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Whole genome mutation rates 
(from Drake et al., 1998) 

HIV-1 : 3.10-5 

E. coli : 5.10-10 

H. sapiens : 5.10-11 

C. elegans : 2.10-10 

Is the mutation rate itself subject to selection ? 

Substitutions  /base /replication 



Across eukaryote genomes 
Chromosomal differences 

•  Autosomes vs. sexual chromosome 

Local differences 

•  Hotspot of insertion for transposable elements  

•  Recombination rate  

•  GC-biased gene conversion 

•  … 

Site differences 

•  CpG methylation 

•  Microsatellites (SSRs) 

•  … 



SSRs: tandem repepepepepeats of small motifs (few bp) 

“High” rate of slippage during replication 

SSRs in coding sequences 

"Long enough" non-3-SSRs confer hypermutability 

ATG_CTG_CAG_AAA_AAA_AAA_CGT_A…"

ATG_CTG_CAG_AAA_AAA_AAC_GTA_…"

ATG_CTG_CAG_AAA_AAA_ACG_TA… "

+1 

-1 

WT 

Rate of slippage increases exponentially with the number of units 



Mutability of a gene 

Let’s define for a given gene 

Mutability as its rate of STOP mutations 

SSRs are likelily the MAJOR source of gene mutability 

From substitution 
 ~ 5% of all mutations create a STOP 
 ~ 10-9 non-sense subst.  /kb /replication 

From frameshift due to indels in SSRs 
 ~ [10-3 , 10-6] /replication 



A threshold for SSR instability 

For mono-SSR 

     Experimental observation (tumors) 
      ≥ 8-units (Rose et al., 1998) 

   Bioinformatics inference    
       ≥ 9-units (Lai et al., 2003) 

A threshold for mono-, di-, tetra-SSR : 8-, 5-, 4-units 

9-units mono-SSR 

Human-Chimpanzee SSR mutability 

(from Yogeshwar et al., 2007) 

8-units mono-SSR ? 



Inferences from 
“The” Human Genome 

Results from Loire et al., MBE, 2009 

The Human Genome: Consortium, Nature, 2003; Venter et al., Science, 2003 



How many genes with SSRs? 

Mostly mono- and di-SSRs within genes 

1 

10 

100 

1,000 

10,000 

22,218 

2 3 4 5 6 7 8 9 10 1 

Gene Count 

Unit number 

mono-SSR 

di-SSR 

tetra-SSR 

penta-SSR 

mono-SSR 
1,291 genes (5.8%) 

di-SSR 
678 genes (3.1%) 

tetra-SSR  
39 genes  (0.2%) 

penta-SSR  
11 genes (0.05%) 

Total 
1,935 genes (8.7%) 



GO terms over-representation 

A cohesive restricted set of GO-terms 

Biological Process 
 cell-cyle and DNA maintenance 

Molecular Functions 
 ATPase, GTPase and Helicase 

Cellular Component 
 nucleus and intracell. non-mbr. bound organelle 

(see Moxon and Wills 1999; Chang et al. 2001; Kashi and King 2006). 



The probability of a long mono-SSR is altered by 

sequence length 
nucleotide composition 

Impact of gene structure 

Hypothesis 

Genes length 
and/or composition 
explain the results ? 

Test 

Do we expect more SSRs 
in the overrepresented 

GO. terms ? 



Mono-SSRs 
a simple substitution model 

In a random sequence with independent mono-nucleotides 

•  of length L  
•  of composition {PA, PC, PG, PT}  

The mean number of runs of nucleotide X of at least size m is: 

 E[ m+ | L, Px ] = (L-m+1) . (1-PX) . PX
m 

The probability of having at least 1 run of this type is: 

 P( m+| L, Px) = 1 - exp( -E[ m+ ] ) 



Expectations for the functions  

We expect more long mono-SSR in the enriched functions 

0 
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Process 

Molecular 
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The model assumes that all substitutions can occur freely 

a neutral model 

A neutrality test for coding SSRs 

m1/2 

Theoretical length P(m+|L,Px) = 0.5 

mobs 

Length of the longest mono-SSR 

Do 50% of genes have 
mobs > m1/2 ? 



Gene-by-gene data vs theory  

(Mono-)SSRs are targeted by purifying selection 

mobs < m1/2 mobs > m1/2 

(see also de Wachter 1981; Metzgar et al. 2000; Ackermann and Chao 2006) 



Inferences from 
4 Primate Genomes 

Results from Loire et al., GBE, 2013 

Chimpanzee: Consortium, Nature, 2005; Macaca: Zhan et al., Science, 2007 
Orang-Utan: Consortium, Nature, 2011 



5,015 orthologs from Apes 

M mulatta 

P troglodytes 

H sapiens 

P pygmaeus 

G gorilla 

H lar (gibbon) 

Multiple alignment (progessive), 
Filtering (conserved blocks), 

Phylogenetic reconstruction (ML) and 
Ancestral states reconstruction (max posterior probabilities) 



Definition of an SSR locus 

…AGCTAGAAAAAAAAGCATGA… 
…AGCTAAAAAAAAAAGCATGA… 
…AGCTAGGAAGAAAAGCATGA… 
…AGCTAGGAAAAAAAACATGA… M mulatta 

P troglodytes 

H sapiens 

P pygmaeus 

SSR locus = at least one SSR in one species 



What kind of mutations ? 

Sequence type # Sites 
Indels 

(% of sites) 
Substitutions 

(% of non-indels) 

mono-, di-,tri, penta-
SSRs  

7,312 130  (1.8%) 557 (7.7%) 

tri-, hexa-SSRs 8,499 1,680 (19.8%) 373 (5.5%) 

Rest of coding 8,185,286 31,720  (0.4%) 316,408 (3.9%) 

Only tri- and hexa-SSRs expand and contract 



Evolutionary distances 

All Coding SSRs Evolve Faster Than the Rest of Coding
Sequences

A distance tree, based on substitutions only, shows a highly
concordant pattern among all lineages (fig. 3). It is clear that
the substitution rate is about two times higher in coding SSRs
than in the rest of the coding sequences in the four primate
lineages analyzed in our study. The tree with the branch
lengths for the rest of the coding sequence is very unlikely
for the tri- and hex-SSR sequences (log-LR¼ 70; P "0) and
even more unlikely for the mono- and tetra-SSR sequences
(log-LR¼ 139; P "0).

To gain insight regarding the cause for this accelerated rate,
we computed the ratio of nonsynonymous to synonymous
mutations rates in all codons. The number of genes where
this ratio is higher within mono-, di-, tetra-, and penta-SSRs
than in the rest of coding sequence is much smaller than its
counterpart (198 vs. 418, P¼7#10$19 using a w2 test). The
same applies to the ratio within tri- and hexa-SSRs when com-
pared the rest of coding sequence (72 vs. 162, P ¼4#10$9

using a w2 test). This suggests that the higher substitution rate
is likely not a consequence of a higher fixation rate. We also
counted independently the number of transitions and trans-
versions. Table 1 (and supplementary table S1, Supplementary
Material online) shows that, even though both rates are in-
creased, the proportion of transversions is higher for coding

SSRs (1.82 increases between the ratios of mono-, di-, and
tetra SSR loci and the rest of coding sequence), suggesting a
change in the mutation spectrum.

The Number of Coding SSRs Is Likely at Equilibrium

To test whether there was a tendency to lose or gain coding
SSRs in the different primate lineages, we reconstructed the
sequences of the human–chimpanzee ancestor as well as
the human–chimpanzee–orangutan ancestor and detected
all SSRs in these two ancestral genomes. In figure 4 (and
supplementary table S2, Supplementary Material online), we
report the number of coding SSRs loci in the alignment of the
six genomes along with the number of gains and losses in
each branch. Since the reconstruction of ancestral states for
sites with gaps is problematic, we restricted the analysis to
only sites with no indel in any species. The gains and losses
were computed by comparing the state of each SSR locus
in each genome (presence or absence of the SSR allele).
Because the ancestral state of the root is unknown, we
cannot distinguish gains and losses in the macaque lineage.
Interestingly, for tri-SSRs, we observed few SSR fissions (i.e.,
one SSR giving rise to two) and SSR fusions; their totals are
given in parentheses.

Our results show that the numbers of SSRs are similar in all
six genomes, regardless the type of SSRs. Because several

FIG. 3.—Genetic distance in SSRs among primate lineages. Distances were computed on three concatenated alignments; one of the coding mono-, di-,

tetra-, and penta-SSRs, one of the coding tri- and hexa-SSRs, and one of the remaining coding sequences. Distances were computed using an HKY model

and a Gamma Law and the tree was constructed by TREE-PUZZLE. The macaque genome is used as an outgroup and the root was placed arbitrarily on the

branch leading to it. Branches length of coding SSRs exhibit a 2-fold increase when compared with rest of the coding sequences.
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SSRs evolve twice faster than rest of coding sequence 



Gains and losses of coding SSRs 

gains and losses occurred for all types of SSRs, their number
has likely reached equilibrium. Importantly, the numbers of
gains do not differ significantly from the number of losses
(using w2 tests) in mono-SSRs (66 vs. 65, NS), di-SSRs (43 vs.
39, NS), tri-SSRs (42 vs. 58, NS), or in all SSRs pooled together
(156 vs. 174, NS)—numbers in the macaca lineage are not
included here. When tested independently, no branch shows
a significant difference between gains and losses when cor-
rected for multiple tests (the largest difference is 15 vs. 21 in
the P. pygmaeus branch for tri-SSRs; this difference leads to
w2¼ 5.44; P¼0.02, which is not significant when several
branches are tested).

This observation is in good agreement with the hypothesis
that SSRs have reached equilibrium, where gains of new SSRs
are balanced with losses.

A Closer Look at the Evolution of Mono-SSRs

Mono-SSRs cannot have overlapping sequence motifs and
therefore have a simple one-to-one correspondence between

the number of repeated units and the length of the SSR. Other
types of SSRs show more complex patterns that highly in-
creases the complexity of models. We therefore chose to
focus our subsequent analyses on mono-SSRs to estimate
the selective cost of coding SSRs. We hypothesize that the
selective cost of mono-SSRs is characteristic of all SSRs
whose unit sizes are not multiple of 3 and that our results
can be extended qualitatively to di-, tetra-, and penta-SSRs.

Mono-SSRs of 8 Units Are at Equilibrium

We first decided to focus more specifically on the mono-SSRs
of exactly 8 units (mono-8), the smallest mono-SSRs that show
a high propensity to mutate by slippage in noncoding regions.
These sequences, along with the two nucleotides at their
edges, are 10bp long. Note that the two edges of an SSR
of exactly X repeated units cannot be the same nucleotide as
the SSR itself.

Complementarily, we also analyzed the related proto-SSR
of size 8, which we define as sequences that can be turned

H. sapiens P. troglodytes P. pygmaeus M. mulatta H. sapiens P. troglodytes P. pygmaeus M. mulatta

H. sapiens P. troglodytes P. pygmaeus M. mulattaH. sapiens P. troglodytes P. pygmaeus M. mulatta

Mono-SSR Di-SSR

Tri-SSR All

407 421 430 418

413

+7/-13 +15/-7

+32/-24

+/- 134+12/-21

422

218 212 216 212

212

+9/-3 +6/-6

+20/-19

+/- 79+8/-11

215

915 923 922 907

915

+25/-25 +36/-29

+64/-73

+/- 319+31/-47

931

276 275 264 260

274

+8/-6
(+1/-1) (+1/-1)(+1/0) (+1/0)

(+/- 3) (+/- 3)

+13/-13

+11/-25

+/- 91+10/-14

278

FIG. 4.—Dynamics of SSRs among primate lineages. The evolution of SSR loci is represented on a cladogram of the four primate lineages. The numbers

of loci are figured on nodes, while gains (+) and losses (") are depicted on the branches. In parentheses (for tri-SSRs), the numbers of fusion (two SSRs

merged in one) and fission (one SSR split in two) events are provided. We report counts for mono-, di-, and tri-SSRs as well as all pooled SSRs. Since the

genome at the root cannot be reconstructed, gains and losses are undistinguishable in the macaque lineage. For all SSRs and all branches, the number of

gains and losses are not significantly different (w2 tests).
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A dynamic equilibrium: Gains ~ Losses 



proto-X 
(P) mono-X 

(S) 

a µ 

d µ 

Mono-SSRs 
(toward a simple 2-alleles model) 

Gains 

Losses 



S/P alleles at equilibrium 

into a mono-8 by a single mutation (they differ from mono-8
by only one nucleotide). Please note that we excluded all
mono-SSRs of 9 or more units from these proto-8.

Amono-8 (hereafter an S8 allele) and a proto-8 (hereafter a
P8 allele) are two alternative alleles for an SSR locus. Clearly,
other alleles can be observed for an SSR locus, but our focus
is only on S8 and P8 alleles. Because we assume that SSRs
are at equilibrium, the existence of other states does not
alter the following reasoning. The P8 alleles are presumably
neutral and the S8 alleles are presumably negatively selected,
because of their propensity to expand and contract (Metzgar
et al. 2000; Ackermann and Chao 2006; Loire et al. 2009).
The numbers of loci with an S8 allele and with a P8 allele
are reported on the nodes of a cladogram (fig. 5). On the
branches, we also report the number of mutations of S8
into P8 and vice versa. Note that these numbers alone do
not explain the differences between the genomes, since
other states are not reported here.

Again, we observe that the numbers of S8 and P8 alleles in
all genomes are very similar even though S8!P8 and P8!S8
mutations are observed. We conclude from this that mono-8
and proto-8 have likely reached equilibrium in these lineages.

A Mutation-Only Model Does Not Fit the Data for
Mono-SSRs of 7 Units or More

On average, there are 11,105.5 loci with a P8 allele and 315.7
loci with an S8 allele. This translates into an average frequency
of the S allele of p¼0.026.

The frequency of S8 alleles is variable among the four types
of mono-SSRs of 8 units. Indeed, the average estimates of
p are 0.04 (251.833 S8 and 5996.5 P8 alleles) for poly-A,
0.009 for poly-C (24.5 S8 and 2667.8 P8 alleles), 0.008 for
poly-G (11.8 S8 and 1527.8 P8 alleles), and 0.017 (27.5 S8 and
1555.5 P8 alleles) for poly-T. This observation suggests that
the selective cost of S8 alleles depends on the composition of
the SSR itself, with the poly-G and poly-C being more delete-
rious. It is noteworthy to mention that poly-C and ploy-G
are less abundant in both coding and noncoding sequences
(e.g., Loire et al. 2009), suggesting that other factors besides
natural selection (e.g., alternative mutational mechanisms)
could operate on coding SSRs.

In a mutation-only model, the frequency of S allele,
p, simply results from the rates of creation and disappearance
under the assumption of equilibrium. In this mutation-only
model, wewould expect the frequency of S to be mc / (mc+ md),
where mc is the rate of creation and md the rate of disappear-
ance of S8 alleles. Because creation and disappearance
are both substitutions, they can be expressed as a function
of m. The average substitution rate per site for creation
and disappearance of S8 allele are mc¼ c" m and md¼d"m,
respectively. Given this, the frequency of S is expected to be
c/(c+ d).

Assume a model with a single mutation rate (the JCmodel,
for Jukes–Cantor). For a given P8, we have to consider
two cases. First, the interruption is located within the repeated
pattern, and therefore only one substitution can create the S8

H. sapiens

31111,674

P. troglodytes

31611,754

P. pygmaeus

32011,759

M. mulatta

32011,623

31411,789

32011,897

13

4
12

16
4

3

3

5

FIG. 5.—Dynamics of S8 and P8 alleles among primate lineages. At each node, we report the number of S alleles (mono-SSRs of size 8) in the smaller dark

circle and the number of P alleles (a sequence that can be turned into a mono-8 by a single substitution) in the larger clearer circle. On the branches, we

report the number of mutations of S8 into P8 alleles as well as the reverse ones.
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mono-SSRs of size 8 



The mutation-only model 

allele (one site where only one of the three possible substitu-
tions creates the SSR). Second, the P8 interruption occurs
at the edge (i.e., the P8 is an S7 allele), and therefore two
mutations can create the S8 allele, one at each edge (two
sites for which only one of the three possible substitutions
creates the SSR). If we define f8 as the fraction of P8 of the
latter case (that is an S7 allele), we can compute the creation
rate as c¼ (1" f8)#1/3+ f8#2/3¼ (1+ f8)/3. We further
assume f8 to be 2/8, i.e., two of the eight sites are located
at the edges. This translates into c¼5/12. As for the
disappearance rate, d, any of the SSR nucleotides can be
changed into any different nucleotide. We thus set d¼8
for the mutation of an S8 allele to a P8. Given this, we
would expect, under the JC model, a frequency for the S8
allele of 0.050.

We thus assume a second model with two mutation rates,
one for transversion and one for transition (the K2pmodel, for
Kimura 2 parameters). For the rate of creation, we must treat
interrupting sites differently depending on whether there
are transitions or transversions. Define k as the ratio between
of the rates of transition and transversion and l the fraction
of interrupting sites that are transitions. Given these, one
can show that c¼ (1+ f8)[l#k/(k+ 2)+ (1"l)/(k+ 2)] and
d¼ 8. With either k¼ 1 (a unique mutation rate) or l¼ 1/3

(the interrupting base is, on average, any of the three other
nucleotides with equal chance), the expected ratio c/(c+ d) is
identical to the JC model. The expected frequency for the S8
allele under the K2pmodel is larger than the one under the JC
model when l>1/3 (with k$ 1). Here, among the interrupt-
ing sites of P8 loci, we observe a fraction l¼0.47 of transi-
tions; assuming k¼6 (based on table 1; since there are two
possible transversions for each transition, k¼2# Ts:Tv), this
leads to an expected frequency for the S8 allele of 0.061.

The ratio observed/expected for the frequency of S8 alleles
is 0.026/0.050¼0.52 under the JC model and 0.026/
0.061¼0.42 under the K2p model. We hypothesize that
this underrepresentation is caused by the selective advantage
of the P8 allele over the S8 allele.

We then generalized this to other mono-SSRs and
proto-SSRs of X repeated units. For a mono-X, we expect a
frequency for the SX allele of c/(c+ d), where c¼ (1+ fX)/3 for
the JC model, c¼ (1+ fX)[l#k/(k+ 2)+ (1" l)/(k+ 2)] for
the K2p model (setting l¼0.47 and k¼ 6) with fX¼ 2/X
and d¼X for both models. For mono-SSRs of 3 to 9 units,
we computed the observed and expected frequencies of S
alleles as well as the ratio between observed and expected
frequencies (fig. 6a and b; also see supplementary table S3,
Supplementary Material online). We did not consider SSRs
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FIG. 6.—Selective costs of mono-SSRs of various size. (a) In the top left panel, we report the observed and expected frequencies of S alleles for

mono-SSRs of 3–9 units. (b) In the top right, we report the observed/expected ratio of frequencies for S alleles. (c and d) The bottom panel reports the

estimated selective cost (either s or a) for twomodels introducing selection, for codominant alleles (h¼ 0.5). In the firstmodel (c), only selection andmutation

are modeled (infinite population), whereas in the second model (d), genetic drift is also considered (finite population).
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It only fits for small (stable) SSRs 



Single genome “Population genetics” 

SSRs were detected using a size threshold above which
their expansion/contraction rate becomes a major mutation
force. Indeed, the expansion/contraction rate of an SSR locus
will become significant only when the number of repeated
units reaches a minimum. Based on the literature, we decided
to set the minimum at 8 units for the mono-nucleotide SSRs
(mono-SSRs); 5 units for the di-SSRs; 5 units for the tri-SSRs;
and 4 units for the tetra-SSRs, penta-SSRs, and hexa-SSRs. An
extensive discussion of these particular choices can be found
in Loire et al. (2009) and will not be further addressed here.
Only perfect SSRs are considered, since degenerate motifs
show a dramatic decrease in the rate of insertion/deletion
(Leclercq et al. 2010).

While detecting SSRs of a given unit size, repeated se-
quences that were themselves composed of SSR of smaller
sizes were excluded. For example, (AA)X, (CC)X, (GG)X, and
(TT)X are not included in di-SSRs and only count asmono-SSRs.

For SSRs whose unit sequence is two or more nucleotides,
the total sequence of the reported SSR is the largest possible
one, including overlapping repeated patterns. For example,
the sequence TCACACACT hosts a di-SSR (that can be either
CA or AC) of three repeated units that spans all the sequence
highlighted in italic.

Ancestral sequences were reconstructed using CODEML
(Yang 2007), with parameters set to seqtype¼ codons,
NSsites¼ 0, and ncatG¼4. All ancestral sequences show a
posterior probability above 0.8. Because gaps are considered
asmissing characters, we have not taken codonswith deletion
into account in our statistics using ancestral genomes.

dN is the number of nonsynonymous substitutions per
nonsynonymous site and dS is the number of synonymous

substitutions per synonymous site. Assuming a single dN/dS
ratio for all branches but 10 classes of dN/dS for the codons
within a gene, we estimated the dN/dS ratio of each codon of
all alignments using CODEML (Yang 2007), with following
parameters: seqtype¼ codons, NSsites¼ 5, and ncatG¼10.

The evolutionary distances between the species sequence
were computed using an HKY model (Hasegawa et al. 1985)
along with a gamma correction. Tree reconstruction was
performed using TREE-PUZZLE (Schmidt et al. 2002) using
concatenated sequences of SSRs loci or of the coding
sequence regions devoid of SSRs.

We assessed the significance of the differences found
among trees using a likelihood ratio test. We specifically
tested the difference in branch length, as the topology and
the model are identical for all tree reconstructions. To do so,
we computed the likelihood of a tested tree on the data
and compared it with the maximum likelihood tree. In the
maximum likelihood tree, five extra parameters are optimized
that correspond to the five branch lengths. In that respect,
twice the log likelihood ratio is w2 distributed with five degrees
of freedom.

Estimation of the Selection Coefficient

To estimate the selection coefficient associated with a coding
SSR, we use a two-allele model (S and P), where S is the del-
eterious allele. The two models are depicted in figure 1.
Although we analyzed a single genome, we assumed that
at each SSR locus, there is an independent sampling from
the population; therefore, the frequency of loci with an S
allele within a genome is an estimator of the average fre-
quency of S at each locus in the population. Each model

sampled genome

other
genomes} }

Model 1
(infinite population)

Model 2
(finite population)

S/P alleles: /

FIG. 1.—Twomodels to estimate the fitness cost of mono-SSRs. Schematic representation of two alternativemodels to estimate the selection coefficient

associatedwithmono-SSRs. Bothmodels assume that each locus evolves independently and has one of the two alleles S or P; the S allele is deleterious. In the

first model, the population size is infinite, so that all loci are polymorphic in the population with the same frequency. In that case, the frequency of S for a

given locus is estimated by the frequency of S among all loci of the same genome. In the second model, the population is sufficiently small so that

polymorphic states are only transient and all loci are fixed for one of the two alleles. In this model, all genomes from the population are identical to the

sampled genome.
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Mutation-selection 
equilibrium 

Mutation-selection-drift 
equilibrium 

(textbook population genetics) (following Bulmer 1991) 



 Estimation of selective coefficient 

Effective selection coefficient (2Nes) 
  
 Model 1, infinite size Ne = 10 000   
  
 Model 2, finite size  direct estimation 

Results for mono-SSRs of 8 units 

h Model 1 Model 2 

1 0,0008 0,2 

0,1 0,006 2 

0 0,03 ? 



 Estimation of selective coefficient 

allele (one site where only one of the three possible substitu-
tions creates the SSR). Second, the P8 interruption occurs
at the edge (i.e., the P8 is an S7 allele), and therefore two
mutations can create the S8 allele, one at each edge (two
sites for which only one of the three possible substitutions
creates the SSR). If we define f8 as the fraction of P8 of the
latter case (that is an S7 allele), we can compute the creation
rate as c¼ (1" f8)#1/3+ f8#2/3¼ (1+ f8)/3. We further
assume f8 to be 2/8, i.e., two of the eight sites are located
at the edges. This translates into c¼5/12. As for the
disappearance rate, d, any of the SSR nucleotides can be
changed into any different nucleotide. We thus set d¼8
for the mutation of an S8 allele to a P8. Given this, we
would expect, under the JC model, a frequency for the S8
allele of 0.050.

We thus assume a second model with two mutation rates,
one for transversion and one for transition (the K2pmodel, for
Kimura 2 parameters). For the rate of creation, we must treat
interrupting sites differently depending on whether there
are transitions or transversions. Define k as the ratio between
of the rates of transition and transversion and l the fraction
of interrupting sites that are transitions. Given these, one
can show that c¼ (1+ f8)[l#k/(k+ 2)+ (1"l)/(k+ 2)] and
d¼ 8. With either k¼ 1 (a unique mutation rate) or l¼ 1/3

(the interrupting base is, on average, any of the three other
nucleotides with equal chance), the expected ratio c/(c+ d) is
identical to the JC model. The expected frequency for the S8
allele under the K2pmodel is larger than the one under the JC
model when l>1/3 (with k$ 1). Here, among the interrupt-
ing sites of P8 loci, we observe a fraction l¼0.47 of transi-
tions; assuming k¼6 (based on table 1; since there are two
possible transversions for each transition, k¼2# Ts:Tv), this
leads to an expected frequency for the S8 allele of 0.061.

The ratio observed/expected for the frequency of S8 alleles
is 0.026/0.050¼0.52 under the JC model and 0.026/
0.061¼0.42 under the K2p model. We hypothesize that
this underrepresentation is caused by the selective advantage
of the P8 allele over the S8 allele.

We then generalized this to other mono-SSRs and
proto-SSRs of X repeated units. For a mono-X, we expect a
frequency for the SX allele of c/(c+ d), where c¼ (1+ fX)/3 for
the JC model, c¼ (1+ fX)[l#k/(k+ 2)+ (1" l)/(k+ 2)] for
the K2p model (setting l¼0.47 and k¼ 6) with fX¼ 2/X
and d¼X for both models. For mono-SSRs of 3 to 9 units,
we computed the observed and expected frequencies of S
alleles as well as the ratio between observed and expected
frequencies (fig. 6a and b; also see supplementary table S3,
Supplementary Material online). We did not consider SSRs
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FIG. 6.—Selective costs of mono-SSRs of various size. (a) In the top left panel, we report the observed and expected frequencies of S alleles for

mono-SSRs of 3–9 units. (b) In the top right, we report the observed/expected ratio of frequencies for S alleles. (c and d) The bottom panel reports the

estimated selective cost (either s or a) for twomodels introducing selection, for codominant alleles (h¼ 0.5). In the firstmodel (c), only selection andmutation

are modeled (infinite population), whereas in the second model (d), genetic drift is also considered (finite population).
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The longer, the nastier 

(fix h=0.5) 



Comparative genomics 

Rate of evolution 
Twice faster than the rest of coding 
sequence 

Gains ~ Losses 
Coding SSRs are at equilibrium 

Selective coefficient 
Infinite size model : very small Nes << 1 
Finite size model : small             Nes ~ 1 



Inferences from 
1,000 Human Genomes 

Results from M. Lapierre (work in progress) 

1,092 human genomes: Consortium, Nature, 2010; Consortium, Nature, 2012 



1,000 human genomes 

1,092 genomes 
> ~2,200 haploid genomes 

No ascertainment bias 
 > No need for ad-hoc corrections 

Orienting mutation using the Chimpanzee genome 
 > Ancestral and Derived states 



SNPs in coding SSRs 

Sequence Type # SNPs Density (/bp) 

Rest of Coding sequence 179,893 0.5% 

mono-, di-, tri-, tetra-, 
penta-SSRs 

324 1.5% 

Tri-, hexa-SSRs 109 0.5% 

Why some SSRs have more mutations ? 



Counting mutations back and forth 

species A 

species B 

conserved SSR SSR in A SSR in B 

Rest of coding sequence 

0 mutation 
(many sites) 

1+ mutation 
(few sites) 

1+ mutation 
(few sites) 

few mutation 
(many sites) 

Distances in SSRs are overestimated by a factor 2 ! 

species A 

species B 



Frequencies of SNPs 

0 
0,1 
0,2 
0,3 
0,4 
0,5 
0,6 
0,7 
0,8 

1 2 >2 

Rest of Coding 
Sequence 

Gains 

Losses 

0 
0,1 
0,2 
0,3 
0,4 
0,5 
0,6 
0,7 
0,8 

1 2 >2 

Mono-, di-, tetra-, penta-SSRs Tri-, hexa-SSRs 

The selection-mutation balance model is right out ! 



Gains vs Losses 

SSRs Gains Losses Ratio 

mono-, di-, tri-, tetra-, 
penta-SSRs 

128 110 1.16 

Tri-, hexa-SSRs 30 104 0.29 

Stable vs unstable SSRs 



SNPs in dynamic SSRs 

S fixed P fixed 

Gain substitution 

Loss substitution 

Loss SNPs 

Gain SNPs 

Gain Substitutions = Loss Substitutions   



Estimating the selective coefficient 

h 1 genome 2,200 genomes 

1 0,2 0,05 

0,1 2 0.5 

0 ? ? 

Gain/Loss SNPs depends on the fixation  probability 

Ratio = Pfix(S)/Pfix(P) 

Estimate 2Nes for mono-SSRs of 8 units 



Concluding thought 

« Y'en a pas un sur cent et pourtant ils existent ! »  


