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Variation in the composition of the human oral microbiome in health and disease has been observed. We have charac-
terized inter- and intra-individual variation of microbial communities of 107 individuals in one of the largest cohorts to
date (264 saliva samples), using culture-independent 16S rRNA pyrosequencing. We examined the salivary microbiome in
up to three time-points during 10 yr spanning adolescence, and determined the influence of human genotype, gender, age,
and weight class. Participants, including 27 monozygotic and 18 dizygotic twin pairs, were sampled mainly at ages 12–13,
17–18, and 22–24, with a few sampled as early as 8 yr of age. In contrast to gut or skin microbiomes, there is a core genus-
level salivary microbiome. Individuals are more similar to themselves and their co-twins in the 12–17 and in the 17–22
cohorts than to the whole sample population, but not over the 10 yr from 12 to 22; and monozygotic twin pairs are
statistically not more similar than dizygotic twin pairs. The data are most consistent with shared environment serving as
the main determinant of microbial populations. Twins resemble each other more closely than the whole population at all
time-points, but become less similar to each other when they age and no longer cohabit. Several organisms have age-
specific abundance profiles, including members of the genera Veillonella, Actinomyces, and Streptococcus. There is no clear
effect of weight class and gender. The results of this work will provide a basis to further study oral microbes and human
health.

[Supplemental material is available for this article.]

Humans have a lifelong intimate relationship with bacteria

(Turnbaugh et al. 2007; Ley et al. 2008), starting with inoculation

at birth (Dominguez-Bello et al. 2010). Beneficial microbes per-

form roles including immune system maturation, pathogen de-

fense, complex polysaccharide digestion, and toxic compound

degradation (Turnbaugh et al. 2007). Shifts in microbiota compo-

sition may predispose humans to disease (Young 2012), but how

the dynamics of naturally occurring variation in microbes affect

normal health and development is still largely undetermined.

A major point of bacterial entry into the human body is the

mouth. It has both soft-tissue (lips, cheeks, tongue, palate) and

hard-tissue surfaces (such as teeth) that support diverse bacteria

(Aas et al. 2005). Bacterial communities in the mouth can cause

oral (Socransky et al. 1998) and systemic diseases such as bacter-

emia (Poveda-Roda et al. 2008), endocarditis (Parahitiyawa et al.

2009), and potentially premature birth (Buduneli et al. 2005; Fardini

et al. 2010). According to the World Health Organization, ‘‘oral

health is integral to general health and is essential for well-being’’

(Petersen 2003). Microbes that colonize oral surfaces, and human

oral cells such as epithelial cells and lymphocytes, slough off and

accumulate in saliva. Saliva has been used as a readily accessible

body fluid for research on oral commensal bacteria (Motisuki et al.

2005) and is routinely used to obtain human DNA for genetic and

forensic purposes (Young et al. 2000; Nasidze et al. 2009).

The oral microbiota appears shortly after birth due to vertical

transmission of bacteria from family members, especially mother

to child (Asikainen et al. 1997; Van Winkelhoff and Boutaga 2005;

Li et al. 2007). Despite exposure of the mouth to environmental

microbes due to ingestion and oral hygienic practices, oral mi-

crobial communities appear especially stable relative to those

in other body habitats (Costello et al. 2009). Colonization by

horizontal transmission can occur (Asikainen et al. 1997; Van

Winkelhoff and Boutaga 2005), but the quantitative importance of

this pathway is unclear. The oral microbiome varies most during

childhood, when contact with external microbes is highest (Kononen

2000), the population matures, or new habitats arise (Costello et al.

2012), for example when deciduous and later permanent teeth

erupt (Crielaard et al. 2011). Some microorganisms may remain in

the oral cavity once acquired (Saarela et al. 1999; Lucas et al. 2000)

and accumulate with age (Papaioannou et al. 2009).

Although ;50% of oral bacteria can be cultured (Mullany

et al. 2011), culture-based methods still miss much of the com-

munity. Studies of variation in oral microbiota in healthy in-

dividuals by 16S rDNA sequence analysis have been limited by

small sample size (Aas et al. 2005; Costello et al. 2009; Lazarevic

et al. 2009, 2010; Zaura et al. 2009; Bik et al. 2010; Caporaso et al.

2011) or number of sequences per subject (Nasidze et al. 2009). To

define accurately the oral microbial population, a large-scale study

of the population of microbial rDNA in the saliva of hundreds

of samples including several hundred individual sequences per

sample is needed. Beyond steady-state assessment of the oral

microbiome, it is important to understand the long-term stability

of the bacterial populations in saliva over time in individuals and
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in populations. Current data about temporal variation of the oral

microbiome do not exceed 15 mo (Costello et al. 2009; Lazarevic

et al. 2010; Caporaso et al. 2011), and little is known about changes

during adolescence.

The influence of the human host genome on the composition

of the microbiome is still controversial, with limited evidence

available (Corby et al. 2007). The gut microbiome is the best

studied, but no study with sufficient statistical power to define the

effects of human genotype on bacterial composition has been

reported (Tims et al. 2011). A study by Benson and coworkers in

2010 identified QTLs that influenced the abundance of several gut

bacteria in mice (Benson et al. 2010). The influence of host genetic

variation of the human IL-1 gene (Interleukin-1) on periodontitis

has been suggested, but is inconclusive (Kornman and di Giovine

1998; Huynh-Ba et al. 2007).

Here we use the oral microbiome of a large human cohort

to address three main questions: (1) What is the intra- and inter-

individual variation of the oral microbiome in a large, geograph-

ically defined cohort (Front Range, Colorado)? (2) Is the compo-

sition of the human microbiome heritable? Do monozygotic (MZ)

twins differ from dizygotic (DZ) twins? (3) What are the changes of

the salivary microbiome during the decade spanning adolescence?

We also assessed the influence of weight class and gender on oral

microbial community composition.

Results

Study population and data generation

We studied the variability in the microbiome of 264 individual

saliva samples derived from 107 individuals between the ages of 8

and 26 (Average age 16.2 6 4.6 yr standard deviation). Ninety-nine

individuals (93.5%) were Non-Hispanic Whites, two individuals

(1.9%) Hispanic Whites, four (3.7%) Hispanic of unknown race,

one individual (0.9%) American Indian, and one individual (0.9%)

multiethnic (all self-report). Saliva samples were obtained from 27

MZ twin pairs, 18 DZ twin pairs, eight unrelated sibling pairs of

adopted children, and one unrelated individual from the same

cohort. Eighty-two individuals were sampled more than once

approximately in 5-yr intervals at up to three time-points (12/13,

17/18, and 22/23/24 yr of age, labeled as 12, 17, and 22 yr of age).

PCR amplification and subsequent 454 pyrosequencing of the

16S rDNA gene hypervariable regions V1 and V2 of 264 samples

resulted in 593,220 reads, which were quality-filtered with QIIME

(Caporaso et al. 2010b) and with OTUpipe (Robert Edgar, http://

drive5.com/otupipe/) to select the most reliable reads. Of the bar-

coded reads, 427,189 were used for analysis after filtering. Samples

with fewer than 698 sequence reads and internal controls were not

included in this analysis. The average length of the sequence reads

was 367 bp (range 200–513 bp) before denoising. Detailed infor-

mation about the subjects and sequencing barcodes can be found

in Supplemental Table S1.

It has been previously described (Bik et al. 2010; Contreras

et al. 2010; Lazarevic et al. 2010) that the main bacterial phyla in

saliva were Firmicutes (with predominant genera Streptococcus,

Veillonella, Gemella, and Granulicatella), Proteobacteria (Neisseria),

Bacteroidetes (Prevotella), and Actinobacteria (Rothia). We addition-

ally found Fusobacteria, TM7, Cyanobacteria, SR1, Spirochaetes, and

Tenericutes. The relative abundance of each phylum was highly

variable between samples (Fig. 1A,B). We defined a core genus-level

salivary microbiome based on the percentage of samples in which

each genus was found (some rare genera may be missed due to

incomplete sampling [Sogin et al. 2006]). In contrast to other human

body habitats, such as the gut (Turnbaugh et al. 2009), a core sal-

ivary microbiome can be defined at the genus level. Eight genera

were observed in >95% of all samples (Streptococcus, Veillonella,

Gemella, Granulicatella, Neisseria, Prevotella, Rothia, Fusobacterium);

an additional 13 in >50% (Fig. 2; Supplemental Table S2). At a 97%

identity level of operational taxonomic units (OTUs), two OTUs

(OTU 1 and OTU 578), both of which belong to the genus Strep-

tococcus, were found in all but one sample each (99.6% of samples,

10.5% of all sequence reads). The species of OTU 578 could not be

identified with certainty. The closest BLAST match to the Human

Oral Microbiome Database (Chen et al. 2010) for OTU 1 was

Streptococcus mitis (99.7% identity), the second most common

bacterium isolated from the oral cavity by molecular cloning based

on the HOMD database (accessed August 31, 2011). S. mitis was

also the only oral bacterium found on all oral surfaces from at least

four of five individuals examined in Aas et al. (2005). An additional

Figure 1. (A) Box-and-whiskers plot of the five major bacterial phyla of
264 human saliva samples. The top of the box represents the 75th per-
centile, the bottom of the box points to the 25th percentile, and the black
line in the middle shows the median. The whiskers represent the highest
and lowest values up to 1.5 times the interquartile range; extreme values
and outliers are represented by empty circles. (B) Relative abundance of
the five major bacterial phyla of all individual saliva samples, sorted by
decreasing Firmicutes content.
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40 OTUs were shared across >80% of the samples (45.6% of total

sequence reads, see Supplemental Tables S3, S4).

Is the composition of the oral microbiome heritable?

Comparison of the sharing of microbiomes of MZ and DZ twins

permits a powerful assessment of heritability (i.e., the influence of

the human genotype on phenotype). MZ twin pairs, who share

100% of their alleles, are expected to have oral microbiomes that

are more similar to each other than do DZ twin pairs, who share

;50% of their alleles. We compared 59 MZ and 39 DZ same-aged

twin saliva sample pairs obtained between the ages of 12, 17, and

22. The metric used for comparison was the unweighted UniFrac

distance (Lozupone and Knight 2005; Lozupone et al. 2006), a

widely used qualitative (presence/absence) community compari-

son measure based on phylogenetic information. UniFrac values

range from 0 (identical communities) to 1 (maximum difference).

We observed a slight trend toward more similarity among cohab-

iting MZ pairs than DZ pairs (Fig. 3), but as previously shown in the

gut (Turnbaugh et al. 2009), this difference was not statistically

significant. This observation could be due either to a small genetic

influence relative to overall variation or to other cofounding effects.

However, if we compare both MZ and DZ pairs to unrelated in-

dividuals who live in different homes at the same age, the differ-

ence becomes highly significant. Because the MZ–DZ comparison

was nonsignificant, we pooled MZ and DZ twins together for all

following analysis.

Changes of the salivary microbiome over a decade

To detect patterns of dynamic, temporal changes in the micro-

biome during adolescence, we analyzed the salivary microbiome of

82 individuals over time (198 saliva samples). We compared each

individual to itself and to its twin sibling at a later time-point. We

also compared the salivary microbiome of the cohort population of

the same age from age 12 to age 17, from age 17 to age 22, and from

Figure 2. Presence of bacterial genera based on occurrence in samples. Taxonomic identity is based on RDP classification (Cole et al. 2007). The rings
represent the percentage of samples where a given genus was observed (0.4%–4.9% means that genus was found in 1–12 samples, 5.0%–49.9% means
that genus was found in 13–131 samples, 50.0%–94.9% means that genus was found in 132–250 samples, and 95.0%–100% means that genus was
found in 251–264 samples). The pie slices subdivide the chart into the various bacterial phyla. (*) Genera that have only been found in one sample.
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age 12 to 22, spanning a period of 5 and 10 yr. After both 5-yr

spans, the oral microbiome of an individual resembles itself more

closely than that of the population, based on unweighted UniFrac

distances (Fig. 4A). After 10 yr (12–22), the oral microbiome has

a trend toward self-similarity, but this trend is not statistically

significant. Within the twin sample, we compared the oral

microbiome of one individual twin at a younger age with the oral

microbiome of the co-twin at an older age (e.g., twin A at age 12 to

his co-twin B at age 17). We found that comparing microbiomes at

age 12 to age 17 between the twins is statistically no different than

comparing the microbiome in the same individual going from age

12 to age 17. The similarity across the twin pairs is reduced between

the ages of 17 and 22, when at least 21 out of 25 twin pairs ($84%)

no longer cohabitate (Supplemental Text 2). Figure 4B shows the

same trend, where twins sampled at ages 12 and 17 are more

similar to each other. At age 22, the differences between the pairs

increase. At all ages examined, co-twins are statistically more

similar to each other than to the whole population. Therefore,

even in the human oral microbiome, where one may anticipate

frequent environmental perturbations, there is remarkable stabil-

ity over long time periods during development up to 5 yr. It should

be noted that changes in individuals occurring between age 17 and

22 tend to be less extreme than changes seen between age 12 and

17 (Fig. 4A). In this time interval, there are significant develop-

mental changes that occur (e.g., puberty [Guncu et al. 2005] or

behavioral changes) that could be the contributing factors.

Besides exploring how whole bacterial communities change

over time using the UniFrac distance metric, it is important to test

for changes in taxa at different levels. To account for differences in

sample numbers at each age and to aid in visualization, we grouped

the individual samples into four age groups (ages 12–14, ages 15–

17, ages 18–21, and ages 22–24). On a bacterial family level, we

observed a negative correlation of Veillonellaceae (Phylum: Firmi-

cutes, Class: Clostridia, Order: Clostridiales, Pearson product-moment

correlation coefficient [Pearson’s r] = �0.28700, Bonferroni cor-

rected p = 3.98 3 10�4) and a positive correlation of Actino-

mycetaceae (Phylum: Actinobacteria, Class: Actinobacteria, Order:

Actinomycetales, Pearson’s r = 0.32188, Bonferroni corrected p =

3.02 3 10�5, Fig. 5) with age. There is a significant and substantial

increase in the proportion of Actinomycetaceae with age, especially

in young adults at age 22–24. Actinomyces species have been found

preferentially in early-stage caries in children and young adults

(Aas et al. 2008), and so this may reflect a general decline in dental

health with age. Even though Actinomyces and Veillonella have

been shown to coaggregate (Shen et al. 2005), their abundance

changes do not follow the same pattern in our study. There are

OTUs at a 97% identity level that are positively and negatively

correlated with age in the genera Actinomyces, Veillonella, and

Streptococcus (Supplemental Figs. S1–S3; Supplemental Table S5;

Supplemental Text 1). All of the reported significant Pearson

product-moment correlation coefficients were at a P-value of <0.05

with Bonferroni correction. They were also recovered from an

ANOVA with a P-value <0.05 with Bonferroni correction.

Corelation between weight, gender, and the oral microbiome

Besides the age of the subject, other metrics were examined,

namely, weight and gender. The interplay between human weight

(lean vs. obese) and the gut microbiome is under intense inves-

Figure 3. Genetic effect on the salivary microbiome at the ages of 12,
17, and 22 yr. Averaged pairwise unweighted UniFrac distances of same
aged MZ (n = 59) and DZ (n = 39) twin pairs and same aged sample
population (n = 7882 pairs) at ages 12–13, 17–18, and 22–24 (6SEM).
The data set was randomly subsampled 10 times at a sequencing depth of
800 sequences/sample, and each subsampling is shown as a separate bar.
The statistical analysis was a Mann-Whitney U-test. The P-value outcomes
are denoted as follows: (ns) nonsignificant, (*) P < 0.05, (**) P < 0.01, (***)
P < 0.001. The P-value of each permutation was recorded and the lowest
significance level that has occurred in at least nine out of 10 rarefactions is
presented.

Figure 4. (A) Time progression of individuals, their twins, and the
sample population at ages 12, 17, and 22. MZ and DZ pairs were pooled.
Age 12–17: Population (n = 6165 pairs), Co-twin (n = 58 pairs), Self (n = 64
pairs); age 17 to 22: Population (n = 5060 pairs), Co-twin (n = 50 pairs),
Self (n = 52 pairs); Age 12 to 22: Population (n = 3685 pairs), Co-twin (n =
28 pairs), Self (n = 34 pairs). (B) Similarities based on age of sampling (ages
12, 17, and 22 yr) of twins and the sample population. MZ and DZ pairs
were pooled. Pairwise unweighted UniFrac distances of the same person,
the person and his/her twin, and the sample population at different ages
were calculated (6SEM). The data set was randomly subsampled 10 times
at a sequencing depth of 800 sequences/sample. The statistical analysis
was a Mann-Whitney U-test. The P-value outcomes are denoted as follows:
(ns) nonsignificant, (*) P < 0.05, (**) P < 0.01, (***) P < 0.001. The P-value
of each permutation was recorded, and the lowest significance level that
has occurred in at least nine out of 10 rarefactions is presented.
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tigation (Ley et al. 2005, 2006; Turnbaugh et al. 2006, 2009; Spor

et al. 2011). However, very little is known about the oral micro-

biome in this context. There is evidence of an increase in a partic-

ular oral bacterium (Tannerella forsythia) with BMI (Haffajee and

Socransky 2009), although there has been no broad 16S rDNA

sequencing approach applied to compare phylum level correla-

tions. To test for associations between saliva microbiome and BMI,

we divided subjects into underweight, normal, overweight, and

obese weight classes for boys and girls based on the age-appropriate

target BMI (Kuczmarski et al. 2000). In contrast to the gut micro-

biome (Ley et al. 2006), we found no significant correlation be-

tween any OTUs at a 97% or higher identity taxonomic level and

overall weight class in human saliva.

As reported in other microbiomes (skin [Fierer et al. 2008], gut

[Costello et al. 2009]), there was no significant difference between

male and female individuals.

Discussion
The analysis of salivary microbial DNA from banked, frozen sam-

ples that were obtained from a relatively large population of in-

dividuals of known genetic relationships and well-characterized

environmental factors has been presented. Exploiting the avail-

ability of samples from preexisting genetic studies vastly reduces

costs and allowed us to select the most informative collections of

individuals retrospectively. From the 264 saliva samples studied,

we have been able to define a core oral microbiome on the genus

level. This is the first such definition of a common set of organisms

in the human mouth in an appropriately sized sample. Using

a very conservative removal of sequencing ‘‘noise’’ with OTUpipe

(Robert Edgar, http://drive5.com/otupipe/), it could be argued that

this is an underestimate since we did not include rare phylotypes

in this sample definition. However, rare phylotypes cannot be re-

liably detected in principle due to sampling considerations, so it is

appropriate to use such a conservative approach.

We analyzed microbial communities of saliva derived from

monozygotic and dizygotic twins. Although there was a trend to-

ward a higher similarity among monozygotic twin pairs, this

similarity was not statistically significant. This suggests that the

overall genetic make-up of the host has little or no apparent role at

ages 12–24 in explaining salivary phylogenetic composition mea-

sured by unweighted UniFrac distance. The environment has a

higher impact on the overall composition of the oral microbiome.

This finding does not rule out the possibility that individual gene

variations may still have an effect on the overall composition or

influence individual bacterial organisms or groups. Perhaps of

greater interest, individuals and their co-twins are not significantly

distinguishable during their progression from age 12 to age 17 and

progression from age 17 to age 22. However, the same individuals

differ significantly from unrelated individuals at ages 12–17, and

even more at ages 17–22. The majority of twins changed their

environment (i.e., move to a new home) between the ages of 17

and 22, which may increase differences. However, changes in in-

dividuals between ages 17 and 22 are still less than changes oc-

curring between ages 12 and 17. The greater changes occurring in

early adolescence could potentially be explained by puberty

(Guncu et al. 2005), or behavioral changes that are prominent in

this period.

The long-term stability of the oral microbiome over many

years is remarkable. One expects changes in diet, oral hygiene, or

romantic partners to occur in these years, and yet stability remains

very high. These findings are similar to those for the gut, where the

microbial community is in flux only in the first few months of life,

mainly determined by environmental events (Koenig et al. 2011).

Later on, the microbiome stabilizes and becomes less susceptible

to disruptions (Spor et al. 2011). We would expect that the oral

microbiome becomes increasingly stable after the teenage and

preadolescent years, when hygiene and eating routines develop.

Even though there is no systematic change in beta diversity, based

on the unweighted UniFrac metric, during adolescence and young

adulthood, we did observe systematic patterns of change in the

genera Veillonella (decrease with age), Actinomyces (increase with

age), and Streptococcus (increase with age).

Data collected from our sample included many personal

preferences and characteristics that could influence the oral

microbiome including gender, obesity, and food preferences. In-

terestingly, although we conclude that environmental factors

provide the greatest influence on oral microbial composition, we

could find no clear effects of weight class, gender, or food prefer-

ences in the analyses.

Further studies are needed to relate the variation in the oral

microbiome to specific environmental factors. These may include

dietary behaviors and oral hygiene, as well as more pathological

factors such as smoking, alcohol, and consumption of illicit drugs

such as methamphetamines that are well known to have severe

negative effects on dental health (Shetty et al. 2010). Crucially,

cases and controls must be age-matched for correct conclusions to

be drawn, given changes in the oral microbiome over adolescence.

This study thus highlights the requirement for a broad sampling of

humans of different ages and lifestyles for microbiome studies,

especially those targeted at understanding the effects of specific

diseases.

Methods

Sample selection and DNA extraction
Genomic DNA was isolated from the saliva of participants in the
Longitudinal Twin Study and Colorado Adoption Project, Institute
for Behavioral Genetics, University of Colorado from 1997 to
present (see also Supplemental Methods). Informed consent was
obtained from all individuals, and the anonymity of all subjects is
ensured by separation of all personal information from the sample
and replacing it by a numerical identifier. Written informed con-
sent was obtained and approved by the University of Colorado
Human Research Committee (protocol 0399.11). Samples were
collected after 2 h of abstinence from eating. Ten milliliters of

Figure 5. Relative abundance of bacterial families Veillonellaceae and
Actinomycetaceae and their negative and positive correlation with age
from adolescence to early adulthood. Veillonellaceae: P-value (Bonferroni
corrected) 3.98 3 10�4; Pearson’s r = �0.28700; Actinomycetaceae: P-value
(Bonferroni corrected) 3.02 3 10�5, Pearson’s r = 0.32188. Sample sizes:
Age 12–14: n = 72; age 15–17: n = 88; age 18–21: n = 19; age 22–24: n = 55.
The average relative abundance and 6SEM are plotted.
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Scope mouthwash was vigorously swished in the mouth for a
minimum of 30 sec and released into a 50-mL Falcon tube and
stored at 4°C until extraction. The total DNA of the sample was
isolated using the Puregene (QIAGEN) extraction kit, dissolved in
TE buffer and stored at�80°C until needed. Although no mechanical
disruption method was used in the extraction of the DNA from
saliva, we readily detected known ‘‘hard to lyse’’ species including
Actinomyces and Streptococcus in comparable abundances to pre-
viously published studies that used zirconia beads to disrupt bac-
terial cell walls (Keijser et al. 2008). However, we do not exclude
a systematic bias of our DNA extraction method compared with
other studies.

16S ribosomal specific PCR and 454 sequencing

Fragments of bacterial 16S ribosomal RNA genes were amplified
from DNA samples by polymerase chain reaction using primers
that are specific to bacterial variable region 1 and 2 (V1–V2). The
composite primers include 454 specific sequencing regions as well
as a unique error-correcting 12-nt barcode for each sample as pre-
viously described (Liu et al. 2007; Fierer et al. 2008; Hamady et al.
2008; Costello et al. 2009). Bacterial specific primers were chosen
to avoid amplification of the human 18S rRNA gene and because
the majority of organisms in the oral cavity is assigned to the do-
main of life bacteria. PCR conditions and reagents were similar to
those of Costello et al. (2009), specifics can be found in the Sup-
plemental Methods section.

Sequence analysis

The data set was denoised to remove sequences with potential
sequencing errors and chimeras with OTUpipe (Robert Edgar,
http://drive5.com/otupipe/). The software package QIIME (ver-
sions 1.2.0 and 1.3.0 [Caporaso et al. 2010b]) was used for down-
stream data analysis (see also Supplemental Methods). Similar se-
quences were clustered into operational taxonomic units (OTUs)
with a sequence identity of at least 97% using uclust. A represen-
tative sequence of each cluster was chosen and aligned with
PyNAST (Caporaso et al. 2010a) to the Greengenes database
(DeSantis et al. 2006). To assign taxonomy, the RDP database was
used to assign the genera for Figure 2 with a confidence of 0.8. For
all other taxonomic assignments, a BLAST against the Greengenes
data set (version: 4feb2011 [DeSantis et al. 2006]) was used. This
had the advantage of using a manually curated data set but lacks an
assignment below the taxonomic family level. The alignment pa-
rameters were a minimum of 150 bp length and a minimum
identity of 75%. The alignment was masked according to the
QIIME tutorial instructions (Caporaso et al. 2010b). The phyloge-
netic tree was built with FastTree (Price et al. 2009) and sub-
sequently used to calculate the unweighted UniFrac distances be-
tween pairs of communities (Lozupone et al. 2006). To obtain
Figures 3 and 4, each sample was randomly subsampled 10 times at
a sequencing depth of 800 sequences/sample to account for vari-
ations in sequencing efforts. The average UniFrac distance and the
SEM of all pairwise comparisons in each group and each of the 10
rarefactions were calculated. Statistical testing was done using the
Mann-Whitney U-test in R (R programming environment, http://
www.R-project.org) for nonparametrical hypothesis testing for
each of the rarefactions. We scored each P-value as one of the four
significance categories: (ns) >0.05, (*) <0.05, (**) <0.01, (***) <0.001.
We then reported the significance category in which at least nine
out of 10 rarefactions fell in, which is a very conservative approach.
Correlations of bacterial taxa were done on the actual ages of
subjects with a Pearson correlation. All P-values are Bonferroni-
corrected for multiple testing.

Data access
The sequence data from this study have been submitted to the EBI-
SRA-database under study number ERP001346.
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