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Abstract Genome reduction has been considered the
hallmark of endosymbiotic bacteria, such as endocellular
mutualists or obligatory pathogens until it was found
exactly the same in several free-living bacteria. In endo-
symbiotic bacteria genome reduction is mainly attributed to
degenerative processes due to small population size. These
cannot affect the free-living bacteria with reduced genomes
because they are known to have very large population
sizes. It has been proposed that selection for simplification
drove genome reduction in these free-living bacteria. For at
least one of them (Prochlorococcus), genome reduction is
associated with accelerated evolution and we suggest an
alternative hypothesis based on increase in mutation rate as
the primary cause of genome reduction in free-living
bacteria.
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Introduction

Genome size varies tremendously among life forms. Pop-
ulation size, recombination rate and mutation rate seem to
be key parameters for genome size diversity (Lynch 2006;
Lynch and Conery 2003). However, how and why these
parameters change from one organism to another is still
poorly understood. Endosymbiotic bacteria such as endo-
cellular mutualists (e.g. Buchnera) and obligatory
pathogens either intra (e.g. Chlamydia, Rickettsia) or
extracellular (e.g. Mycoplasma) have small genomes
compared to their free-living closest relatives (Moran
2002). This genome reduction can be very severe as in the
case of the ultimate endosymbionts: organelles (Kurland
and Andersson 2000). Another interesting feature of these
genomes is that they are AT-richer and they exhibit faster
DNA sequence evolutionary rate than their free-living
cousins (Moran 2002). This trend (small genome, AT-
richness, accelerated evolution) was supposed to be a sig-
nature of the endosymbiotic lifestyle until it was found
in free-living oceanic cyanobacteria from the genus
Prochlorococcus (Dufresne et al. 2005; Dufresne et al.
2003; Rocap et al. 2003). A comparison of Synechococcus
sp. (WH8102) and three species of Prochlorococcus (MED4,
SS120, and MIT9313) has indeed revealed that two of the
three Prochlorococcus species (MED4 and SS120) have
undergone a ~30% genome reduction, have become
~20% AT-richer and have experienced a two to fourfold
increase in evolutionary rate compared to their relatives
(Dufresne et al. 2005). Two more Prochlorococcus with
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reduced genomes have been found since (see Table 1). It
has also been shown that another marine bacteria,
Pelagibacter ubique, has a reduced genome, which is the
smallest genome of any known free-living bacteria
[=1.3 Mb similar to Rickettsia conorii an intra-cellular
pathogen (Giovannoni et al. 2005)].

Genome reduction in endosymbionts is believed to be
driven by genetic drift and thus is seen as a consequence of
chance and mutational bias, which can be maladaptive. The
intensity of genetic drift in a given species is determined by
its effective population size N.. When the product N, x s
is smaller than one—s being selection coefficient at a given
site of the genome—selection is ineffective at this site
whose evolutionary fate is then dominated by genetic drift.
N, is believed to be small in bacterial endosymbionts
(Moran 2002). This implies that many genomic sites under
weak selection (with N, x s ~ 1) in a free-living bacterial
species will be evolving neutrally in a endosymbiotic rel-
ative. N, is also further reduced because endosymbionts
have few opportunities to recombine and thus, they suffer
from the accumulation of deleterious mutations by Mul-
ler’s ratchet (Moran 2002). Hence N, reduction will relax
selection on many sites and sometimes entire genes. All
these sites and genes becoming neutral DNA, mutation
patterns will decide of their evolutionary fate. In bacteria,
the typical mutation pattern seems to be excess of GC to
AT mutations (Moran 2002; Rocha and Danchin 2002) and
excess of deletions (Mira et al. 2001), which explains AT
richness and massive gene loss in endosymbionts.

In marine bacteria with reduced genomes such as
Prochlorococcus and Pelagibacter, genetic drift is not
expected to occur because these bacteria have among the
largest population sizes on earth (Dufresne et al. 2005;
Dufresne et al. 2003; Giovannoni et al. 2005; Rocap et al.
2003). Instead, it has been proposed that selection for
streamlining has driven genome reduction in these bacteria.
In such a nutrient-poor (especially N and P elements)
environment as the oceanic surface waters one, expressing
and replicating some unnecessary genes is costly and
therefore natural selection will favour deletion of these
genes. Among those, the ada gene, which repairs GC to AT
mutations and other DNA repair genes have been lost in
reduced Prochlorococcus genome, which would explain

AT-enrichment and accelerated evolution in these species.
The streamlining hypothesis is attractive but has its prob-
lems. This hypothesis predicts that the streamlined genome
is optimized with respect to size. In particular, proteins
should tend to be shorter in streamlined Prochlorococcus
genomes because of the pressure to reduce energy and
nutrient consumption related to DNA, RNA and protein
synthesis and maintenance of all expressed genes. Analysis
of orthologous genes in three Prochlorococcus species
reveals that proteins have very similar size among reduced
and non-reduced Prochlorococcus genomes (see Fig. 1).
Some proteins are also larger in reduced Prochlorococcus
genomes than in non-reduced ones, which is not in agree-
ment with the streamlining hypothesis.

As we show here another mechanism than selection for
simplification could be responsible of genome reduction in
Prochlorococcus: increased mutation rate. Prochlorococcus
strains harbouring genome reduction (MED4, SS120,
NATL2A and MIT9312) have lost some DNA repair genes
(see Table 2) whose inactivation might have important
effects on global mutation rate, especially in such resource-
limited environments as Prochlorococcus’ (Mackay et al.
1994; Saumaa et al. 2002). In natural populations of
bacteria, there are often isolates that have a 10-fold to
1,000-fold increased rate of mutation compared to the wild
type because they lack DNA repair genes. It has been
shown that these strains, called mutators, could have a very
important effect for the adaptation to a new environment
(Tenaillon et al. 1999). Mutators experience a high rate of
neutral and deleterious mutations but also of beneficial
ones. They can therefore adapt to a new environment more
rapidly (Taddei et al. 1997). Using a simple model we
show here that the increase in mutation rate could result in
a long-term genome reduction and therefore offer a non-
selective scenario for genome reduction in large
population.

Model

In very large populations (as in Prochlorococcus and
Pelagibacter) population genetics predicts that selection
can act on tiny phenotypic differences between variants (i.e

Table 1 Genomic features of

Prochlorococcus species and Species Size (Mb) G+ C%  Proteins  Structural RNAs  Coding content

out-group Synechococcus WH8102 243 59 2519 55 89
Prochlorococcus MIT9313 241 50 2269 55 81
Prochlorococcus SS120* 1.75 36 1883 46 88

2 Strains with reduced Prochlorococcus MED4" 1.66 30 1717 44 87

genomes. Data retrieved from Prochlorococcus MIT9312*  1.71 31 1810 45 89

the NCBI website Prochlorococcus NATL2A®  1.84 35 1892 44 85

(http://www.ncbi.nlm.nih.gov/)
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Fig. 1 Comparison of proteins size between Prochlorococcus spe-
cies. Reduced Prochlorococcus genomes: MED4, SS120, Non-
reduced Prochlorococcus genome: MIT9313. The analysis includes
1,306 triplets of orthologous genes from the three genomes as in
Dufresne et al. (2005) Sequences have been retrieved from the
HOGENOM database release 03 (http://pbil.univ-lyonl.fr/). Adjust-
ment to linear model (without constant) is excellent: MED4
(slope = 0.975, R* = 0.995) and SS120 (slope = 0.983, R? = 0.996)

very small selection coefficient s). As long as the product
N, x s is bigger than one an allele conferring an increase s
on fitness will be selected. However, this classical result
only holds when mutation rate is negligible. When muta-
tion rate is taken into account, the value of s under which
selection is no longer effective depends also on mutation
rate.

A model introduced by Eigen (1971), studied the
influence of mutation rate on the efficiency of selection.
Eigen genotypic landscape is composed of a master
sequence whose fitness is 1 while all the remaining
sequences have fitness 1 — s. In such landscape, the
equilibrium frequency of the master sequence is 1 — u/s if
u the rate of mutation is less than s and O if it is more.

Table 2 DNA repair genes in Prochlorococcus strains and outgroup

Hence, if the mutation rate increases above the value of s,
the master sequence cannot be maintained in the popula-
tion, a phenomenon referred to as “error threshold”
(Biebricher and Eigen 2005). This simple model has been
criticized for its limited domain of application (Wiehe
2000), nevertheless, it fits perfectly with our present point.
A non-essential gene has a limited contribution to fitness,
while functioning it provides a benefit of s, and is neutral
otherwise. Hence if a global increase in mutation rate
increases the rate of inactivation of a gene over its impact
on fitness, the sequence of that gene will inevitably evolve
towards a sequence reflecting only the mutational biases.
The gene will turn to a pseudogene and be deleted in the
long run due to deletion bias.

If we extend further this model and consider n(s) genes
of effect s, derivation by Haigh (1978) predicts that the
average number of functional gene of fitness effect s per
genome will be (1 — u/s) x n(s). So if mutation rate
increases by an x factor then the fraction of functional gene
of effect s kept in the genome is r(s) = (s — x X /s — u)
for x x u < s and O otherwise. If we have the distribution
of fitness effect of the gene pool of the species, we can
estimate the number of genes lost due to an increase in
mutation rate.

To illustrate further this model, we considered a genome
composed of 300 essential genes, and some unessential
genes having their contribution on fitness drawn in a given
distribution. We choose a distribution in which the prob-
ability to have a gene of small effect is much larger than
the probability to have a gene of large effect. For mathe-
matical convenience we choose the probability n(s) =
—K x log(s)/s, K being a constant. With such distribution,
a genome of null mutation rate has —K x log(s) genes of
effect —log(s) on logarithm of fitness. Because natural
selection is only efficient for s > u and because only
(1 — u/s) genes of effect s will be retained by natural
selection (Fig. 2a), the number of gene in the genome is
proportional to

Genes COG Products Synechococcus Prochlorococcus
WH8102 MIT9313 MED4" SS120° MIT9312" NATL2A®

ada/ogt 0350 6-O-methylguanine-DNA methyltransferase SYNW1680 PMTO0269 - - - -

mutY 1194  A/G-specific DNA glycosylase SYNWO115 PMTO0135 - Prol789 - PMN2A_1205
recQ 0514  Superfamily II DNA helicase SYNW1958 PMTO0189 - - - -

recJ 0608 Single-stranded DNA-specific exonuclease =~ SYNW1206 PMTO0761 - Pro0984 - PMN2A_0357
exol/xseA 1570 Exonuclease VII large subunit SYNW2181 PMT1641 - Pro0111 - PMN2A_1460
xseB 1722 Exonuclease VII small subunit SYNW2182 PMT1642 - Pro0112 - PMN2A_1461
- 0494 NUDIX hydrolase family SYNW1334 PMT1026 - - - -

* Strains with reduced genomes. Genes were identified by similarity using MIT9313 sequences as query
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This takes into account the essential genes, and assumes
a genome of about 2,400 genes for a gene inactivation rate
of 107° (generating the factor 25). As seen in Fig. 2b a
modest increase in mutation rate can have a substantial
effect on genome size.

These simple derivations have the interesting property
of being true in infinite population size, and so they could
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Fig. 2 Theoretical expectations of mutation rate on gene loss. (a)
Distribution, for different mutation rates, of non-essential genes
maintained in the genome as a function of the logarithm of their
contribution to fitness. We assume a particular distribution of gene
contribution to fitness (grey line) in which genes have high
probability to contribute very slightly to fitness (see text). We also
assume the presence of 300 essential genes (not shown). As
population size is very large even very small effect genes are selected
upon. With a null mutation rate a genome would bear all the possible
genes (grey line). However, increase in mutation rate limits the
fraction of small effect genes that natural selection can maintain in the
genome. Black lines of increasing size reflect the number of genes
present in genomes having the basal mutation rate (107 chance to
inactivate a gene) or 3-, 10- and 30-fold increase in mutation rate. (b)
Overall genome reduction as a function of mutation rate increase. The
basal rate is u = 107° Dots indicate the observed reduction in
genome size for 3-, 10- and 30-fold increase in mutation rate
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influence the genome evolution of Prochlorococcus and
possibly Pelagibacter. These species have presumably very
large N,; so genes of incredibly small contribution to fit-
ness (much smaller than any experimental setting could
detect) can be maintained by selection in the genome.
However an increase in mutation rate, even modest, will
change the number of functional genes that can be main-
tained in the genome (see Fig. 2a). If there is an important
fraction of small effect genes in the genome, such phe-
nomenon can lead to very significant genome reduction
(see Fig. 2b)

Discussion

Variations in genome size could result from selective and
non-selective forces. The non-selective forces proposed so
far were population size dependant, i.e. they relied on the
reduced efficiency of selection in small population. With a
simple model we show that even in an organism having one
of the largest population size on earth, non-selective forces
(mutation rate increase) could lead to genome reduction.
This could explain Prochlorococcus genome reduction and
possibly Pelagibacter one, although in this case accelerated
evolution because of lost of DNA repair genes has still to
be established.

Our proposed scenario suggests that loss of repair genes
has played a primary role in genome reduction. Selection
of increased mutation rate has been analytically investi-
gated, observed in silico, in vitro and in natura. Change in
environmental conditions or colonization of a new niche
are conditions that favour the indirect selection of mutator
allele, as the benefit of an overproduction of beneficial
mutations in these conditions overpasses the cost due to an
overproduction of deleterious mutations. Several studies
have shown that larger population sizes favour the selec-
tion of mutator alleles (André and Godelle 2006; Tenaillon
et al. 1999) and in fairly large experimental populations it
was shown that 25% of populations experienced a 30-fold
increase in mutation rate that remained stable during more
than 30,000 generations (Sniegowski et al. 1997). Hence
the selection of mutators in Prochlorococcus history would
not be surprising. The reduced Prochlorococcus genomes
(MED4 and SS120) have indeed colonized a new envi-
ronment (low light zone) and mutators could have helped
with the adaptation process. In particular, a key stage in
this adaptation process seems to have been the acquisition
of genes required to live in the low light zone by horizontal
transfer from phages (Martiny et al. 2006; Coleman et al.
2006). Interestingly, some mutator alleles also have a
recombinator phenotype, i.e. they recombine at a higher
frequency and with a larger spectrum of genetic entities,
which favours horizontal transfers (Vulic et al. 1997).
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What remains surprising is why would have some
Prochlorococcus populations remained mutators in the
long term. The classical view on mutator evolution is that
once adaptation to the new environmental conditions has
been reached, increased mutation rate is no longer selected
and a decrease in mutation rate occurring through mutation
or recombination is favoured (Denamur et al. 2000).
However, recent developments suggest that this might not
be the case in very large populations. In such population, a
slight modification of the environment occurring every 1,000
generations (maybe several years for Prochlorococcus)
could maintain a high mutation rate (André and Godelle
2006; Gerrish et al. 2007). Moreover, if environmental
changes are more frequent (due to biotic interactions for
example) then an ever-increasing mutation rate could be
favoured. Such an escalation is possible because the benefit
of high mutation rate is perceived on a shorter term than its
cost due to the accumulation of deleterious mutations.
Hence large population sizes could favour long-term per-
sistence of increased mutation rate (André and Godelle
2006; Gerrish et al. 2007). Long-term increased mutation
rate will have two consequences. First, an increase in the
number of inactivated genes that later on turn into pseu-
dogenes and are deleted as we discussed earlier. Second, as
the repair gene deleted have introduced some strong
mutational bias, their loss will modify quickly the muta-
tional bias of the genome [an estimated 0.5% in GC percent
was observed after 2,000 generations in a mutT back-
ground (Cox and Yanofsky 1967)]. Such modification of
genome composition will drastically reduce the efficiency
of homologous recombination with ancestral populations
that kept their initial GC percent. This will lead to the
progressive genetic isolation of the mutator populations
and limit even further the potential reacquisition by hori-
zontal transfer of the lost repair genes. Hence as large
population size allows the long term persistence of mutator
populations, it also provides the conditions for the observed
lack of reversion to non-mutator state as the fast accumu-
lation of mutations in the genome reduces the chances of
acquiring functional repair genes through recombination.

The two hypotheses proposed to explain genome
reduction in large populations, the selective or the non-
selective one, make different predictions, notably with
respect to the timing of gene loss. In our hypothesis, the
loss of DNA repair genes is expected to be an early event
leading to mutator or super-mutator phenotype whereas it
could occur at any time in the process of genome reduction
in the selective one. Another interesting aspect of our
hypothesis is that it is quite universal since elevated
mutation rate could play a key role in reduction of endo-
symbiotic bacterial genomes too. Loss of DNA repair
genes may also be one of the first events of adaptation to
their hosts and not a late one as commonly admitted. In fact

two studies suggest that the DNA repair genes are found
among the first genes lost during the genome reduction
process in Shigella flexneri and Salmonella typhi free-
living pathogens (Dagan et al. 20006) or Sitophilus zeamais
and S. oryzae, the recent endosymbionts of maize and rice
weevils (Dale et al. 2003). Increasing mutation rate may
well be a good strategy in the evolutionary red queen-like
race between hosts and parasites, especially because the
opportunities for sex are scarce for endosymbionts.
Increasing mutation rate could be an alternative to doing
sex as it has been noted before (Tenaillon et al. 2000).
Interestingly, this increased rate and not Muller’s ratchet
have been suggested to be the major determinant of
accelerated evolution in endosymbionts (Itoh et al. 2002)
and this could also lead to genome reduction according to
our view. In conclusion, our work reinforces the idea that
variation in mutation rate may contribute to the diversity of
genome size observed in nature.
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