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Population genetic studies can contribute to current knowledge about the epidemiology of pathogens such as
Streptococcus mutans, which is one of the most widely distributed bacteria in the world to be associated with
human dental caries. In the present study, we investigated whether the population genetic structure of the
species is clonal or recombinant, and we also evaluated the current levels of gene flow, admixed ancestry, and the
hypothesis of an expansion of the bacteria within the last 10 000 years. Strains of S. mutans from C�ordoba
(Argentina) were obtained, with sequences of the genes aroE, gltA, gyrA, and lepC genes being aligned with those
of strains from Japan, Thailand, and Finland. Most of our statistical analyses performed on the DNA matrix of
193 strains supported the existence of recombination at the intergene level. We also estimated the number of
genetic clusters via Bayesian analyses, with three genetic clusters being detected in the four countries at
different frequencies, as well as the number of strains with pure or admixed ancestry varying among countries.
Argentina revealed 50% admixed strains, whereas these types of strains were present in only 8–19% of the other
three countries analyzed. This result could be associated with the important human migration waves that
Argentina has experienced, which may have mixed strains of S. mutans of different geographical origins. The
demographic history was obtained using Extended Bayesian Skyline Plot anslysis, which showed important
growth in the effective population size approximately 5000 years ago, coincident with the beginning of the
dispersion of agriculture and a change to a diet rich in carbohydrates. © 2016 The Linnean Society of London,
Biological Journal of the Linnean Society, 2016, 00, 000–000.
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INTRODUCTION

Species are rarely fully panmictic and often are
divided into genetic subgroups. The nonrandom dis-
tribution of genetic variation within and among pop-
ulations from different geographical regions

throughout a species range (referred to as the
genetic structure of a population) is the product of
historical, ecological, and evolutionary processes
(Templeton, 2006). A useful model for these kinds of
studies involves bacteria because they have short
generation times, huge population sizes and produce
very fast evolutionary changes that depend on pro-
cesses such as mutation, recombination, gene flow,
genetic drift, and natural selection (Maynard-Smith
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et al., 1993). When performing population genetic
studies in bacteria, prokaryotes should be considered
as presenting three basic mechanisms of horizontal
genetic exchange: transformation, conjugation, and
transduction. However, the importance of these three
mechanisms varies according to the species and they
do not necessarily occur in every generation (Spratt,
2004). Maynard-Smith et al. (1993) proposed the
existence of three different models of bacterial popu-
lation structure: (1) clonal, where the absence of
recombination and the accumulation of point muta-
tions determine the different lineages of a species;
(2) panmixia or random allele association, mainly
produced by homologous genetic recombination and
the acquisition of new genes by horizontal transfer;
(3) epidemic, where the bacterial species usually pre-
sent panmixia, although occasionally with successful
strains appearing and quickly increasing their fre-
quency and reproducing by cloning.

One of the most globally distributed bacteria is
Streptococcus mutans, which resides principally in
the oral cavity, where it forms part of the commensal
microbiota. In certain circumstances, it can also be
an important pathogen of dental caries, a biofilm-
dependent infectious disease. Given the worldwide
distribution of caries, several population genetic
studies have been performed on this bacteria using
the multilocus sequence typing (MLST) technique,
which is usually based on partial sequences of house-
keeping genes (encoding metabolic enzymes). The
first population genetic study was conducted by
Nakano et al. (2007) using an MLST scheme of eight
genes in 101 isolates from Japan and Finland, with
the study concluding that the population structure
was mainly clonal, although low levels of recombina-
tion could not be discarded. In another investigation,
Do et al. (2010) used a second MLST scheme with
six different housekeeping genes, two putative viru-
lence genes (gtfB and spaP), and 135 isolates from
ten countries, and rejected the hypothesis of a clonal
structure, indicating that recombination was a very
common phenomenon. Using the same MLST scheme
as that employed by Nakano et al. (2007) in 52
strains of S. mutans from Thai subjects, Lapirat-
tanakul et al. (2011) also determined the distribution
of the cnm gene, which produces a protein related to
the binding ability of the bacteria to the extracellular
matrix. A clonal genetic structure was found, with
two particular clones being positively associated with
cnm expression. Furthermore, Momeni et al. (2015)
compared the two MLST schemes in 33 strains of the
bacteria and concluded that there is no significant
difference in discriminatory power between the
schemes available for S. mutans.

Using a very different approach, Cornejo et al.
(2013) performed population genetic analyses using

the genomes of 57 isolates of S. mutans aiming to
identify the overall structure and potential adaptive
features of the dispensable and core components of
the genome. It was concluded that homologous
recombination is very common in S. mutans with
respect to maintaining the genetic diversity of the
core genome, and it was estimated that S. mutans
may have started an exponential expansion approxi-
mately 10 000 years ago, around the time of the
onset of human agriculture.

The examination of fossils and archaeological
human dentitions provides direct evidence for the
prevalence of dental disease in ancient times (Lan-
franco & Eggers, 2010), with the hypothesis of Cor-
nejo et al. (2013) being supported by the fact that
dental cavities appear in fewer than 2% of teeth of
skeletal remains of the Palaeolithic era, when
humans were hunter-gatherers (Lukacs, 1992). Later
fossils from the Neolithic revealed increased caries
associated with sedentary food-producing societies
(beginning between 10 000 and 13 000 years BP)
where fermentable carbohydrates were commonly
eaten (Lanfranco & Eggers, 2010; Humphrey et al.,
2014). In addition, Adler et al. (2013), who sequenced
bacterial strains from ancient calcified dental pla-
ques, detected that the frequency of S. mutans was
significantly higher in modern samples than in pre-
industrial agricultural samples. However, according
to Gibbons (2012), many millennia elapsed before
dietary changes resulted in serious oral damage;
therefore, the expansion of S. mutans could have
occurred in more recent times and not necessarily
10 000 years ago.

In the present study, we used the genes aroE,
gltA, gyrA, and lepC of S. mutans strains from
Argentina, Japan, Thailand, and Finland aiming to
determine whether the population genetic structure
of the bacteria is panmictic or clonal. We also evalu-
ated the levels of genetic diversity, admixed ances-
try, and population divergence of S. mutans to
estimate the current levels of gene flow, as well as to
test the hypothesis of an expansion of the bacteria
over the last 10 000 years by performing Bayesian
demographic analyses.

MATERIAL AND METHODS

BACTERIAL STRAINS

In the present study, we used 40 strains of S. mu-
tans obtained from children (aged from 6 to 8 years
old) of both sexes attending urban-marginal schools
in C�ordoba Province. The microbiological isolation of
strains of S. mutans from stimulated saliva and
DNA extractions was performed sensu Carletto-
K€orber et al. (2015).
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MLST SCHEME SELECTION

As noted above, there are two different MLST
schemes published with non-overlapping genes:
that of Nakano et al. (2007), also used by Lapirat-
tanakul et al. (2011), which includes eight house-
keeping genes, and that of Do et al. (2010), which
includes six housekeeping and two putative viru-
lence genes.

For the statistical analyses implemented in the
present study (see below), large population sizes are
needed. The scheme of Nakano et al. (2007) and
Lapirattanakul et al. (2011) uses sequences of 89
strains from Japan, 52 from Thailand, and 12 from
Finland, whereas the scheme of Do et al. (2010)
includes strains from 10 countries, although with the
only two populations presenting high sample sizes:
N = 70 (UK) and N = 28 (Iceland). For this reason,
in the present study, we selected the scheme of
Nakano et al. (2007).

In a preliminary analysis, we sequenced the eight
genes of the scheme for ten randomly chosen strains
from C�ordoba. We found that aroE, gltA, gyrA, and
lepC showed good levels of variation, whereas the
genes glk, tkt, murI, and glnA presented very low
levels of polymorphism. Therefore, we did not con-
tinue sequencing these latter four genes because
they would contribute with very little information for
the statistical analyses.

We included the following sequences from Japan
(N = 89), Thailand (N = 52), and Finland (N = 12),
published in Nakano et al. (2007) and Lapirat-
tanakul et al. (2011), and available in GenBank: lepC
(AB282409 to AB282509 and JF800544 to JF800595,
respectively), gltA (AB281904 to AB282004 and
JF800336 to JF800387, respectively), gyrA
(AB282106 to AB282206 and JF800596 to JF800647,
respectively), and aroE (AB282207 to AB282307 and
JF800440 to JF800491, respectively). All of the
names of strains used in these studies were identi-
fied to compare them with the 40 strains obtained
from C�ordoba, Argentina.

POLYMERASE CHAIN REACTION (PCR)
AMPLIFICATIONS AND SEQUENCING

For each of the 40 strains from C�ordoba, amplifica-
tions were performed according to the conditions
described in Nakano et al. (2007). All sequencing
reactions were performed by Macrogen Korea (http://
www.macrogen.com). The GenBank accession num-
bers for the sequences of the forty strains from
C�ordoba (Argentina) are: lepC (KT824467 to
KT824506), gyrA (KT824507 to KT824546), gltA
(KT824547 to KT824586), and aroE (KT824587 to
KT824626).

SEQUENCE DATA ANALYSIS AND SEQUENCE TYPE

ASSIGNMENT

Nucleotide alignments were produced using MAFFT,
version 7 (http://mafft.cbrc.jp/alignment) (Katoh &
Standley, 2013). The software implements progres-
sive alignments and adds extra steps to improve the
alignment guide tree. We used the strategies L-INS-i
and G-INS-I, with gap opening penalty: 1.53, gap
extension penalty: 0.1. The data matrix of each gene
(with N = 193) was analyzed using DNASP, version
5.10.1 (Librado & Rozas, 2009) to obtain the different
alleles. The combination of alleles of the four genes
allowed the identification of sequence types (STs),
which were summarized according to their countries
of origin. Standard diversity indices, such as the
number of alleles (NA) and polymorphic sites (NP),
the allele and ST diversity, and nucleotide diversity
(p), were calculated for each gene and for each coun-
try using ARLEQUIN, version 3.5.1.2 (Excoffier &
Lischer, 2010).

TESTING FOR RECOMBINATION

Evidence of recombination between STs was investi-
gated using several types of analyses: (1) the Incon-
gruence Length Difference test (ILD test) was
implemented in PAUP, version 4b10 (Swofford, 2003)
using 100 random replicates under branch-and-
bound search constraints, conducted by pairwise
comparisons of the four data sets in the combina-
tions: lepC vs. gltA, lepC vs. gyrA, lepC vs. aroE, gltA
vs. gyrA, gltA vs. aroE and gyrA versus aroE; (2)
split decomposition trees were constructed with 1000
bootstrap replicates based on the maximum parsi-
mony criterion as implemented in SPLITSTREE, ver-
sion 4.0 (Huson & Bryant, 2006); (3) the resulting
trees of the former program for individual loci and
for the ST dataset were analyzed using the Pairwise
Homophasy Index (PHI) test to identify any signifi-
cant evidence of recombination; (4) we estimated the
minimum number of recombination events in the ST
dataset using DNASP, version 5.10.1; (5) the degree
of clonality was investigated by calculating the index
of association (IA) of Maynard-Smith et al. (1993)
between all STs as implemented in START2 (http://
pubmlst.org/software/analysis/start2) (Jolley et al.,
2001); (6) the standardized index of association (IA

S)
was calculated using LIAN, version 3.7 (http://gua-
nine.evolbio.mpg.de/cgi-bin/lian/lian.cgi.pl/query)
(Haubold & Hudson, 2000); (7) we also implemented
the RDP3 (Heath et al., 2006), with recombination
being accepted if the same recombination event was
demonstrated by at least two of the eight tests imple-
mented by the software; and (8) the identification of
lineages or clonal complexes (we used a definition of
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at least three of four loci to be considered as part of
the same group) was performed using eBURST 3
(http://eburst.mlst.net) (Feil et al., 2004) and, for the
same purpose, a Neighbour-joining tree was calcu-
lated using START2 with 1000 iterations.

POPULATION GENETICS

To examine the level of genetic differentiation
among the S. mutans strains from Japan, Thailand,
Finland, and Argentina, we performed pairwise /ST

comparisons for all pairs of populations using
ARLEQUIN, version 3.5.1.2; utilizing the same soft-
ware, we computed the neutrality tests D (Tajima,
1996) and FS (Fu, 1997) to test the assumption of
mutation–drift equilibrium. The purpose of both
these calculations is to distinguish between a DNA
sequence evolving neutrally (values not significantly
different from zero) or evolving under a nonrandom
process, including directional or balancing selection
(significant positive values) or demographic expan-
sion or bottleneck (significantly negative). The FS

test is particularly sensitive to recent population
growth, and the significance of both tests was exam-
ined using 10 000 nonparametric permutations. A
mismatch distribution analysis was also performed
to check for recent demographic expansion because
the software assumes a population expansion as the
null hypothesis and generates a theoretical distribu-
tion of the differences among sequences, which can
then be compared with the real distribution of the
data. Comparisons of the sum of the square devia-
tion between the observed and estimated mismatch
distributions and also the raggedness index of
Harpending (1994) were used as statistical tests for
the estimated expansion model, with 10 000
nonparametric permutations being used for these
analyses.

The genetic structure was examined using the
Bayesian algorithm implemented in STRUCTURE,
version 2.3.4 (Falush, Stephens & Pritchard, 2007)
assuming a model of population admixture and cor-
related allele frequencies among groups. Here, we
used the population membership of each individual
as prior information. We converted the MLST
sequence data into the input file format for STRUC-
TURE, 2.3.4, using the XFMA2STRUCT (http://
www.xavierdidelot.xtreemhost.com/clonalframe.htm).
Analyses in STRUCTURE, version 2.3.4, were car-
ried out with K ranging from 1 to 10, aiming to
detect the most representative number of groups,
with a burn-in of 2 500 000 iterations and
7 500 000 iterations. We used the parameter
Alphapropsd = 0.125 to improve mixing, and the pro-
cedure was repeated 10 times for each K to check for
consistency, with all analyses being run twice using

different computers at our laboratory. The optimal
value of K was calculated according to the DK
method described by Evanno, Regnaut & Goudet
(2005), using online STRUCTURE HARVESTER,
version 0.6.7 (http://taylor0.biology.ucla.edu/
struct_harvest) and replicated runs of STRUCTURE,
version 2.3.4, were analyzed using CLUMPP, version
1.1.2 (Jakobsson & Rosenberg, 2007) to summarize
each individual’s membership across runs using the
Greedy algorithm. The averaged results were used to
construct summary bar plots for each individual,
using DISTRUCT, version 1.1 (Rosenberg, 2004),
where each individual is partitioned into K segments
that represent the individual’s estimated member-
ship fraction in each of the K inferred clusters. For
an individual to be considered part of a cluster, the
membership to one cluster should be more than 0.8;
otherwise, admixed ancestry is assumed (V€ah€a &
Primmer, 2006).

The best-fitting model of sequence evolution was
selected using JMODELTEST2 (Darriba et al., 2012),
in which the likelihood scores for 88 different models
were computed for each of the four genes. Using the
Bayesian information criterion, the models selected
were: HKY+G for aroE and gyrA, as well as HKY+I
for the gltA and lepC datasets. The past population
dynamics of S. mutans were inferred using Extended
Bayesian Skyline Plot (EBSP) analysis for multiple
unlinked loci implemented in BEAST, version 1.8.1
(http:// beast.bio.ed.ac.uk) (Drummond et al., 2012).
The common Bayesian Skyline Plot assumes no
recombination for the demographic estimation
because this phenomenon can create mosaic genomes
that violate the assumption of a tree-like evolution,
whereas the EBSP analysis allows unlinked substitu-
tion and clock models and independent starting
trees, which can be used when there is no intralocus
recombination (Ho & Shapiro, 2011). All of the analy-
ses were repeated twice using different computers at
our laboratory. This coalescent-based demographic
model uses standard Markov chain Monte Carlo
(MCMC) sampling procedures to estimate the poste-
rior distribution of the effective population size over
time directly from heterochronous sequence data
under a best-fit substitution model, as previously cal-
culated using JMODELTEST2. Analyses were run
for 500 million generations sampled every 10 000
iterations and with a burn-in phase of 50 million
generations.

Cornejo et al. (2013) reported a mutation rate cor-
responding to 0.112–0.379 substitutions per genome
per year, and we averaged these values and trans-
formed the rate to 245 substitutions per thousands of
years, which was used as a prior. For the present
study, a calibration point of 20 000 years was used
because there is archaeological evidence of S. mutans
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in caries of human remains from this time period
(Adler et al., 2013; Humphrey et al., 2014). Although
the species probably has a higher antiquity, there is
no older reliable archaeological evidence to justify a
different calibration point. To determine which result
presented the highest likelihood, we performed anal-
yses using different priors: (1) a strict molecular
clock and a linear model in which the population
grows or declines linearly between change-points; (2)
a strict molecular clock and a stepwise model in
which the population is constant between change-
points and then jumps instantaneously; (3) a lognor-
mal relaxed molecular clock and a linear model; and
(4) a lognormal relaxed molecular clock and stepwise
model. These results were visualized in TRACER,
version 1.5 (http://beast.bio.ed.ac.uk) and proper mix-
ing of the MCMC was assessed by calculating the
effective sampling size (ESS) for each parameter. All
ESS values were > 200, and all marginal likelihoods
were compared with the Bayes Factor analysis
implemented in TRACER, version 1.5. (see Support-
ing information, Table S1).

RESULTS

GENETIC CHARACTERIZATION

For the 193 strains, the most variable genes were
lepC and gltA, which had 33 different alleles
(Table 1). The combination of the four genes allowed
the identification of 137 STs and, in general, these
were country-specific with few exceptions (see Sup-
porting information, Table S1), with one ST (ST: 19)
being shared among Argentina, Japan, and Thailand;
four STs (12, 15, 18, and 27) shared between Argen-
tina and Japan; five STs (49, 55, 58, 65, and 68)
shared between Japan and Thailand; and two STs
(86 and 92) shared between Japan and Finland.
Although, in each country, the ST diversity was
high, the nucleotide differences among STs were very
low (Table 2).

RECOMBINATION ANALYSIS

Most of the analyses performed supported recombi-
nation: (1) the ILD test computed by PAUP, version
4b10, indicated homogeneity conflicts (P < 0.05) for
all comparisons of the four genes; (2) a high number
of alternative connections among the 137 STs was
found in the Neighbour-Net graph computed with
SPLITTREES, version 4.0 (see Supporting informa-
tion, Fig. S1); (3) the PHI test, performed using the
same software, was significant (P < 0.001) for the ST
dataset; (4) the minimum number of recombination
events calculated by DNASP, version 5.10.1, was 13
in the 137 ST matrix; (5) the index IA of Maynard-
Smith et al. (1993) was �0.0413 (nonsignificant, with
loci being unlinked); (6) the IA

S calculated with
LIAN, version 3.7, was �0.0103 (nonsignificant, with
loci being unlinked); (7) the eight putative clonal
complexes (and 26 singletons) and ST founders iden-
tified with eBURST were not recovered in the Neigh-
bour-joining tree obtained with START2 (21 clades
and nine strains did not group with any other
sequence), with the different software revealing dis-
tinct clusters and no lineages with acceptable levels
of statistical support; and (8) previous to implement-
ing the analyses included in RDP3, we selected one
sequence from each of the three clusters identified
with STRUCTURE, version 2.3.4, as a reference
sequence (see below). Several tests performed using
RDP3 showed evidence of recombination in the STs.

By contrast, the results supporting an absence of
recombination were: (1) the PHI test of each individ-
ual gene was nonsignificant and (2) none of the eight
tests implemented in RDP3 showed any evidence of
recombination at the intragene level.

POPULATION GENETIC ANALYSIS

The overall /ST values showed low levels of differen-
tiation (Table 3). However, we detected that many
STs were exclusive for each country, with the /ST

values revealing significant differences among
Argentina, Japan, and Thailand. Indeed, the only
country with nonsignificant /ST values was Finland,
which could be an artefact resulting from the low
sample size (N = 12) because 10 of the 12 strains
were exclusive from that country (see Supporting
information, Table S1).

Analyses performed with STRUCTURE, version
2.3.4, revealed three genetic clusters in the S. mu-
tans strains (Fig. 1), with log posterior probabilities
of �2313 � 39 for individual strains from the four
countries included in the present study. The mean
frequency of each cluster varied among countries,
with those of clusters 1, 2, and 3, respectively, being:
Argentina: 0.45, 0.47, and 0.08; Thailand: 0.58, 0.21,

Table 1. Characteristics of the four housekeeping genes

included in the Streptococcus mutans multilocus sequence

typing scheme

Genes N NA NP Allele diversity p

lepC 193 33 24 0.776 � 0.028 0.0057 � 0.0003

gltA 193 33 28 0.878 � 0.016 0.0072 � 0.0004

gyrA 193 22 20 0.636 � 0.038 0.003 � 0.0031

aroE 193 30 26 0.804 � 0.023 0.0042 � 0.0003

NA, number of alleles; NP, number of polymorphic sites;

p, allele diversity.

© 2016 The Linnean Society of London, Biological Journal of the Linnean Society, 2016, ��, ��–��

POPULATION GENETIC STRUCTURE OF S. MUTANS 5

http://beast.bio.ed.ac.uk/


and 0.21; Japan: 0.32, 0.47, and 0.21; and Finland:
0.5, 0.31, and 0.19. Within each country, the genetic
composition of the individual strains was very
heterogeneous. In all four countries, there were
strains presenting a high membership (or ‘pure’
strains) in clusters 1, 2, and 3, as well as strains
with admixed ancestry. According to the threshold
value used of 0.8 for belonging to a single cluster, 45
of the 193 (23.3%) strains presented admixed ances-
try, which, for individual countries, represented 20
strains out of 40 in Argentina (50%), seven of 52
(13.5%) in Thailand, 17 of 89 (19.1%) in Japan, and
one of 12 (8.3%) in Finland (Fig. 1).

Additional analyses were carried out because the
capacity of STRUCTURE to represent the main
genetic divisions within species has been criticized
by both Kalinowski (2011) and Meirmans (2015). (1)
We examined the suboptimal K values, with the
result of K = 6 (not shown) presenting the highest
probability after K = 3. However, three of the six
genetic clusters were present at very low frequencies
and no ‘pure’ strains were found for these genetic
clusters, with the extra genetic clusters possibly rep-
resenting an artefact of the analyses. Here, the
results for K = 4 and 5 presented very low probabili-
ties. (2) Because the computed results can be seri-
ously affected by variation in sample size, we
repeated the analyses with a fixed sample size of 40
strains. The strains from Thailand and Japan were
randomly down-sampled to the same number as the

Argentinian sample (with Finland being discarded as
a result of the few strains available). Again, three
genetic clusters were detected and the numbers of
recombinant strains were: 20/40 for Argentina, 4/40
for Thailand, and 3/40 for Japan, with all these
results being congruent with those obtained previ-
ously using the 193 strains of the four countries.

The strongly negative FS index value found for
S. mutans (�24.4584; P < 0.01) rejects the assump-
tion of neutrality (Table 2), with the negative sign
supporting the hypothesis that the populations have
undergone a substantial growth. For each country,
the FS index was negative and significant (The
results are shown in Table 2). In addition, the value
of the D index was also negative and significant in
the overall analysis (�1.597; P < 0.05) but nonsignifi-
cant in each country.

The result of the mismatch distribution analysis
also supported S. mutans experiencing a recent pop-
ulation expansion (Fig. 2). There was no significant
difference (P = 0.95) between the observed and the
theoretical data generated by this method, and the
distribution was unimodal with a peak in eight dif-
ferences. In addition, a large difference was found
between the initial (h0 = 1.148) and final
(h1 = 97.031) estimates of the population effective
size.

The demographic analysis with highest probability
using the EBSP occurred with the lognormal relaxed
molecular clock and a linear model of population
growth between change-points (see Supporting infor-
mation, Table S2). This analysis indicated a sharp
increase in the effective population size of S. mutans,
which started approximately 5000 years ago (Fig. 3).

DISCUSSION

RECOMBINANT OR CLONAL POPULATION GENETIC

STRUCTURE?

Most living organisms have the ability to reproduce
asexually and sexually, although bacteria can also

Table 2. Number of sequences (N), number of alleles (NA), number of polymorphic sites (NP), D and FS statistics, ST

diversity, and nucleotide diversity (p) of the strains of Streptococcus mutans from the four countries included in the

present study

Country N NA NP D FS ST diversity p

Argentina 40 35 42 �1.1446 NS �25.1327** 0.9897 � 0.0097 0.0041 � 0.0021

Thailand 52 35 49 �0.8044 NS �17.6274** 0.9849 � 0.0063 0.0051 � 0.0026

Japan 89 68 68 �1.2921 NS �24.761** 0.9862 � 0.0058 0.005 � 0.0026

Finland 12 12 34 �0.4511 NS �4.888* 1.0000 � 0.0340 0.0062 � 0.0034

Total 193 137 98 �1.597* �24.4584** 0.9941 � 0.0016 0.005 � 0.0026

*P < 0.05; **P < 0.01. NS, not significant.

Table 3. Pairwise /ST comparisons among strains of

Streptococcus mutans from the four countries included in

the study

Argentina Thailand Japan Finland

Argentina –
Thailand 0.035** –
Japan 0.022* 0.037** –
Finland 0.02 0.009 0.006 –

*P < 0.05; **P < 0.01.
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acquire genes and/or genetic variation through lat-
eral gene transfer. The latter two mechanisms are
sources of recombination that can create mosaic

genomes, which may violate the assumption of tree-
like evolution. Previous studies on S. mutans using
MLST schemes have drawn different conclusions
about the population genetic structure of this bac-
terium. Nakano et al. (2007) and Lapirattanakul
et al. (2011) detected a clonal structure, whereas Do
et al. (2010) identified recombination as the main
force shaping the genetic structure. In the present
study, we used several statistical approaches to
reveal the population genetic structure using
sequences from Argentina combined with sequences
of Nakano et al. (2007) and Lapirattanakul et al.
(2011). According to the MLST scheme used in the
present study, most of the analyses revealed an
absence of recombination at the intragene level but
the presence of recombination at the intergene level.
However, this process may be different in each coun-
try. In the present study, we detected low levels of
recombination in strains of S. mutans from Japan,
Thailand, and Finland, similar to that detected by
Nakano et al. (2007) and Lapirattanakul et al.
(2011), although there were very high levels in
strains from Argentina (Fig. 1). When considering
the 193 sequences or the 137 STs without separating

Figure 1. Bayesian cluster analysis of Streptococcus

mutans strains from Argentina, Thailand, Japan, and

Finland. Each strain within a country is represented by a

thin horizontal line, partitioned into segments that repre-

sent the probability of belonging to one of the three esti-

mated genetic clusters. *Strains with admixed ancestry

in accordance with the criteria defined by V€ah€a & Prim-

mer (2006).

Figure 2. Frequency distribution of pairwise differences

of the concatenated sequences of the aroE, gltA, gyrA,

and lepC genes obtained from 193 strains of Streptococcus

mutans. Circles represent the observed values and

squares represent the expected pattern under a model of

population growth. s, estimator of the time elapsed subse-

quent to the expansion; h0, estimator of the initial popula-

tion size; h1, estimator of the population size after the

expansion; P, significance between observed and simu-

lated distributions.
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POPULATION GENETIC STRUCTURE OF S. MUTANS 7



by country, the ILD test revealed homogeneity con-
flicts between genes, which may have been produced
by recombination or, alternatively, by incomplete lin-
eage sorting (ILS), with the latter implying that
ancestral polymorphisms are still present in the pop-
ulation. Indeed, processes such as ILS and recombi-
nation and/or horizontal transfer can cause
discordance among gene and species trees, thereby
masking true evolutionary relationships among clo-
sely-related taxa. Therefore, it is not surprising that,
in the present study, as well as in that of Do et al.
(2010), the different trees obtained with eBURST
and START2 showed different ST clusters, all with
very low statistical support. Although the power of
the MLST loci to discriminate between recombina-
tion and ILS has been challenged, the results of the
present study are mostly consistent with the idea
that recombination is an important force leading the
evolutionary history of S. mutans, thus supporting
the results of Waterhouse & Russell (2006), Mar-
uyama et al. (2009), Do et al. (2010) and Cornejo
et al. (2013). Related to this, the Bayesian analysis
performed in the present study using STRUCTURE,
version 2.3.4, detected that 45 strains could have
admixed ancestry as the product of recombination
among strains with high membership in clusters 1,
2, and 3 (Fig. 1). Considering the models proposed by
Maynard-Smith et al. (1993), our global results sup-
port a population structure of S. mutans, in which
recombination or genetic shuffling might be the most
important evolutionary process occurring in this bac-
teria. Nevertheless, it must be considered that
recombination levels can vary between countries, as
observed in the present study (Fig. 1), and this could

explain the differences observed by Do et al. (2010),
Nakano et al. (2007), and Lapirattanakul et al.
(2011).

POPULATION GENETIC STRUCTURE AND DEMOGRAPHIC

HISTORY

In the present study, we used a population genetic
approach to evaluate the current levels of gene flow
among S. mutans from Argentina, Japan, Finland,
and Thailand, and identified 137 STs from 193
strains of the four countries analyzed that showed
very low nucleotide differences. Of these 137 STs,
only 12 were shared between two or more countries.
Moreover, the /ST values, which measure both differ-
ences in the nucleotide composition among STs and
their frequencies between pairs of populations,
showed a weak genetic structuring among the four
countries (Table 3), with 91% of the STs being coun-
try-specific (see Supporting information, Table S1).

The term ‘panmictic’, introduced by Maynard-
Smith et al. (1993) to refer to the random allele asso-
ciation produced by recombination, cannot be used in
the present study to describe the genetic structure of
S. mutans. Although we detected high levels of
recombination, we infer that gene flow may be
restricted. Analysis using STRUCTURE, version
2.3.4 (Fig. 1) revealed that the four countries pre-
sented strains with high membership to clusters 1, 2,
and 3. However, the frequency of each cluster was
very different, thereby reinforcing the idea that the
homogenizing effect of gene flow is not so important.
The number of strains with admixed ancestry was
also very different: 50% in Argentina, 13.5% in Thai-
land, 19.1% in Japan, and 8.3% in Finland (Fig. 1),
with all of these results potentially reflecting the
human population history. For example, the human
population of Argentina is the result of five centuries
of contact between native Americans and different
migration waves with different geographical origins:
the initial one was characterized by the incorpora-
tion of a Spanish population to expand the territory
of that kingdom. The second wave was characterized
by the incorporation of enslaved Africans, which
were brought to exploit the natural resources. The
third stage, occurring between the second half of the
19th and early 20th centuries, was characterized by
a large migratory wave of European populations (not
only mainly from Spain and Italy, but also from the
Germany, Croatia, Poland, etc.) as part of a process
of economic globalization, which dramatically chan-
ged the demography of the urban areas of Argentina
(Sans, 2000; Corach et al., 2010). Furthermore,
because C�ordoba is one of the most important indus-
trial centres of Argentina, in the last 50 years,
numerous immigrants have arrived from all parts of

Figure 3. Extended Bayesian skyline plot depicting the

demographic history of Streptococcus mutans in the last

15 000 years. Analyses were performed using a mutation

rate of 245 substitutions/thousand years and a calibration

point of 20 000 years. The y-axis represents the effective

population size and the x-axis represents time. The black

lines show the median values and the shaded area indi-

cates the 95% confidence interval.
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Argentina and other South American countries (i.e.
Bolivia, Paraguay, Per�u, Colombia, and Brazil, etc.)
(Salas et al., 2008).

Japan, on the other hand, is represented by two
groups of people: the Palaeolithic and Neolithic
descendants. The Palaeolithic Japanese descendants
are represented by Ryukyuans (from the southern
Okinawa island) and Ainu (from the northern island
of Hokkaido). The main component of the population
has a Neolithic origin that has its closest genetic
affinity to northern Asian populations (Altaic), espe-
cially to Koreans, which is congruent with a conti-
nental gene flow to Japan (Tanaka et al., 2004;
HUGO Pan-Asian SNP Consortium 2009).

In Thailand, there are many small ethnic groups
inhabiting various geographical regions of the coun-
try, who still maintain their original cultural her-
itage and practices. These groups are: the Hill tribes
(who live in northern Thailand and are characterized
by a Tai-Kadai/Hmong-Mien admixed ancestry), the
Phuthai (living along the Mekong river basin with a
combination of popular Buddhist and animist
beliefs), the Lao Song (present in central parts of
Thailand, who speak a language that is within the
Tai linguistic family), the Chong (in eastern part of
the country, with a mix of Tai-Kadai/Austro-Asiatic
ancestry), and the aboriginal Sakai or Negritos (in
the south of Thailand) (Fucharoen, Fucharoen &
Horai, 2001; HUGO Pan-Asian SNP Consortium,
2009).

In Finland, five million people speak the Finnish
language. Molecular studies suggest that the western
and eastern parts of the country have been subject to
different population histories, and this supported by
earlier archaeological, historical and genetic data
(Hannelius et al., 2008). Although early migrations
from Finno-Ugric sources probably affected the whole
country, people from the eastern part of the country
remained isolated, whereas genetic admixture
between the Swedish and Finnish-speaking popula-
tions occurred in western Finland (Lappalainen
et al., 2008).

Considering all of the above information, it can be
concluded that Japan and Thailand have populations
derived from migrations of different Asiatic people,
and that Finland has two different human historical
patterns, although none reach the level of admixture
that occurred in Argentina, which would be reflected
in the high levels of admixed ancestry detected in
S. mutans. On the other hand, studies about host–
parasite relationships have shown that the host’s
geographical distribution and behaviour, as well as
the environmental conditions where the host lives,
could predict the population genetic structure of the
parasite (Lagrue et al., 2015; Strobel et al., 2016).
Accordingly, Didelot & Maiden (2010) suggested that

recombination in bacteria can be high during the
period of adaptation to new environments or life-
styles, followed by low recombination levels once
adapted. This could be the case of S. mutans from
Argentina, where the admixture of strains with dif-
ferent geographical origins and the change to a diet
rich in meat in people, could have favoured the high
levels of recombination detected in the present study,
whereas adaptation could have occurred in S. mu-
tans from Thailand, Japan, and Finland as a result
of stability for longer periods.

It should also be noted that, worldwide, there are
huge gaps in the geographical sampling of S. mutans
strains, which prevents a precise estimate being
made of the ongoing levels of gene flow. However, if
current gene flow is not as high as that inferred in
the present study, then why do the S. mutans
strains differ so little at the nucleotide level? One
possible explanation for this is that all the strains of
the bacteria present a very recent common ancestor.
In the present study, we also tested the hypothesis
of an expansion of the bacteria associated with the
origin and spread of agriculture using different sta-
tistical approaches. The phylogenetic network
revealed low genetic discontinuities (see Supporting
information, Fig. S1) with the mismatch distribution
analysis (Fig. 2), the EBSP (Fig. 3), the strongly neg-
ative FS values (Table 2), and the lack of evidence of
strong geographical structuring (there are no groups
of STs exclusively from Thailand, Japan, Finland or
Argentina; see Supporting information, Fig. S1), all
supporting the hypothesis that S. mutans increased
their size from a small number of ancestral strains,
at the same time as expanding the range of the spe-
cies in recent historical times.

The above result is in agreement with those
obtained by Cornejo et al. (2013) who suggested that
S. mutans started expanding exponentially approxi-
mately 10 000 (3268–14 344) years ago, at the same
time as the onset of human agriculture. In the pre-
sent study, we detected that expansion of S. mutans
started approximately 5000 years ago (Fig. 3), a
value that is within the 95% credibility interval of
Cornejo et al. (2013). The transition from hunting
and gathering to food production was associated with
a change in the composition of the oral microbiota
(Adler et al., 2013; Humphrey et al., 2014). In gen-
eral, older human remains present a healthier dental
condition but, once agriculture became more intense,
the number of dental pathological lesions (caries,
periodontal disease, etc.) increased. This was con-
firmed for pre-Columbian groups who lived on the
coastal desert of Peru, where Lanfranco & Eggers
(2010) compared human remains of four groups with
different ages: 4400 years BP, 3920 years BP,
2340 years BP, and 1000–1470 years AD,
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respectively. In China, Zhang et al. (2016) compared
populations from: Chenjiagou (approximately 2200–
3000 years BP), a time of intensified agricultural
practice; Houtaomuga (approximately 2050–
2250 years BP), representing hunting-gathering-fish-
ing with limited mixed agriculture; and Jinggouzi
(approximately 2440–2530 years BP), representing a
pastoral economy. A similar result was detected by
Lukacs (1992) in Harappa (2000–2500 years BC),
Pakistan, where dental diseases increased as subsis-
tence converted to more intensive agriculture.

Adler et al. (2013) demonstrated that the levels of
teeth pathology could be related to changes in the
oral microbial community. The oral bacterial compo-
sition was compared of skeletons from Europe corre-
sponding to the Mesolithic/Paraneolithic (5450–
7550 years BP), Neolithic (6725–7400 years BP),
Late Neolithic/Bronze Age (3600–4150 years BP),
Bronze Age (2800–4100 years BP), Early Medieval
(850–1100 years BP), and Late Medieval (650–
750 years BP), which encompassed the transition
from hunter-gatherer to farming. In general, the oral
microbiota remained constant between Neolithic and
medieval times, after which cariogenic bacteria
became dominant, apparently during the Industrial
Revolution, whereas the frequency of S. mutans
increased significantly and became dominant after
medieval times. According to Adler et al. (2013), the
demographic expansion of S. mutans may have
occurred by two dietary shifts: one involving the car-
bohydrate-rich diet associated with agriculture, and
the other related to the recent development of indus-
trially processed flour and sugar. However, in the
present study, these two putative expansion stages
of S. mutans could not be detected in the EBSP anal-
ysis (Fig. 3).

In summary, by using a population genetic
approach based on the sequences of four MLST genes
of strains from Argentina, Japan, Finland, and Thai-
land, we were able to show that the intergene recom-
bination event is the main factor modelling the
genetic structure of S. mutans. This phenomenon
may be closely related to human population history
as reflected by the high levels of admixed ancestry
detected in Argentinean strains. The findings of the
present study support a previous hypothesis suggest-
ing that the bacteria underwent a population expan-
sion at a time coincident with the establishment and
spread of agriculture.
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ing genes. ST label colours: red, Argentina; green, Thailand; blue, Japan; pink, Finland, black. STs shared by
at least two countries.
Table S1. Combination of alleles of the lepC, gltA, gyrA, and aroE genes determining the 137 sequence types
(STs) detected in Streptococcus mutans strains from the four countries included in the present study.
Table S2. Marginal likelihoods of the Extended Bayesian Skyline Plot coalescent models calculated with
BEAST, version 1.8.1. Log10 Bayes factor (BF)* obtained with Tracer, version 1.5, for the difference in the esti-
mated likelihoods of the diverse coalescent models.
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