophy. When
they were plated on minimal medium without adenine
colonies developed (Figure 3 left) and while the further
incubation papillae formed on them (Figure 3 right). We
interpreted these observations as follows: the partially
reverted Ade+ cells of the colonies were still sensitive
to the mutagenic effect of adenine starvation; therefore
some of them acquired new mutations which endowed
them with higher growth ability (unpublished results).

In order to understand the role of yeast mismatch-
repair (MMR) in adaptive mutagenesis, Halas and cow-
orkers [36] studied the effects of deletions in the MSH2,
MSHS3 and MSH6 genes (see for review [37-39]). All of
them resulted in elevation of the mutation rate, which
was more evident in the strain where the MSHZ2 gene was
disrupted. On the base of that data, it was concluded that
MMR prevents the formation of adaptive mutations.

An increase of adaptive mutations frequency has also
been observed following the inactivation of the RAS2
gene [40]. In yeast the RAS2 gene product is involved in
the cAMP-protein kinase A signaling. This pathway is
fundamental for control of metabolism, stress resistance
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and cellular proliferation in connection with the available
nutrient conditions [41, 42]. It could be interesting to in-
vestigate the role of the cAMP-protein kinase A signaling
pathway in adaptive mutagenesis to understand how it is
regulated by the environment.

Which DNA repair pathways promote adaptive muta-
genesis?

To answer this question mutants defective in transle-
sion synthesis (TLS) and in the repair of double strand
breaks (DSB) have been used. Some lesions severely en-
dangered the genome if left unrepaired before DNA rep-
lication starts because replicating DNA polymerases are
not able to bypass non-coding lesions. TLS polymerases
can insert either the correct or the wrong nucleotides
opposite the non-coding lesion, so that error-free or er-
ror-prone bypass can result. In yeast DNA polymerase
eta encoded by the RAD30 gene preferentially inserts
two adenines opposite of the thymine dimers, therefore
it is considered an error-free polymerase in respect to
UV mutagenesis. However, pol eta has very low fidelity
when copying undamaged DNA templates. It is impor-
tant for UV-induced mutagenesis in several yeast assays
[43-46]. Polymerase zeta is thought to be responsible for
more than half of the spontaneous mutations in replicat-
ing cells. It is also responsible for the increased mutation
rates during transcription. It consists of two subunits, one
of them is encoded by the REV3 gene, the other one by
the REV7 gene. REV3p is the catalytic subunit; the role
of REV7p is not clear yet. Polymerase zeta functions with
REV1p in the by-pass of abasic sites; REV1p has a deoxi-
cytidyl activity which inserts C in front of abasic sites with
polymerase zeta doing the extension (see for review [47,
48]). Heidenreich with co-workers investigated adaptive
reversions in lysine auxotroph strains with the frameshift
lys2deltaBgl allele. In cells starved for lysine, they showed
that when NER-processed lesions were increased by NER
deficiency or by UV irradiation a mutagenic polymerase
zeta-dependent pathway was activated [26]. On the basis
of these results and because of the epistatic relationship
between REV3 and REVI, Heidenreich with coworkers
[46] propose that in cell cycle arrested cells, when NER
does not operate or when it is saturated by excessive
damage, TLS by polymerase zeta and Revlp can gener-
ate adaptive frameshiit mutations. Non-homologous end
joining (NHEJ) (see for review [49]) accounts for 50%
of adaptive frameshift mutations, but not for replication-
dependent mutations, as shown by the decrease in adap-
tive mutation rates in strains where the DNL4 or YKU70
genes have been deleted [50]. The DNL4 gene encodes
the catalytic subunit of DNA ligase IV, which is involved in
the sealing of DSB. The YKU70 gene encodes a subunit of
the telomeric Ku complex (Yku70p-Yku80p), involved in

telomere length maintenance, structure and telomere po-
sition effect; it relocates to sites of double-strand cleavage
to promote NHEJ during DBS repair (see for review [51,
52]). Gamma-rays induced adaptive frameshift reversions
are also dependent on NHEJ as shown by Heidenreich and
Eisler [53]. The NHEJ effect on adaptive frameshift mu-
tagenesis suggests that in amino acids starved, cell cycle
arrested cells, DBS repair is induced and is responsible
for the generation of adaptive mutations. DBS repair can
be processed by homologous recombination (HR), single
strand annealing (SSA) and NHEJ. However, the data of
Heidenreich and coworkers [50] clearly show that only
NHEJ contributes to adaptive frameshift mutagenesis; in-
deed experiments with RAD54 and RADS 2 deficient strains
showed that HR and SSA do not promote adaptive muta-
tions, instead they counteract it. The RAD54 gene prod-
uct is a DNA-dependent ATPase which stimulates strand
exchange by modilying the topology of double-stranded
DNA. The RAD52 protein stimulates strand exchange
and anneals complementary single-stranded DNA. Both
gene products are involved in the repair of DSB in DNA
during vegetative growth and meiosis [49]. The pathways
promoting base-substitutions adaptive mutagenesis are
less understood. Cejka with coworkers [28] showed that a
deficiency for the REV3 gene (DNA polymerase zeta) did
not significantly change the frequency of reversion of an
ochre nonsense allele in a repair proficient strain, a result
in line with those of Heidenreich et al. [26]. Instead the
mutator phenotype of rad5 and radl8 mutants is com-
pletely dependent on the REVS3 gene product. The product
of the RADS gene is a single-stranded DNA-dependent
ATPase, involved in post-replication error-free repair[54].
The RAD18 gene is necessary for the RAD6 gene repair
functions: their products form a complex which targets
damaged DNA and allow the repair. Therefore, Cejka with
coworkers [28] suggested that the REVS3 can act either
in the sub-pathway mediated by the RAD18 or in a sub-
pathway mediated by the RADS. The similar mutations
rates observed in the rad6 single mutant and in the rad6
rev3 double mutant suggest that polymerase zeta is not
responsible for mutagenesis in the rad6 background.

In conclusion, the available data show that: i) adap-
tive frameshift mutagenesis could be kept at the wild type
level by NER and MMR [26, 36] with the involvement
of DNA polymerases delta and epsilon [34, 35]. Also, it
could be enhanced when these pathways are saturated
and lesions of DNA in non-dividing cells are processed
through error-prone pathways such as TLS or NHEJ [26,
50]; ii) adaptive base-substitution mutagenesis is kept
at wild type levels by the RAD6 error-iree pathway [27,
28] with an important role played by the polymerase delta
proofreading activity [10]. Polymerase zeta could be re-
sponsible for the low increase in adaptive base-substi-
tution mutagenesis in a wild type background, although
other genes could be involved as well [28].
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Is the mechanistic origin of adaptive mutations differ-
ent from that of replicating cells?

Most data suggest that at least a portion of adaptive muta-
tions are formed by different mechanisms than those operating
in replicating cells. As discussed previously [50], the products
of the DNL4 and YKU70 genes in yeast are responsible for
half of the adaptive frameshift mutations at the lys2deltaBgl
allele but not for replication-dependent mutations. Heiden-
reich and Wintersberger [55] compared sequences from late
appearing, adaptive Lys+ revertants with sequences of re-
vertants that arose in proliferating cells. Different mutational
spectra were observed: in revertants from proliferating cells
nucleotide gain and loss were balanced; instead, in adaptive
revertants, simple deletions in mononucleotide repeats were
the prevalent event. Then slippage of polymerases, possibly
polymerase delta, is likely to occur during DNA repair syn-
thesis in cell cycle arrested, lysine-starved cells [55].

Transcription and adaptive directed mutagenesis

It has been shown that specific starvation conditions tar-
get genes for derepression and increased rates of transcrip-
tion and mutation in bacteria [56-58]. A positive correlation
between transcription and mutability has also been observed
in yeast [59]. Transcription associated mutagenesis in yeast
requires the activity of the error prone polymerase zeta while
it is counteracted by NER or recombinational pathways [59,
60]. A distinctive mutation spectrum has been found to be
associated with high transcription in yeast suggesting that
high transcription may alter the mechanisms of mutagen-
esis [61]. Then it could be that in nature, where cells divide
poorly because of adverse conditions, beneficial mutations
can arise as a response to stresses that target specific genes
for transcription. Another way in which mutations could
be at least loosely targeted to specific genes is translesion
synthesis by RNA polymerases, that is bypass of lesions
by RNA polymerases with a misincorportation event [62].
Translesion synthesis has been demonstrated in vitro and in
vivo in non-dividing E. coli cells; Viswanathan and cowork-
ers [63] showed that bypass of uracil on the template strand
of the luciferase gene allows the synthesis of the luciferase
protein. Doetsch [62] proposed a “Retromutagenesis mod-
el” which can be relevant to adaptive mutagenesis in starved
cells. Transcriptional bypass of a DNA lesion could lead to
mutated proteins which allow cells to switch from a non-
growth to a growth state. Then DNA replication could start
and, if lesions are not repaired, the mutation could be fixed.

PERSPECTIVE

In nature, micro-organisms often experience ad-
verse conditions and divide poorly. Most mutations are

detrimental but, in a stressful environment, maintain-
ing or even increasing variation could allow some cells
to acquire a phenotype most likely to evolve in that
environment. In this context, adaptive mutations are
particularly relevant since advantageous mutations are
produced transiently during selection, though other,
non-selected, mutations may occur at the same time.
A transient increase in mutation rate would be particu-
larly advantageous with respect to the acquisition of a
stable mutator phenotype which can burden survivors
for a long time. Cells with a reduced fitness may form
during adaptive mutagenesis [ 10] but since their muta-
bility is normal, the genetic burden could be minimized
in the next generations. The genetic burden could be
irrelevant in natural yeast strains which are diploid and
can sustain more deleterious mutations as it has been
shown in Aspergillus nidulans by Pimpinelli with coau-
thors [64]. The authors repeatedly treated conidia with
the base-analog 6-hydroxlaminopurine and showed
that after 12 cycles of treatment heterozygous conidia
differed from each other for at least 10 recessive lethal
mutations and therefore there are probably hundreds of
mutations without any apparent reduction in vitality.

In conclusion, according to many authors (see for
review [ 14, 65]), stress-induced adaptive mutagenesis
could be an advantageous process which specifically
evolved because it allows microbial populations to sur-
vive in an adverse environment. A different view, based on
the amplification model proposed for the Lac- to Lac+
reversion in E. coli [66, 67], has been recently reviewed
by Roth and coworkers [16]. According to the authors,
mutations under stressful conditions do not arise by way
of ad hoc mechanisms but are the consequences of com-
mon mutagenesis pathways acting on growing subpopu-
lations of cells. Further efforts should be made to un-
ravel the mechanisms of mutagenesis in yeast cells under
stressiul environmental conditions; they might help to
understand evolution in unicellular eukaryotes and the
initiation of carcinogenesis. Many genes shown to be in-
volved in adaptive mutagenesis in yeast have counterparts
in humans where they are implicated in pathogenesis and
it is known that cells in homeostatic, non-proliferating
tissues might mutate and begin to multiply, initiating tu-
morigenesis.
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