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Faculté des Sciences, Tlemcen, Algeria7; Service des Urgences, Hôpital Calmette, Phnom Penh, Cambodia8;
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Approximately one-third of the human population is asymptomatically colonized by Staphylococcus aureus.
However, much of the global diversity within the carriage populations remains uncharacterized, and it is
unclear to what degree the variation is geographically partitioned. We isolated 300 carriage isolates from 1,531
adults contemporaneously in four countries: France, Algeria, Moldova, and Cambodia. All strains were
characterized by multilocus sequence typing. Six clonal complexes (CCs) were present in all four samples
(CC30, -45, -121, -15, -5, and -8). Analyses based on the genotype frequencies revealed the French and Algerian
samples to be most similar and the Cambodian sample to be most distinct. While this pattern is consistent with
likely rates of human migration and geographic distance, stochastic clonal expansion also contributes to
regional differences. Phylogenetic analysis revealed a highly divergent and uncharacterized genotype (ST1223)
within Cambodia. This lineage is related to CC75, which has previously been observed only in remote
aboriginal populations in northern Australia.

Although better known as an important human pathogen,
Staphylococcus aureus is typically a commensal species and
asymptomatically colonizes approximately one-third of the hu-
man population globally (18, 20, 29). This high carriage rate
potentially represents a vast reservoir of as-yet-uncharacter-
ized S. aureus diversity, an appreciation of which should shed
light on the forces underpinning the diversification and dis-
semination of S. aureus. There are comparatively few studies
examining spatial or temporal genotype distributions within
carriage populations, and the extent of biogeographical struc-
ture is currently unclear, as is the level of discrimination which
might be required to detect such structure.

Multilocus sequence typing (MLST) has proved to be very
successful as an epidemiological tool in that it delimits S.
aureus in to a small number of widespread and discrete clonal
complexes (CCs) (6, 8). These can be readily identified as
clusters of related genotypes which have diversified radially
from “founder” genotypes (9), and because this organism is
largely clonal (8), assignments of isolates to these groups is
broadly robust to the many different typing methods employed
(4, 10, 27). The high level of divergence between these lineages
suggests that they are relatively ancient and temporally stable

(7), and it is possible that isolated host populations may have
been colonized by different S. aureus lineages in the past.
However, any footprints of geographical partitioning are likely
to have been compromised by high rates of migration in recent
times, due largely to the advent of air travel.

Previous studies addressing the characterization of carried
populations have tended to focus on samples from Western
Europe or North America, and these have generally not pro-
vided strong evidence for geographical structuring. In a recent
study using amplified fragment length polymorphism to com-
pare the carried populations in Holland and North America,
the authors noted considerable overlap between the samples,
suggesting that they effectively constituted a single unstruc-
tured population (17). Similarly, independent MLST studies
have revealed regional consistencies in Europe, such as the
predominance of CC30 in the United Kingdom (8), Ireland
(3), and Switzerland (25). Given the high rates of admixture
within Europe and North America, the absence of obvious
geographical structuring in the carried S. aureus population in
these regions is perhaps not very surprising.

Although they are currently scarce, current data from car-
riage populations outside of Europe or North America point to
greater geographical structuring. For example, a sample of
carried S. aureus recovered from Bamako, Mali, has recently
been characterized, constituting the first such study of an Af-
rican population (23). Although many of the previously char-
acterized CCs were also present in this sample, the authors
noted a high frequency (�25%) of a single genotype, ST152,
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which is phylogenetically divergent and noted very rarely in
Europe. The high frequency of ST152 in this population raises
the possibility that this genotype is endemic to the Malian
population and possibly elsewhere in sub-Saharan Africa. This
in turn hints at greater geographical partitioning on a global
scale, although more representative samples are clearly re-
quired. To address this, we generated MLST data from con-
temporaneous carriage samples recovered from four countries
representing three continents: France (Western Europe),
Moldova (Eastern Europe), Algeria (North Africa), and Cam-
bodia (Southeast Asia). To our knowledge, this is the first time
such a study has been carried out on samples from Eastern
Europe, North Africa, or Southeast Asia. These data were
therefore generated to uncover diversity within the global car-
riage population but also to understand further the extent to
which geographical distance and host migration can explain
regional differences.

MATERIALS AND METHODS

Population and study design. Between June 2005 and October 2006, asymp-
tomatically carried S. aureus isolates were collected from four diverse countries
contemporaneously and following the same sampling procedure. For each coun-
try, nasal swabs were obtained by an investigator trained in the coordinating
center of the study, using a standard procedure. Nasal swabs were taken from
patients (�15 to �80 years old) admitted to the hospital for emergency surgery
within 8 h of the admission. Demographic data (age and sex) were collected
prospectively for all patients admitted. The hospitals enrolled in the study were
four tertiary care hospitals: Bichat-Claude-Bernard Hospital (956 beds) in Paris,
France; Emergency Hospital (589 beds) in Chisinau, Moldova; Dr Tidjani
Damerdji Hospital (850 beds) in Tlemcen, Algeria; and Calmette Hospital (270
beds) in Phnom Penh, Cambodia.

Isolate collection. Nasal swabs were collected from both anterior nares of each
patient, transported, and stored at 4°C for a maximum of 24 h until they were
inoculated on mannitol salt agar plates (Oxoid, Basingstoke, United Kingdom)
for S. aureus detection and transported frozen to the coordinating center of the
study as described elsewhere (24). The plates were incubated at 37°C and ex-
amined for growth after 24 to 48 h. Isolates that produced yellow colonies were
identified as S. aureus using the coagulase plasma test and triplex real-time PCR
(22). Confirmed S. aureus isolates were stored at �80°C in the microbiology
laboratory of Bichat-Claude-Bernard Hospital.

MLST. Amplification and sequencing was performed as described previously
(6), except that we used the tpi primers described elsewhere (2). For two isolates,
we were unable to amplify aroE, and we redesigned the up and down primers for
this gene as follows: aroE745-up, TTATCACCGTCGATGCATAGTGCA;
aroE255-down, CGGAGTAGTATTTATCACAATATC. For Staphylococcus
simiae, we were unable to amplify the glpF and gmk genes using the standard
MLST primers, and we redesigned these primers as follows: glpF-down, ATTG
GYAAWATHGCATGWGCRAT; glpF-up, TTYGGKGGTGGCGTTTGTGC;
gmk-down, CGCGYTCTCKYTTYAARTGYTCWGC; gmk-up, TAATYGTTY
TWTCAGGHCCWTCWGG. Allele and ST assignments were made by compar-
isons to the S. aureus MLST database (http://saureus.mlst.net), to which the final
data were submitted.

16S rRNA gene sequencing. For the two Cambodian strains in ST1223, a
fragment of 1,330 bp of the 16S rRNA gene was amplified and sequenced using
the primers described previously (21).

Data analysis. The data were assigned to CCs using eBURST (www.eburst
.mlst.net) (9). Heterozygosity (H) (the probability that two random isolates will
be identical) was calculated for each sample in turn and for the pooled data set
using Multilocus v1.3 (1). Cluster analysis of the frequency data was carried out
based on Pearson distances and the average linkage method, as implemented in
Minitab. To examine the extent of population differentiation between the sam-
ples, we used Multilocus v1.3 to calculate Wier’s formulation for Wright’s FST, �
(30). Phylogenetic analysis was carried out on the concatenated MLST data using
the neighbor-joining algorithm (Kimura two-parameter distance estimation) as
implemented in MEGA 4.0 (15).

Nucleotide sequence accession numbers. The accession numbers for the aroE,
glpF, gmk, pta, tpi, and yqiL sequences of S. simiae are FJ705815 to FJ705820,
respectively.

RESULTS

Carriage samples. Nasal swabs were taken from a total of
1,531 patients admitted to four hospitals: Bichat Claude Ber-
nard Hospital (Paris, France) (n � 421), Emergency Hospital
(Chisinau, Moldova) (n � 338), Dr Tidjani Damerdji Hospital
(Tlemcen, Algeria) (n � 330), and Calmette Hospital (Phnom
Penh, Cambodia) (n � 442). The mean age of all the patients
was 38.6 years, and that when only the carriage-positive pa-
tients were considered was 37.3 years (Table 1). The mean ages
of the carriers were very similar in France (41.1 years) and
Algeria (41.8 years) but were significantly younger in Moldova
(32.7 years) and Cambodia (31.6 years). In France, Algeria,
and Cambodia the mean age of carriers was very similar to the
mean age of all patients sampled. In Moldova carriers were on
average younger (32.7 years) than expected from the whole
patient sample from Moldova (mean, 39 years). There is no
obvious explanation for this, as the same sampling regimen was
used in all cases.

Considering both carriers and noncarriers, a higher propor-
tion of males was included in the Cambodian (male/female sex
ratio, 2.43), French (sex ratio, 1.84), and Algerian (sex ratio,
1.23) samples, whereas a higher proportion of females was
noted in the Moldovan sample (sex ratio, 0.85). Carriage rates
were similar for France (19.2%), Moldova (25.1%), and Alge-
ria (25.8%), but these rates were approximately twice as high
as that observed in Cambodia (11.1%). We note no significant
difference in the sex ratio between carriers and noncarriers in
the samples from Algeria, Moldova, and Cambodia. For the
French sample, however, we note that carriage is significantly
more common in males (P � 0.014). This is in contrast with a
previous study performed under the same conditions in Mali,
which reported significantly lower carriage rates in males (23).
Again, the reasons for this difference are unclear.

Comparisons of genotype frequency. MLST defined 65 STs
among the 300 isolates, which were grouped by eBURST into
18 CCs. A total of 30 novel (previously unrecorded) alleles

TABLE 1. Patient characteristics

Country (city) Study period No. of
individuals

Prevalence of
S. aureus

carriers (%)

Mean age (yr) Sex ratio (male/female)

Carriers/noncarriers All Carriers/noncarriers All

France (Paris) June to October 2005 421 19.2 41.1/44.4 43.8 3.26/1.64 1.84
Republic of Moldova (Chisinau) June to October 2005 338 25.1 32.7/41.2 39 0.85/0.85 0.85
Algeria (Tlemcen) June to October 2005 330 25.8 41.8/41.7 41.7 1.19/1.36 1.23
Cambodia (Phnom Penh) June to October 2006 442 11.1 31.6/31 31.1 1.45/2.6 2.43
All June 2005 to October 2006 1,531 19.6 37.3/38.9 38.6 1.48/1.53 1.52
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were detected, 15 of which were in the Cambodian sample. The
frequencies of the 18 CCs in the four samples are given in Fig.
1. Six CCs (CC30, CC45, CC121, CC15, CC5, and CC1) are
present in each of the four countries. All of these except CC1
were also previously noted in the Malian population (23), thus
confirming their dissemination throughout Europe, Asia, and
Africa. CC30 is the most common complex in France (22%)
and Algeria (21%) and the second most common in Moldova
(20%). Our data are therefore consistent with previous reports
suggesting that CC30 is stably maintained at a high frequency
in the carriage population over a large area, including Europe
and North America (3, 8, 17, 25), and the sample from Algeria
reveals that this domain extends to North Africa.

There is no evidence for a high frequency of CC30 in the
Cambodian sample, where this lineage accounted for only 2%
of the isolates. This is similar to the frequency found previously
in Mali, where CC30 accounted for only 4.5% of the isolates
(23). Thus, the high frequency of this genotype does not extend
as far south as sub-Saharan Africa or as far east as Southeast
Asia. The Cambodian sample does reveal the presence of a

single dominant complex, however; CC121 accounts for 26.5%
of these isolates. This contrasts with the frequency of CC121 in
the three other samples, where this complex accounts for
�10% of the isolates. There are other noteworthy differences
between the Cambodian sample and the other three samples.
CC1 is consistently rare in France, Algeria, and Moldova
(�2.5%) but accounts for �10% of the Cambodian sample.
The Cambodian sample is also the most diverse (in terms of
heterozygosity and STs per isolate) (Fig. 1) and contains the
highest number of novel alleles (which likely reflects the biases
in the current database). We also note that the overall fre-
quency of carriage in Cambodia is approximately half of that
observed in the other countries.

These trends point to the distinctiveness of the Cambodian
sample, consistent with its relative geographical isolation from
the other samples. To examine this, we first used a conservative
multivariate clustering approach based only on the frequencies
of the six CCs found in all four samples. The French and
Algerian samples clustered, and the Cambodian sample was
the most distinct; this pattern is robust to different linkage and

FIG. 1. Proportions all CCs identified within each of the four samples. eBURST analysis was used to subdivide the data into a total of 18 CCs,
each named according to the ST of the assigned founder. Frequency profiles of these 18 CCs are given for the four countries. Six widely
disseminated CCs (CC30, -45, -121, -15, -5, and -1) were observed in all four samples and are placed to the left of the dashed line. The diversity
of each sample (given as STs per isolate and as H) is given.
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distance methods (not shown). This approach does not take
into account the full range of allelic diversity in the data, as it
discounts those CCs (and singletons) which are not present in
all samples and combines related genotypes into a single CC.
We examined population differentiation between the samples
further by calculating Weir’s �, an unbiased estimator of pop-
ulation differentiation (30). The values of � for each pair of
samples support the view that French and Algerian samples
are the least differentiated (i.e., most similar) (� � 0.023),
while the Cambodian sample is the most distinct (� � 0.061)
from all other samples. The Moldovan sample gave interme-
diate values of 0.037 and 0.042 compared to the French and
Algerian samples, respectively.

In broad terms these analysis suggest that differences in local
S. aureus populations are consistent with geographical distance
and migration of the host. The Cambodian sample is most
distinct (consistent with geographical isolation), whereas the
French and Algerian samples are most similar (consistent with
frequent migration). However, a closer inspection of the data
reveals a number of anomalies. For example, CC45 accounts
for 5 to 10% of the samples from France, Cambodia, and
Algeria but 23.5% of the Moldovan sample. Similarly CC22
accounts for �18% of the Algerian sample but is absent in all
the other samples. Unlike ST152, the predominant genotype in
Mali (23), CC45 and -22 are known to be widespread, and
therefore these high frequencies probably do not reflect ende-
mism resulting from geographical isolation or limited gene
flow. These observations might instead be explained by a com-
bination of host movement and the stochastic expansion of
newly introduced strains.

Although we made every effort to design the study so as to
draw meaningful comparisons between the different samples,
the possibility of sampling artifacts due to age or gender should
be considered. For example, the similarities between the
French and Algerian samples may reflect the similar ages of
the carriers in these two countries (mean ages, 41.1 and 41.7
years, respectively), whereas the mean ages of the carriers in
Moldova and Cambodia are approximately 10 years lower.
However, this could not explain the differences between the
Cambodian and Moldovan samples. Similarly, it is possible
that the distinctiveness of the Cambodian sample is due to a
higher proportion of males in the original patient sample,
although we consider it very unlikely that this relatively small
bias toward males could explain the paucity of CC30 and abun-
dance of CC121 in Cambodia.

Nucleotide diversity and phylogenetic analysis. In order to
examine the phylogeny and diversity of the combined samples,
we constructed a neighbor-joining tree based on the concate-
nated MLST alleles of all unique STs (Fig. 2). Sixty-three of
the 65 STs (97%) fell into the two major clades noted in
previous studies (groups 1 and 2) (Fig. 2a), and the delineation
of group 1 is well supported by bootstrap resampling (97%).
We did not detect any obvious clustering within each of the
major clades corresponding to geographical source and thus
can provide no convincing evidence for the geographic restric-
tion of particular phylogenetic clusters.

Two STs, ST152 and ST1223, did not cluster with the other
genotypes. ST152 was represented by a single isolate from the
French sample and is approximately equidistant from the two
major clades. ST1223 is far more divergent from the other STs

(Fig. 2b), and differs from ST8 (taken as a typical ST) at an
average of 9.6% of nucleotide sites over all seven loci (ranging
from 5.8% at gmk to 15.8% at aroE). We confirmed that these
coagulase-positive strains were S. aureus on the basis of their
16S rRNA gene sequences (not shown), and phylogenetic anal-
ysis reveals them to be more similar to S. aureus than to S.
simiae, which is the most closely related coagulase-negative
species (19) (Fig. 3). Four other STs in the MLST database,
ST75, ST258, ST883, and ST850, are closely related to ST1223.
These strains were recovered from aboriginal communities in
northern Australia (16).

DISCUSSION

We present MLST data from 300 isolates recovered contem-
poraneously from 1,531 patients in four countries. These data
confirm the global dissemination of six-well documented clonal
lineages: CC30, -45, -121, -15, -5, and -8. In particular, we note
that the frequency of CC30 is consistent at �20 to 25%
throughout Europe (West and East) and North Africa. A sim-
ilar frequency was also recently reported from a carriage study
in Switzerland (25), and CC30 accounted for 33% of isolates
from a carriage study in the United Kingdom (8). It is also
notable that ST30 has, since the start of 2008, been reported to
be predominant in samples of community-acquired methicillin
(meticillin)-resistant S. aureus from Alaska (5), Greece (12),
Turkey (13), Kuwait (28), and Hong Kong (11). This points to
the ecological success and transmissibility of this CC and sug-
gests that it is not specifically adapted to populations of Euro-
pean descent. It is, however, rarely observed at frequencies of
higher than �30% in carriage samples. In fact, curiously, evi-
dence from the current study and from previous studies sug-
gests that 30% appears to be the approximate maximum fre-
quency for any single CC within carriage samples, although two
lineages may be detected at a similarly high frequency (with the
Moldovan sample being a good example). Presumably this
reflects competition between lineages, which effectively caps
the frequency of any single genotype within a given sample.

The current study expands the known range of CC30 pre-
dominance to North Africa but also confirms that this pattern
is not global. CC30 accounts for only 2% of isolates in Cam-
bodia, whereas CC121 accounts for 26.5% of these isolates.
Although it is possible that this pattern extends throughout
Southeast Asia and China, a recent study of pediatric carriage
suggests that CC121 predominance does not reach as far north
as Korea, where CC30 again accounts for �30% of the car-
riage population (14). However, serious difficulties can arise
from comparing studies varying in sampling design, and the
magnitudes of the biases relating to the age and gender char-
acteristics of the samples remain unclear.

Cluster analysis and pairwise measures of population differ-
entiation both point to the French and Algerian samples being
the most similar and the Cambodian sample being the most
distinct in terms of genotype frequency. While this pattern is
consistent with high rates of migration between France and
Algeria and the geographical separation of Cambodia, other
aspects of the data are more difficult to explain. Stochastic
clonal expansion, due to rapid rates of local transmission, is
likely to have introduced considerable noise. There also re-
main substantial gaps in our knowledge of the global diversity.
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For example, it is currently unknown how far the range of
CC30 predominance extends moving east out of Europe and
into Asia. Although MLST provides broad clues as to the
diversification and spread of this species, detailed dissection of
long-term historical trends from short-term stochastic effects
and increased migration will ultimately require far larger data
sets. Ideally such studies would generate higher-resolution
data from comparable samples over time.

In addition to considering genotype frequencies, we also
examined the nucleotide sequence variation within the samples
through a phylogenetic analysis. This identified the two major
clades previously noted in the S. aureus population, but we
note little evidence of a general association between phylogeny
and geographic source.

However, the phylogenetic analysis revealed the presence of
a highly atypical genotype, ST1223, in the Cambodian sample.
This genotype exhibits an average of �10% nucleotide diver-
gence from typical S. aureus yet remains more closely related

FIG. 3. Neighbor-joining tree of selected S. aureus genotypes and closely
related coagulase-negative staphylococcal species, based on the concatenated
sequences of six MLST genes. arcC is excluded due to difficulties in amplify-
ing this gene in S. simiae. This analysis confirms that ST1223 is more closely
related to other S. aureus genotypes than to the nearest coagulase-negative
species and clusters with S. aureus with a bootstrap support of 100%. This is
consistent with the taxonomic status of ST1223 as S. aureus.

FIG. 2. (a) Neighbor-joining tree reconstructed from the concatenated sequences of each unique ST observed in the pooled data set. The Kimura
two-parameter distance measure was used as implemented in MEGA 4.0. The analysis resolved the STs in the two main groups identified previously;
group 2 is supported by a bootstrap score of 98. Two STs did not cluster within the two major groups. One of these, ST1223, is omitted for the sake of
clarity, while ST152 (corresponding to a single French isolate) is approximately equidistant from the two main groups. The use of ST152 as an outgroup
confirms that group 1 is basal to group 2. (b) Neighbor-joining tree showing the divergent position of ST1223. Groups 1 and 2 are collapsed for the sake
of clarity, and ST1223 is �10% diverged from these groups. Bootstrap scores for the group 2 node and the ancestral node of groups 1 and 2 are given.
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to S. aureus than to S. simiae, which is the most closely related
coagulase-negative species. This atypical genotype has previ-
ously been observed in northern Australia, and thus it is pos-
sible that it is more prevalent in Southeast Asia and Australia
than in other parts of the world. We report considerable dif-
ficulty in PCR amplifying and sequencing the MLST genes for
ST1223 using the standard MLST primers, and we succeeded
in this only by designing a new primer for aroE (see Materials
and Methods). It is possible that such difficulties may have
resulted in this genotype being discarded in previous studies. A
recent study of carried S. aureus strains from Indonesia re-
ported three diverged strains which were not characterized by
MLST owing to difficulties in PCR amplifying aroE, thus pro-
viding anecdotal evidence for the presence of this lineage in
Indonesia (26).

In conclusion, we have compared four geographically di-
verse samples of carried S. aureus in order to provide evidence
as to the biogeographical structuring and diversity of this spe-
cies. The stable predominance of CC30 throughout Europe
and North Africa and the distinctiveness of the Cambodian
sample point to the possibility that long-term geographical
differences may not have been entirely eroded by recent ad-
mixture and stochastic clonal expansion. However, larger data
sets, particularly from Asia and Africa, are required to explore
regional differences more closely. Finally, our survey has re-
vealed the presence of a highly diverged genotype in Cambo-
dia, ST1223. This lineage is related to CC75 and may represent
an ancestral lineage intermediate between coagulase-negative
species and typical S. aureus. If so, more extensive sequence
characterization may reveal important clues as to how S. aureus
acquired such high virulence potential from relatively benign
forebears.
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