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Letter

Global diversity in the human salivary microbiome

Ivan Nasidze,' Jing Li,”> Dominique Quinque,' Kun Tang,'? and Mark Stoneking'**

"Max Planck Institute for Evolutionary Anthropology, D-04103 Leipzig, Germany; “Institute for Computational Biology, Shanghai
Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai 20031, China; *National Drug Screening Laboratory, China
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The human salivary microbiome may play a role in diseases of the oral cavity and interact with microbiomes from other
parts of the human body (in particular, the intestinal tract), but little is known about normal variation in the salivary
microbiome. We analyzed 14,115 partial (~500 bp) 16S ribosomal RNA (rRNA) sequences from saliva samples from 120
healthy individuals (10 individuals from each of 12 worldwide locations). These sequences could be assigned to 101 known
bacterial genera, of which 39 were not previously reported from the human oral cavity; phylogenetic analysis suggests
that an additional 64 unknown genera are present. There is high diversity in the salivary microbiome within and between
individuals, but little geographic structure. Overall, ~13.5% of the total variance in the composition of genera is due to
differences among individuals, which is remarkably similar to the fraction of the total variance in neutral genetic markers
that can be attributed to differences among human populations. Investigation of some environmental variables revealed
a significant association between the genetic distances among locations and the distance of each location from the equator.
Further characterization of the enormous diversity revealed here in the human salivary microbiome will aid in elucidating
the role it plays in human health and disease, and in the identification of potentially informative species for studies of
human population history.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to

GenBank (http:/ /www.ncbi.nlm.nih.gov/Genbank/) under accession nos. EU984515-EU998629.]

Molecular analyses have revealed enormous variation in the
microbiome of diverse environments, including the human body
(Eckburg et al. 2005; Dethlefsen et al. 2007; Grice et al. 2008;
Oakley et al. 2008). These studies have revealed a wealth of not-
yet-cultivated bacterial species, and several projects to study the
human microbiome have been proposed and/or initiated (Turnbaugh
et al. 2007; Mullard 2008). However, comparatively little attention
has been paid to the human salivary microbiome, as most studies
of the human oral cavity have focused on identifying bacteria
that might be associated with diseases (Becker et al. 2002; Kumar
et al. 2003; Diaz et al. 2006; Kilian et al. 2006; Machado de Oli-
veira et al. 2007; Faveri et al. 2008). More than 600 different
species have been described from the human oral cavity (Fabian
et al. 2008), but only limited information is available on the
normal microflora of healthy individuals (Aas et al. 2005; Kang
et al. 2006). A comprehensive understanding of the breadth of
diversity in the human oral cavity microbiome is necessary to
fully gauge the role of bacteria in diseases of the oral cavity (Aas
et al. 2005; Paster et al. 2006; Fabian et al. 2008). Moreover, as the
oral cavity is often the entry point of bacteria into the body, there
may be important interactions between the saliva microbiome
and other microbiomes in the human body, in particular, that of
the intestinal tract (Schipper et al. 2007; Fabian et al. 2008).

A further reason for analyzing the human salivary micro-
biome is that since saliva is increasingly preferred in sampling
humans as a source of DNA for epidemiologic and population
genetic studies (Quinque et al. 2006; Hansen et al. 2007), it would
be useful to identify bacterial taxa in saliva that may be able to
provide insights into human population structure and migrations.
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When humans migrate, they take their bacteria with them, and it
has previously been shown that patterns of variation in the
stomach bacteria Helicobacter pylori correspond closely to migra-
tions inferred from analyses of human DNA variation (Falush et al.
2003; Linz et al. 2007). Moreover, it was shown that two human
ethnic groups, which could not be distinguished on the basis of
human DNA markers, could be distinguished based on their pat-
terns of H. pylori variation (Wirth et al. 2004). This result could
reflect either genetic isolation of these two communities that is
too recent to be reflected in the human DNA markers, or some
cultural factor that influences H. pylori variation (such as diet) that
differs between these communities; in either event, the H. pylori
variation does provide insights into human populations that are
not revealed by analysis of human DNA markers.

However, sampling H. pylori requires stomach biopsy mate-
rial, so there would be obvious advantages if similarly informative
bacterial species could be identified in saliva. The most in-
formative bacterial species for this purpose should exhibit high
levels of vertical versus horizontal transmission. Although this
information remains largely unknown for bacteria in the oral
cavity, there is some preliminary evidence from mother—child (Li
et al. 2007) and twin (Corby et al. 2007) studies to suggest a sig-
nificant role for vertical transmission. And even bacterial species
that exhibit high levels of horizontal transfer may nonetheless pro-
vide evidence of recent contact between populations that would not
be revealed by human DNA markers. Characterization of patterns of
diversity in the human salivary microbiome thus may provide useful
insights into human population structure and migration.

Here, we present the first description of patterns of global
diversity in any human microbiome, based on analyses of partial
16S ribosomal RNA (rRNA) sequences from 120 individuals from
diverse locations around the world. Our results provide a frame-
work for further investigations of the ecological and cultural fac-
tors that may influence the composition of the human salivary
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Figure 1. Map of the sampling locations. Ten saliva samples were

obtained from each of the 12 sampling locations, for a total of 120 saliva
samples analyzed.

microbiome and identify promising taxa for further characteriza-
tion that may provide novel insights into human population
structure, migration, and contact.

Results

Saliva samples were obtained from 120 individuals, consisting of
10 individuals from each of two locations from each of six geo-
graphic regions (Fig. 1). A highly variable portion of the 16S rRNA
gene of ~500 bp was amplified and cloned, and approximately
120 clones were sequenced from each individual; this number of
clones is sufficient to capture most of the variation at the level of
bacterial genera inferred from the partial 16S rRNA sequences
(Supplemental Fig. S1). A total of 14,691 sequences were obtained,
which were then analyzed for possible chimeras or other artifacts
(Ashelford et al. 2006). We identified 576 potentially chimeric
sequences, which represents ~3.9% of the sequences. This is less
than the average of 9% potentially chimeric sequences reported
previously for full-length 16S rRNA clone libraries (Ashelford et al.
2006), probably because our partial 16S rRNA sequences provide
a smaller target for jumping PCR or other processes that produce
chimeric sequences. Excluding these 576 potentially chimeric
sequences leaves 14,115 sequences for further analysis (Table 1);
these sequences have been deposited in GenBank under accession
numbers EU984515-EU998629. The sequences were analyzed in
two ways: First, a genus was assigned to each sequence by com-
parison to the RDPII database (Cole et al. 2007), and the compo-

Table 1.
16S rRNA sequences

sition of genera across individuals was subsequently analyzed.
Second, all sequences were used to generate a phylogenetic tree,
which was subsequently analyzed.

The distribution of bacterial genera assigned to the sequences
from each individual (Supplemental Tables S1-S12) varied greatly.
Overall, 196 sequences (1.4%) did not match any sequence in
RDPII above the cutoff value of 90% similarity, while 57 sequences
(0.4%) matched a sequence in RDPII for which the genus was
unclassified. To estimate the number of genera that might be
present among these unknown sequences, a phylogenetic tree was
constructed (Supplemental Fig. S2). There are 64 clusters of
sequences in this tree at the cutoff value of 90% similarity, in-
dicating that there are an estimated 64 new genera among these
sequences.

The number of genera identified in each individual ranged
from six to 30 (Supplemental Tables S1-S12), while the number of
genera per location ranged from 39 to 55 (Table 1), which is
comparable to previous studies of the oral cavity microbiome (Aas
et al. 2005; Paster et al. 2006). In total, 101 different genera were
identified, 39 of which have not been previously reported from
the human oral cavity (Supplemental Table S13). In combination
with the unknown genera, we have therefore identified an esti-
mated 103 previously undescribed bacterial genera from human
saliva.

A few genera are quite frequent, while most are rare (Sup-
plemental Fig. S3); 16 genera were observed only once, while the
most frequent genus (Streptococcus) accounted for 22.7% of the
sequences (Supplemental Table S13). In general, we identified
85%-95% of the genera that have previously been found in mo-
lecular surveys of the human oral cavity (Kumar et al. 2003; Aas
etal. 2005; Diaz et al. 2006; Kang et al. 2006; Paster et al. 2006); the
previously reported genera not found in this study include Eike-
nella, Lautropia, Synergistes, and Bacteroides.

The relative abundance of each genus in each individual
appears qualitatively to be fairly uniform (Fig. 2). To quantitate
differences in the distribution of genera, we apportioned the total
variance within each location into between-individual and within-
individual components (Table 1). California and the Congo showed
the biggest differences between individuals, while Georgia and
Turkey showed the smallest differences between individuals.
Overall, ~13.5% of the variation in the distribution of genera can
be attributed to differences between individuals (i.e., any one in-
dividual has ~86.5% of the variation that is observed when all
locations are sampled).

Summary statistics for the 12 sampling locations, based on the composition of bacterial genera identified from the partial

No. of Unclassified Unknown No. of Variance between Variance within

sequences (%) (%) genera individuals (%) individuals (%)
Argentina (Arg) 1188 0.51 0.76 46 6.8 93.2
Bolivia (Bol) 1221 0.08 0.90 43 19.1 80.9
California (Cal) 1182 0.34 0.68 39 20.4 79.6
Louisiana (Lou) 1115 0.54 2.60 41 7.9 92.1
Germany (Ger) 1155 0.26 1.13 43 59 94.1
Poland (Pol) 1167 0.60 1.37 46 13.9 86.1
Georgia (Geo) 1186 0.84 1.69 55 4.6 95.4
Turkey (Tur) 1145 0.17 2.45 45 4.6 95.4
Congo (Con) 1178 0.42 1.19 42 25.4 74.6
South Africa (Saf) 1247 0.24 1.52 41 15.1 84.9
China (Chi) 1149 0.35 1.91 49 7.0 93.0
Philippines (Phi) 1182 0.51 0.59 47 11.2 88.8
Total 14,115 0.40 1.39 101 13.5 86.5
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Figure 2. Heat plot of the abundance of each bacterial genus in each individual, based on the partial
16S rRNA sequences. Each horizontal row corresponds to an individual saliva sample, with different
colored shadings indicating the 10 individuals from each sampling location, and sampling locations
from the same broad geographic region indicated by similar colors. Each column is a genus, with the
numbers corresponding to the genus, as in Supplemental Table S13. The abundance of each genus
(columns) is indicated by the grayscale value, according to the scale at the bottom of the plot.

The between-individual component of the total variation can
be further subdivided into the amount of variation among indi-
viduals from the same location, and the amount of variation
among individuals from different locations. The former estimate is
11.7%, and the latter is just 1.8%. Although both estimates are
significantly different from zero (P < 0.001) based on a permuta-
tion analysis (Excoffier et al. 2005), this analysis indicates that
differences in the composition of genera are larger among indi-
viduals from the same location than among individuals from

85

different locations, and thus that differ-
ences in the composition of genera
among individuals are not structured by
geography.

Another way to examine this ques-
tion is to determine the probability that
two sequences chosen at random will
come from different genera, when the
sequences are chosen from the same in-
dividual, from different individuals from
the same location, or from different indi-
viduals from different locations (Fig. 3).
The average probability that two sequen-
ces are from different genera when chosen
at random from the same individual is
0.772, while for two sequences chosen
from two different individuals from the
same location, the corresponding proba-
bility is 0.875, which is significantly
higher (Mann-Whitney test, P < 0.001).
However, the average probability that two
sequences are from different genera when
chosen from two individuals from differ-
ent locations is 0.892, which is not sig-
nificantly different from the above
probability of 0.875 for two sequences
chosen from two individuals from the
same location (Mann-Whitney test, P >
0.05). Thus, there is significantly more
variation among sequences from different
individuals than among sequences from
the same individual, but there is not sig-
nificantly more variation among individ-
uals from different locations than among
individuals from the same location.

The genetic structure of human
populations is strongly influenced by ge-
ography (Ramachandran et al. 2005; Li
et al. 2008). However, a multidimen-
sional-scaling (MDS) plot based on the
differences in the composition of genera
among locations does not indicate any
strong influence of geography (Fig. 4A).
The first dimension separates the Congo
from the other locations, while the second
dimension separates Louisiana from the
other locations, and overall there is no
grouping by geography. In agreement
with the MDS plot, the distances among
locations based on the composition of
genera (Supplemental Table S14) are not
correlated with the geographic distances
among locations (Mantel test, r = —0.07,
P =0.65). Moreover, an MDS plot based on differences in the com-
position of genera among individuals, rather than locations, also
does not reveal any geographic clustering (Supplemental Fig. S4).

The above analyses are all based on classifying the genus of
each sequence; to assess independently the geographic structure
in the data without first classifying the sequences, we also carried
out a UniFrac analysis (Lozupone and Knight 2005). We con-
structed a phylogenetic tree for the entire set of 14,115 sequences,
which was then used to estimate the UniFrac distance (the fraction
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distances based on the composition of
bacterial genera for each donor. The only
significant association involved the dis-
tance of each location from the equator,
which explained ~24% of the variation in
the UniFrac distances (Fig. 5). However,
this apparently significant association
should be viewed with caution. Many fac-
tors vary with distance from the equator
(such as UV index), so further work will be
required to ascertain what aspect(s) of the
distance from the equator is responsible for
this association. Moreover, the association
is primarily driven by the Congo, which
has high distances to other locations and is
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Figure 3. Frequency distribution of the probability that two sequences will be assigned to different
genera when drawn from the same individual (values are for each of the 120 individuals); different

F X ; 0.8 .
assigning sequences to different genera

also closest to the equator; investigation of
additional populations that are similarly
close to the equator would be necessary to
verify this association.

individuals from the same location (values are for all pairwise comparisons of the 10 individuals from the
same location, for all 12 locations); and different individuals from different locations (values are for all

pairwise comparisons of the 12 locations).

of the tree that is not shared in common) between each pair of
locations. The PCA plot of the UniFrac distances (Fig. 4B) is quite
similar to the MDS plot for the distances based on genus compo-
sition (Fig. 4A), and the UniFrac distances (Supplemental Table
S14) are similarly not correlated with the geographic distances
among locations (Mantel test, r = —0.14, P = 0.79). In agreement
with the close similarity between the plots (Fig. 4), the UniFrac
distances are highly and significantly correlated with the genus
composition distances (Mantel test, r = 0.94, P < 0.001). Thus, the
lack of any significant geographic structure to the human saliva
microbiome is not a consequence of the procedure used to assign
the genus of each sequence, but is an inherent property of the
sequences retrieved from the saliva samples.

Although overall there is no significant geographic pattern-
ing with respect to the human salivary microbiome, specific
genera do vary significantly in frequency among locations (Fig. 2;
Supplemental Table $13). For example, the most extreme variation
in frequency across locations is exhibited by Enterobacter, which
accounts for 28% of the sequences obtained from the Congo
(Supplemental Table S13) but was completely absent from Cal-
ifornia, China, Germany, Poland, and Turkey. Several other genera
were observed at higher frequency in the Congo than elsewhere
(Fig. 2; Supplemental Table S13), reinforcing the uniqueness of the
salivary microbiome from the Congo (Fig. 4; Table 1). Another
genus that occurs at relatively high frequency in several individ-
uals from one particular location is Serratia (Bolivia). However,
several genera that vary significantly in frequency (Supplemental
Table S13) occur at high frequency only in one individual from
a particular location (Fig. 2); more intensive sampling would be
required to determine if these genera are truly characteristic of
these particular locations.

A prime question remains the identification of environmental
and cultural factors that influence the human salivary microbiome.
As a first step in this direction, we carried out a multivariate re-
gression analysis (Anderson 2001, 2004) of associations between four
factors (population size, distance from the equator, average annual
temperature, and average annual rainfall) (Supplemental Table S15)
and the UniFrac distances among the 12 locations. We also tested
for associations between age and gender of the donor and the Fsr

Discussion

The analyses of the human salivary
microbiome presented here provide the first detailed investigation
of global patterns of diversity in any human microbiome. There is
high diversity in the human salivary microbiome; assignment of
the partial 16S rRNA sequences generated in this study to bacterial
genera via comparison to the RDPII database identified a total of
101 bacterial genera, including 39 that had not been previously
described from the human oral cavity. Moreover, we estimate that
an additional 64 unknown genera are represented in the sequen-
ces. Understanding the role of these known and unknown genera
in the health of the human oral cavity and how they interact with
the microbiomes of other parts of the human body (in particular,
the intestinal tract) would be of considerable interest.

A potential criticism of this study is that there are many en-
vironmental and cultural factors (in particular, diet and hygiene)
that were not controlled for during the sampling. Indeed, a limited
investigation of some environmental factors revealed a significant
association between the genetic distances among locations and
the distance of the location from the equator (Fig. 5). However, we
emphasize that a main conclusion of our study (discussed below)
is that the human salivary microbiome does not vary greatly be-
tween different geographic locations. Therefore, if these un-
controlled environmental and/or cultural factors are having
a significant impact on our results, then controlling for them
would presumably result in even less geographic differentiation in
the patterns of variation. That is, if (for example) differences in
diet between locations are responsible for differences in the sali-
vary microbiome composition, then controlling for diet would
further decrease the already small differences between locations.

Another potential weakness is that possible temporal change
in the salivary microbiome was not studied. In this respect, the
sampling in this study should be regarded as “environmental,” that
is, a single snapshot in time of the salivary microbiome diversity of
an individual was captured, much as sampling the microbiome of
hot springs or other environmental locations often use a single time
point. To be sure, it would be of considerable interest to determine
the extent of change in an individual’s salivary microbiome over
time and how it might be influenced by other factors. For example,
what happens to the salivary microbiome if individuals change
their diet? And what happens if an individual moves to a new
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sequences and the bacterial genera iden-
tified from them. Sequence variation
within particular bacterial taxa may very
well exhibit geographic structure that
would provide novel insights into hu-
man population structure, relationships,
and migrations, as has been previously
observed for H. pylori (Falush et al. 2003;
Linz et al. 2007). Multi-locus sequence
typing (MLST) is a particularly promising
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apparent in the overall composition of
the salivary microbiome. For tracing hu-
man migrations, it would be most useful
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be transferred primarily vertically (i.e.,
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even bacteria that are primarily trans-
ferred horizontally may provide useful
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Figure 4. Graphical depictions of the relationships among sampling locations based on the partial 16S
rRNA sequences. (A) MDS plot, based on linearized Fsr distances (Slatkin 1995) between each pair of
locations, calculated from the genus composition. The location abbreviations are as in Table 1. The stress
value is 0.03. (B) PCA plot, based on the UniFrac distances (Lozupone and Knight 2005); same abbre-
viations as in A. The percentage of the total variance explained by each PC is indicated in parentheses.

location? Although these questions were not addressed in this
study, the results of this study do provide a framework for further
studies designed to answer such questions about the temporal sta-
bility of the human salivary microbiome.

This high diversity in the human salivary microbiome does
not appear to be geographically structured (Fig. 2). While there is
significantly more diversity in bacterial genera compared from
different individuals than from the same individual, the diversity
among individuals from the same location is nearly the same as
the diversity among individuals from different locations (Fig. 3).
Overall, the between-population component of the variance in
the bacterial genera composition is ~13.5% (Table 1), which
means that any one individual contains on average 86.5% of the
total variance observed when all individuals are sampled. This is
remarkably similar to the amount of between-population varia-
tion typically observed among human populations for neutral
genetic markers (Romualdi et al. 2002; Li et al. 2008). Thus, in this
sense, the distribution of genera among individuals is behaving as
a neutral genetic marker, if one equates the bacterial composition
of individuals to the genetic composition of human populations.

It should be emphasized that this conclusion of an overall
lack of geographic structure extends only to the pool of 16S rRNA

markers of population contact that is too
recent to be detected by analysis of hu-
man DNA polymorphisms. Perhaps the
most useful taxa to start with would be
those that are both widespread (i.e.,
found in many different locations) and
frequent (i.e., found in multiple individ-
uals from a location); these would in-
clude Streptococcus, Prevotella, Veillonella,
Neisseria, Haemophilus, Rothia, Porphyr-
omonas, and Fusobacterium (Fig. 2). To-
gether, these eight genera account for
>70% of the total number of sequences
(Supplemental Table S13).

In conclusion, our results provide a framework for further
studies of human microbiome diversity and for investigations of
the environmental, dietary, and genetic factors that influence an
individual’s salivary microbiome. These, in turn, will lead to
a better understanding of the role of the salivary microbiome in
diseases of the oral cavity and how the salivary microbiome
interacts with the intestinal and other microflora of the human
body. In addition, further characterization of some of the taxa
identified in this study by MLST or other means should provide
useful markers for studies of human population history and/or
recent population contact.

0.256 0.3
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Methods

Samples and DNA extraction

Saliva samples from 10 individuals from each of 12 locations
(two locations from each of six geographic regions) (Fig. 1) were
collected with informed consent. The criteria for selection of
individuals were that individuals should not be from the same
household, and they should not have been away from the sampled
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a final incubation for 5 min at 72°C. The
forward stands of colony PCR products
with appropriate inserts were sequenced
using the 16S rRNA PCR primers and the
Big Dye DNA Sequencing Kit (Perkin-
Elmer), following the protocol recom-
mended by the supplier, and an ABI 3730
automated DNA sequencer. Sequence
quality was assessed via the software
package DNASTAR (DNASTAR Inc.).

25 - *
9
< 20
°
@
£
© J
a1
x
w
S 10
2
8
=
o
> 54

0 ; .

Age Gender Pop. size Distance from Avg. annual Avg. annual

equator temp.

Figure 5. Amount of variation explained (in percent) in the Fst distances among individuals (for the
age and gender of the donors), and in the UniFrac distances among locations (for the variables pop-
ulation size, distance from the equator, average annual temperature, and average annual rainfall)
(Supplemental Table S15). There is a significant association between the UniFrac distances and the

variable “Distance from Equator” (P = 0.006).

location within the past two months. Although dental health was
not examined in detail, all individuals were in good health, and no
individual was suffering from any obvious dental disease at the
time of sampling.

Two milliliters of saliva was collected from each individual
into a tube containing an equal volume of lysis buffer (Quinque
et al. 2006). Samples were stored at ambient temperature and
transported to the laboratory (MPI-EVA, Leipzig, Germany), and
DNA was extracted as described previously (Quinque et al. 2006).

PCR amplification of the microbial 16S rRNA gene

We designed primers to amplify an informative segment of the
microbial 16S rRNA gene that would be of optimal size for cloning
and DNA sequence analysis. We downloaded and aligned
~100,000 complete microbial 16S tRNA sequences from the Ri-
bosomal Database Project II (RDPII) database (Cole et al. 2007) and
searched for highly conserved segments that flank highly variable
segments of the gene. The gene fragment we amplified corre-
sponds to nucleotide positions 2,769,690 to 2,770,259 in the
Escherichia coli genome (Blattner et al. 1997), with an amplicon
length of 570 bp. The primer sequences used in this study are:
forward primer, 5'-CTACGTGCCAGCAGCCGCGG-3'; and reverse
primer, 5'-CTCACGACACGAGCTGACGA-3'. PCR amplification
was carried out in a 50-pL total volume, including 38 pL of ddH,O,
5 pL of 10X PCR buffer (500 mM KCl, 100 mM Tris-HCl at pH 9.0,
1.0% Triton X-100), 3 pL of 25 mM MgCl,, 1 uL of 10 mM dNTPs
(10 mM each dATP, dTTP, dGTP, dCTP), 1 pL of 20 uM forward
primer, 1 pL of 20 uM reverse primer, 0.5 pL of Tag polymerase
(Applied Biosystems), and 20 ng of template DNA, for 35 cycles
using the following conditions: denaturation step for 1 min at
95°C, annealing step for 1 min at 62°C, and extension step for
1 min at 72°C.

Cloning and sequencing of amplicons

Amplicons were cloned using the TOPO TA cloning kit (Invi-
trogen), following the protocol recommended by the supplier.
Colony PCR was carried out using the M13 forward and reverse
primers supplied with the cloning kit in a 50-pL total volume that
included the same reagents described above, to which a small
amount of cells were added with a sterile pipette tip, and the fol-
lowing thermocycling conditions: an initial incubation for 5 min
at 95°C to lyse cells and denature the DNA, followed by 30 cycles
of 1 min at 95°C, 1.5 min at 54°C, and 1 min at 72°C, followed by

B

Data analysis

rainfall Chimeric or other potentially artifactual
sequences were identified with the Mal-
lard program (Ashelford et al. 2006),
using an iterative procedure and a quan-
tile value of 95% as the cutoff line
for determining outliers. This procedure
identified 576 potentially chimeric se-
quences, which were excluded from further analyses, leaving
14,115 sequences.

These 14,115 sequences were then searched against the RDPII
database (Cole et al. 2007), using the online program SeqMatch
(Wang et al. 2007) and a threshold setting for the similarity score
of 90%, to assign a genus to each sequence. The appropriate
similarity score for defining bacterial genera is a matter of debate,
generally ranging from 90% to 95%; we chose a value at the low
end of the range, in accordance with some previous studies (Pei
et al. 2004; Gao et al. 2007), in order to minimize falsely desig-
nating new taxa (at the possible expense of mis-assigning some
taxa). In the event of multiple matches to sequences in the data-
base, the genus was assigned according to the highest similarity
score. Comparing the sequences in a similar fashion to GenBank
resulted in a highly similar assignment of genera, except that
more sequences were classified as unknown (data not shown).
Supplemental Tables S1-S12 give the frequency of each genus for
each individual, as well as the frequency of unclassified sequences
(those that matched a sequence in RDPII, but the genus of the
matching sequence has not been determined) and unknown
sequences (those that did not match any sequence in RDPII above
the 90% threshold). The apportionment of variation based on the
frequency distribution of genera within and between individuals
and locations, and linearized Fsp distances (Slatkin 1995) were
calculated with Arlequin 3.1 (Excoffier et al. 2005); for these
analyses, each genus was considered equivalent to an allele at
a single haploid locus. Multidimensional scaling (MDS) analysis
was carried out using STATISTICA 7.1 (StatSoft, Inc.).

We also compared the differences among sequences from
different individuals and locations, without first assigning
sequences to genera, using the UniFrac method (Lozupone and
Knight 2005; Lozupone et al. 2006). To implement this method,
we first carried out a multiple alignment of all of the sequences
using ClustalW2 (Larkin et al. 2007). A matrix of the sequence
differences between each pair of sequences was then determined
using the F84 model (Kishino and Hasegawa 1989) as imple-
mented in the DNADIST program in PHYLIP 3.67 (Felsenstein
1989). A UPGMA tree was then constructed from the pairwise
distance matrix, using the NEIGHBOR program in PHYLIP, and the
UniFrac distance metric (Lozupone et al. 2006) was calculated
between each pair of locations with the online resource (http://
bmf2.colorado.edu/unifrac/). These distances were used as input
for principal coordinates analysis; a neighbor-joining tree resulted
in UniFrac distances that were nearly identical to the distances
based on the UPGMA tree (Mantel test, r=0.97, P<0.001), and the
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PC plot based on the neighbor-joining distances was virtually
identical to that based on UPGMA distances (data not shown).
Multivariate regression analysis (Anderson 2001; McArdle and
Anderson 2001) for associations between the genetic distance
matrices and potential predictor variables of interest was carried
out with the DISTLM program (Anderson 2004); this method
treats the entire distance matrix as the response variable and uses
a permutation method to test for associations with potential ex-
planatory variables, in a regression analysis framework.
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