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Unveiling an abundant core microbiota in the human
adult colon by a phylogroup-independent searching
approach
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The potential presence of widespread and stable bacterial core phylogroups in the human colon has
promoted considerable attention. Despite major efforts, no such phylogroups have yet been
identified. Therefore, using a novel phylogroup- and tree-independent approach, we present a
reanalysis of 1 114 722 V2 region and 71550 near full-length 16S rRNA sequences from a total of 210
human beings, with widespread geographic origin, ethnic background and diet, in addition to a wide
range of other mammals. We found two highly prevalent core phylogroups (cores 1 and 2),
belonging to the clostridial family Lachnospiraceae. These core phylogroups showed a log-normal
distribution among human individuals, while non-core phylogroups showed more skewed
distributions towards individuals with low levels compared with the log-normal distribution.
Molecular clock analyses suggest that core 2 co-evolved with the radiation of vertebrates, while core
1 co-evolved with the mammals. Taken together, the stability, prevalence and potential functionality
support the fact that the identified core phylogroups are pivotal in maintaining gut homeostasis
and health.
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Introduction

The interaction between the host and its gut micro-
biota is of fundamental importance for host health
and disease. Recent research has shown that human
intestinal microbiota can be linked to obesity (Ley
et al., 2006; Turnbaugh, 2006), allergies, inflammatory
bowel disease (Frank et al., 2007) and colon cancer
(Scanlan et al., 2008). It is hypothesized that the
microbiota is composed of a variable part that differs
between individuals and a stable part that is found in
the vast majority of human beings (Turnbaugh et al.,
2007, 2009). Factors affecting the variable part of the
microbiota are now rather well documented and
depend on, among others, the environment we are
exposed to, our genetic profile and our diet (Alm
et al., 1999; Zoetandal et al., 2001; Stewart et al.,
2005; Ley et al., 2006; Khachatryan et al., 2008;
Turnbaugh et al., 2009).

Defining the stable part of the microbiota (core
microbiota) has proven to be much more difficult
(Turnbaugh et al., 2009). Limitations with previous
studies, however, are that they are based on either
searching for phylogroups at predefined evolution-
ary depths or comparison of phylogenetic trees.
Owing to the clonal growth of bacteria, that is,
asexual reproduction, there is no real rationale
for defining phylogroup depths (Doolittle and
Zhaxybayeva, 2009). The current discussion about
the existence of operational taxonomic units (OTUs)
or predefined taxonomic core phylogroups is there-
fore more or less semantic, that is, depending on
defined phylogroup cutoff values. The main pro-
blem with the phylogenetic tree-based comparative
approaches, on the other hand, is the uncertainties
in tree construction and the nearly infinite combina-
torial possibilities of phylogenetic trees (Liu et al.,
2009), making large-scale tree comparisons difficult
or impossible. Thus, it is likely that the current
approaches have failed to recognize important
ancient co-evolution events between the core micro-
biota and the host (Turnbaugh et al., 2009, 2010).

The aim of this work was to search for a human
core microbiota independent of both predefined
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Akershus 1430, Norway.
E-mail: monika.sekelja@nofima.no or knut.rudi@nofima.no

The ISME Journal (2011) 5, 519–531
& 2011 International Society for Microbial Ecology All rights reserved 1751-7362/11

www.nature.com/ismej

http://dx.doi.org/10.1038/ismej.2010.129
mailto:monika.sekelja@nofima.no
mailto:knut.rudi@nofima.no
http://www.nature.com/ismej


phylogroup depths and phylogenetic trees. Our
strategy was to use alignment-independent bi-linear
multivariate modelling (AIBIMM) for global analyses
of 16S rRNA phylogeny, in which gene clones cluster
in a principal component analysis (PCA) map based
on their sequence similarity (details are given in Rudi
et al., 2006). The PCA map was divided into a grid,
and the core potential of each square of the grid was
calculated as a function of the density and the
diversity of the cloned sequences within the square.
In this case, high clone diversity means that many
different individuals were represented within the
square. Larger regions in the PCA map with high core
potential were subsequently investigated further as
possible core phylogroups. A schematic outline of the
approach is given in Figure 1.

To address co-evolution of core bacterial groups,
we used both fixed- and relaxed-rate molecular
clock analyses using data from chicken and termites
as calibrators. This enabled the determination of
approximate time points for the co-evolution events
between the host and the core microbiota.

We analysed both the largest full-length and deep
sequencing 16S rRNA gene data sets on human gut
microbiota available today, in addition to a range of
simulated data sets for method validation. The most
extensive near full-length data set comprised of more
than 14 000 16S rRNA gene sequences isolated from
stool samples collected over the course of 1 year from
12 adult obese individuals (Ley et al., 2006). It
contains temporal samples collected from various
individuals divided into two diet-treatment groups
(fat or carbohydrate restricted). We also analysed three

other large full-length data sets on adult humans
(Dethlefsen et al., 2008; Li et al., 2008; Turnbaugh
et al., 2009), one on infants (Palmer et al., 2007), one
on 83 different mammals (Ley et al., 2008) and one on
the multiple colonic sites of three adult humans
(Eckburg et al., 2005). Finally, a deep sequencing data
set of 1 114 722 16S rRNA gene V2 region sequences
from 154 persons were included (Turnbaugh et al.,
2009). All data sets are summarized in Table 1.

We present the discovery of two core phylo-
groups (cores 1 and 2), which have co-evolved
with the radiation of vertebrates and mammalians,
respectively.

Materials and methods

To analyse the data, we used a newly developed
AIBIMM approach for global 16S rRNA gene
analyses of prokaryotes (Rudi et al., 2006). The Ley
human data were used to make the basic phylo-
genetic PCA model. All other data sets were projected
onto this model. Using an in-house developed
approach described in section ‘Grid-based search’,
regions with high core potential were identified. The
core potential (cp) was developed for this purpose
and varies between 0 and 1. High cp values indicate
high potential for belonging to a core, that is, a
bacterial phylogroup with a large number of different
individuals and time points. In order to make the
results more robust against possible influence from
individual data points, we accompanied the search
with a resampling procedure.

Figure 1 Graphical representation of core searching approach. (a) Square with low core potential and (b) square with high core
potential. Each colour in the plot represents one specific category. The PCA map is divided into small grid squares of equal size. With
centre point in the middle of each grid square, the smallest radius needed to include bacteria from all different individuals is found. The
bacterial clones located in each grid square are assigned a value, defined as ‘core potential’, based on the value of the smallest radius. The
smaller the radius, the higher the ‘core potential’. The areas with highest ‘core potential’ values are investigated further as the potential
core bacterial phylogroups. The core potential (cp) of the data points in the grid placed in the centre of the circles is (a) 1—r1/rmax and
(b) 1—r2/rmax, where rmax is a scaling factor. Thus, the grid with the densest clustering of different categories has the highest core potential.
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Data sets
The extensive human bacterial clone library of
71 550 near full-length and 1 114 722 V2 16S rRNA
sequences was assembled from the published
articles enlisted in Table 1. The 14 431 16S rRNA
sequences collected over the course of 1 year from
12 adult obese individuals were provided by Ley
et al. (2006). This data set was used to search for
possible core microbiota in the human gut as
described below. In addition, 7161 full-length and
1 114 722 V2 16S rRNA gene sequences from 10 and
54 families, respectively, consisting of twin pairs
and their mothers (Turnbaugh et al., 2009), 7247
sequences from a four-generation Chinese family
(Li et al., 2008), 7093 sequences from three adult
individuals treated with antibiotics (Dethlefsen
et al., 2008), 11 759 sequences isolated from mucosal
tissues from the six subdivisions of the colon as well
as faecal samples from three adult individuals
(Eckburg et al., 2005), 3389 sequences from infants
and their mothers (Palmer et al., 2007) and 20 470
sequences isolated from 83 different mammals (Ley
et al., 2008) were used to validate the cores
identified from the Ley human data set. Lachnospira
clones isolated from termites and chickens, down-
loaded from the Ribosomal Database Project 10
(RDP10) (Cole et al., 2009), were used to estimate
divergence times of core bacterial groups. Ten data
sets, each consisting of 998 simulated 16S rRNA
sequences, were used to compare OTU- and phylo-
genetic tree-based method with AIBIMM method
and to validate our core search algorithm.

Sequence filtering and preprocessing
All full-length 16S rRNA sequences were pairwise
aligned to Escherichia coli 16S rRNA sequence and
trimmed to start position 49 and end position 1295
of the latter mentioned sequence. The V2 sequences
were trimmed to area comprising 159–335 positions
in E. coli 16S rRNA gene sequence. Sequences that

were not long enough to include the predefined start
and end positions were removed from the analysis.

Alignment-independent bi-linear multivariate
modelling
The DNA sequences were transformed into DNA
pentamer frequency table using the computer program
PhyloMode (http://www.nofimamat.no/phylomode). A
window of five nucleotides is moved along each DNA
sequence and the frequencies of different pentamers
present in the sequence are stored in a frequency table.
The window size of five nucleotides was chosen
because it enabled the insight into the phylogeny
instead of multimer equalities happening simply by
chance. The AIBIMM approach is described in more
detail in Rudi et al. (2006, 2007). The size of the
pentamer frequency table for the data sets corre-
sponded to ‘the number of 16S rRNA sequences’�
1024, for example, the size of the pentamer frequency
table for the Ley human data was 14431� 1024.

The pentamer frequency table was compressed using
PCA, a projection method that transforms a data table
consisting of possibly correlated variables (in our case,
pentamers) into a smaller number of uncorrelated latent
variables, called principal components. The first
principal component accounts for as much of the
variability in the data as possible, and each succeeding
component accounts for as much of the remaining
variability as possible. The result is a new set of
variables (‘loadings’) that represent linear functions of
the original variables. The new variables are uncorre-
lated and reflect the most important structure of the
data. Values for each sample (in our case, DNA
sequence) projected onto these new variables, loadings,
are then calculated and called ‘scores’. The data points
(in our case, unknown bacteria isolated from stool
samples) that cluster in the PCA plot are interpreted as
closely related. The Ley human data were used to make
the main model of gene phylogeny and all other data
sets were projected onto this model.

Table 1 Overview of all data sets used in the analysis

Reference to the
published articles

No. of 16S
rRNA sequences

Data set description Short title of the
data set

Ley et al. (2006) 14 431 12 individuals sampled at four time points (faeces) Ley human data
Turnbaugh et al. (2009) 7161 10 families; adult monozygotic/dizygotic twin pairs

and their mothers (faeces from 29 individuals)a

Turnbaugh data

Ley et al. (2008) 20 470 83 individual mammals (faeces), excluded humans Ley mammal data
Li et al. (2008) 7247 Four-generation Chinese family. Seven members (faeces) Li data
Dethlefsen et al. (2008) 7093 Three individuals (USA/China) treated with antibiotics (faeces) Dethlefsen data
Palmer et al. (2007) 3389 Random samples isolated from seven different infants and two

mothers (faeces). In addition, samples from breast milk and
vaginal swab of one mother were collectedb

Palmer data

Eckburg et al. (2005) 11 759 Samples isolated from faeces and six colon subdivisions from
three adult individuals

Eckburg data

Turnbaugh et al. (2009) 1 114 722 Samples isolated from 154 adult individuals (monozygotic/
dizygotic twin pairs and their mothers) at one or two time points
(time 0 and 57±4 days later)

Turnbaugh V2 data

aThe faeces from one individual was not analysed due to short sequences.
bThe 16S rRNA clone library was used as a reference to an extensive microarray analysis of the infant gut microbiota.
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Grid-based search
For each observation in the Ley human data, we
have information on its origin, that is, which
individual it belongs to, and the specific time period
(week number) at which it was sampled. The core
microbiota should consist of bacteria that are both
widespread (found in each individual) and stable
(found at each time period). Therefore, we should
search for areas with high density (many similar
bacteria) where a large number of different indivi-
duals and time points are represented.

The searching process implemented consists of
two steps: (1) define ‘individual core’ microbiota,
that is, the stable (over time) microbiota for each
individual, and (2) use only the stable microbiota
from each individual to search for the universal
‘core’ microbiota, that is, those that are found in all
individuals. The purpose of the first step is to obtain
detailed information on each individual separately
for the purpose of removing the irrelevant data
points (the fluctuating bacteria) before step 2. Step 1
is repeated for each individual. In step 2, a reduced
data set consisting of stable bacteria from each
individual is used. The criterion and data mining
approach is the same in both steps. The PCA score
space is divided into a grid, and the cp value is
computed for each point in the grid. The cp is based
on a diversity index calculated for each square in
the grid. The diversity index di(r) for all points
within square number i in the grid is the number
of different categories (time points in step 1 or
individuals in step 2), represented within the region
spanned by a circle with radius r and centred within
the square, as illustrated in Figure 1. The corre-
sponding cp for square i is defined by Equation (1),
where ri is the smallest radius where the diversity
index is larger than a given threshold dopt:

cpi ¼ 1 � ri
rmax

ð1Þ

Here rmax is the distance between the two points
furthest apart in the data set. By scaling the minimum
radius ri in this way, the cp is constrained to the interval
[0 1], and will hence not be data dependent. A value of
0.5 will, for instance, mean that the radius needs to be
half of the maximum to reach dopt.

The minimum radius is calculated as shown in
Equation (2), and the diversity index is given by
Equation (3):

ri ¼ arg minrðdiðrÞXdoptÞ ð2Þ

diðrÞ ¼ # ðl 2 SrÞjð
XN
j¼1

KjlÞ40

( )
ð3Þ

Here Sr is the region spanned by the circle with
radius r centred in square i and K is the N� L

category matrix, where each column is a dummy
variable representing the different categories (time
points or individuals) and each row j corresponds to
a data point in S.

In our case, dopt was chosen to be the maximum
number of categories present in the data set. Thus,
when searching for the stable bacteria within each
individual (step 1), dopt was set to be 4, that is, four
different time points. The search for common stable
bacteria between individuals was performed with
dopt¼ 12, that is, 12 different individuals. See
supplementary material for a discussion on the
choice of dopt.

The outcome from step 1 is used to filter out
unstable bacteria by removing all data points with
cp value ocpmean from the total data set before step
2. Finally, the potential core groups consisting of
sequences (data points) with low explained variance
are eliminated. In order to speed up the search,
d and cp are only calculated for grids with at least
one data point.

Results are visualized using the PCA plot of
gene phylogeny and colouring each data point
based on its calculated cp value. The data points
that are greyed out have a cp value lower than
the mean cp value (cpmean) for the total data set.
The dark blue data points have cp value near
cpmean, while the dark red points have the highest
possible cp value.

Resampling
The above procedure could have been used as is, but
in order to make it more robust to possible influence
from individual data points locally, we decided to
accompany the search with a resampling procedure.
More specifically, we resampled the original data
after PCA to create 1000 new data sets. The
minimum radius (Equation (2)) was calculated for
all grids with cpiXcpmean, where cpmean is the mean
cp value for the total resampled data set. Grids with
smaller cp values are unlikely to represent cores,
and leaving them out speed up the procedure. The
cp values for the original data set were updated to
the minimum radius for which all categories were
included in its circle in 95% of all resampled data
sets (Supplementary Figure S6). This ensures that
within this radius there will always be samples
belonging to all categories.

Exclusion of potential core groups
Explained variance for each data point was calcu-
lated using the four first principal components
(PC1–PC4). Data points with low explained variance
are not well modelled by the PCA model of gene
phylogeny, that is, their location in the plot do not
necessarily tell us much about their phylogeny.
Thus, these points were disregarded as poten-
tial core.
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Requirements
The searching process, including search with
resampling on all individual sub data sets as well
as the final reduced total data set, was performed in
the Matlab programming environment (1994–2007;
The MathWorks Inc., Natick, MA, USA) on a per-
sonal computer with average performances (dual
core 2� 2.33 GHz, 2 GB RAM) measuring the total
elapsed time to be approximately 85 min.

Investigation of stability over time
The next step in our procedure was to investigate
whether the core bacterial phylogroups displayed
more stability over the individuals and over time
than other bacterial phylogroups with similar
sequence similarity. For each phylogroup i, the
number of bacteria Ni varied. To avoid the sampling
error, we selected randomly 750 samples from each
phylogroup. This number was chosen on the basis of
the minimum amount of bacteria among the four
phylogroups. Next, the relative abundance of each
group was calculated for each individual and each
time point according to Equation (4), where Ri(j,t) is
the number of bacteria from group i for individual
j and time point t:

Rnorm
i ðj; tÞ ¼ Riðj; tÞ=

X
t

Riðj; tÞ ð4Þ

These values were then compared for the different
individuals for the different time points using
simple plotting techniques. In order to get a
quantitative measure of the variability between the
individuals at the different time points and also of
the variability over time and individual, regular
variance estimates were computed for each bacterial
group. The variances across individuals at each
time point were compared for the different bacteria
by using the Bartlett multiple-sample test for equal
variances (function in Matlab’s Statistics Toolbox
called vartestn) to assess whether there are signifi-
cant differences. The variance was calculated across
the individuals for each time point and compared
between phylogroups to investigate whether the
correspondence between individuals in bacterial
abundance was significantly higher in the core
compared with the other phylogroups. In addition,
the variance of change in bacterial abundance in
each phylogroup during the controlled diet period
(weeks 12–52) was compared between the phy-
logroups. Individual nos. 7 and 10 were taken out
from the significance testing owing to the lack of
sample collection at time points 4 (week 52) and 3
(week 26), respectively.

Validating the distribution of human ethnicity and
mammals
The test data sets Turnbaugh data, Ley mammal
data, Li data, Dethlefsen data, Palmer data

and Eckburg data were preprocessed (see section
‘Sequence filtering and preprocessing’) and trans-
formed into pentamer frequency table (see section
‘Alignment-independent bi-linear multivariate mod-
elling’). Each table was consequently projected
onto the PCA model constructed using pentamer
frequency table of the Ley human data. Finally,
the bacterial abundance for each individual in each
data set within the borders of each core phylogroup
was determined.

Distribution of genome-sequenced and known butyrate-
producing bacteria
To gain insight into the functionality of bacteria
within the core groups, we downloaded 18 full-
length 16S rRNA gene sequences of both genome-
sequenced and butyrate-producing bacteria isolated
from human colon (Louis et al., 2004). These
sequences were preprocessed and projected into
the PCA model as described above.

Validation of human population distribution by deep
sequencing V2 data
To evaluate the distribution of sequences belonging
to core and two major non-core phylogroups,
Bacteroidetes and Faecalibacteria, we used the
Turnbaugh V2 data set and a PCA model constructed
using the V2 region of 16S rRNA gene sequences
from the Ley human data. The Turnbaugh V2 data
were projected onto the PCA model of the V2 Ley
human data, and bacterial sequences belonging to
core and non-core phylogroups were counted for
each individual. Furthermore, a function called
‘Individual Distribution Identification’ found in
the statistics package Minitab was utilized to
investigate population distribution within the four
bacterial phylogroups.

Comparison between mucosal and stool samples
Using Eckburg data, we investigated the differences
in the distribution of the core bacterial phylogroups
inhabiting the colon (mucosa) compared with
faeces. The relative amounts of mucosal and stool
core bacterial sequences were found for each
individual and compared using ordinary Student’s
t-test for the comparison of two means.

Alignment-based phylogenetic analyses
DNA multiple sequence alignments were generated
using RDP10 aligner (Cole et al., 2009). Phylogenetic
analysis was performed using program Mega 4.1
(Tamura et al., 2007). The evolutionary history was
inferred using the neighbour-joining method (Saitou
and Nei, 1987). The bootstrap consensus tree
inferred from 500 replicates (Felsenstein, 1985) is
taken to represent the evolutionary history of the
taxa analysed (Felsenstein, 1985). The evolutionary
distances were computed using the maximum
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composite likelihood method (Tamura et al., 2004)
and are in the units of the number of base
substitutions per site. All positions containing gaps
and missing data were eliminated from the data set
(complete deletion option).

We used Unifrac (Lozupone and Knight, 2005;
Lozupone et al., 2006) to define which lineages in
the tree were significantly different. Here, one has to
define at which distance from the root to cut the tree
so that each lineage that exists at the defined
distance from the root will be treated individually
in the analysis. Finally, sequences on lineages that
did not differ significantly between individuals
were defined as shared sequences.

To assign sequences to OTUs, we used Mothur
(Schloss et al., 2009). This program is widely used
for the analysis of community sequence data. The
sequence pairwise distances and the cluster groups
based on these distances were found using com-
mands dist.seqs and cluster (). To find shared
bacterial sequences between individuals, get.
sharedseqs () command was used. This command
includes an option called label, where you specify at
which distance you wish to investigate whether
there are shared sequences. Usually, this distance is
not known, so one has to try all possible distances
where there exist shared sequences.

The hypothesis testing was performed on classi-
fication and core identification results from 10
simulated data sets using AIBIMM-, OTU- and
tree-based methods. Using two-sample t-test, we
tested the null hypothesis such that the number
of false positives/negatives was equal between
AIBIMM- and OTU/tree-based method compared
with the alternative hypothesis that AIBIMM gave
fewer false positives/negatives.

Divergence time estimation
To infer co-evolution of potential core bacterial
groups with their host, we calculated pairwise
distances within each core and assumed a 16S
rRNA divergence rate of 1% per 50 million years
(Ochman and Wilson, 1987),

In addition, we utilized a Bayesian Markov chain
Monte Carlo analysis package called BEAST 1.5.3
(Drummond and Rambaut, 2007) (including BEAUti
for generating BEAST input files and TreeAnnotator
for summarizing BEAST output files). We sampled
full-length 16S rRNA sequences from each of the
following bacterial groups: core 1, core 2, termite’s
(invertebrates) Lachnospira and chicken’s (verte-
brates) Lachnospira, with a total of 17 sequences.
Thereafter, we defined three taxon sets: all se-
quences (taxon set 1), one sequence from core 1
and one from chicken’s Lachnospira group that is
the closest outgroup to core 1 bacterial group (taxon
set 2), and one sequence from core 2 and one
from termite’s Lachnospira group that is the closest
outgroup to core 2 bacterial group (taxon set 3).
We chose to use ‘Hasegawa, Kishino and Yano’ as

nucleotide substitution model with estimated
base frequencies and gamma distributed rates and
‘Relaxed Clock: Uncorrelated Log-normal’ as mole-
cular clock model, in which the rate at each branch
is drawn from a log-normal distribution. The
distribution of divergence between the members of
taxon sets 2 and 3 was set to ‘normal’ centred in 330
and 600 million years, with a standard deviation of
10 and 20 million years, respectively. This corre-
sponds to the date estimate of the common ancestor
of host species chicken and termites, reported by
Blair and Hedges, (2005) and Peterson et al. (2008),
correspondingly. The program was set to run 10
million generations sampling every 1000 steps.
TreeAnnotator found the best tree discarding the
first 10% as burn-in and annotating only nodes with
frequency of 0.5 in all trees.

Simulation of 16S rRNA sequence evolution
We used Seq-Gen (Rambaut and Grass, 1997) to
generate 16S rRNA sequences for method compar-
ison and validation purposes. The input file was a
Phylip phylogenetic tree (Supplementary Figure S7)
constructed using the Matlab programming environ-
ment. The tree consisted of two sequence groups
with sequence similarity of 90% within each group
(we varied divergence values from common ancestor
from 0.1% to 1%). The command ‘seq-gen -mHKY -
l1500-a0.15 -t2.0 oMytree.txt 4Result.txt’ gener-
ated 998 sequences with a length of 1500 lbp using
Hasegawa, Kishino and Yano model for nucleotide
substitution and gamma distribution to allow for
more site-specific rate heterogeneity (with g para-
meter describing the shape of g distribution, esti-
mated to be 0.15 using 30 randomly selected
sequences from Lachnospira group of the Ley
human data). The simulated sequences using var-
ious divergence values from common ancestor were
analysed using out- and phylogenetic tree-based
methods and our AIBIMM approach.

Results

The data set published by Ley et al. (2006) was used
as a master data set in the construction of a
coordinate-based phylogeny. The rationale was the
extensive size of this data set, and that the data
include temporal analyses of the microbiota in 12
individuals. Figure 2a shows the PCA plot of gene
phylogeny. Each data point represents one 16S
rRNA clone sequence. The main phylogroups
identified are: Bacteroidetes, Firmicutes (Faecali-
bacteria and Lachnospiraceae) and Actinobacteria
(separated along principal component 3, not shown
here) and some minor phylogroups, such as
Akkermansia, Eubacterium and Subdoligranulum
(a complete list of taxonomic assignments is given in
Supplementary Table S4).
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This data set was divided into 12 individual-
specific data sets and the proposed grid-based data
mining approach was applied to each subdata set
separately (Supplementary Figure S1). Two bacterial
clusters, G1 and Lachnospiraceae, were found to
be stable over time within each individual and
common for all individuals as shown in Figure 2b.
Owing to high density of bacterial clones in
Lachnospiraceae bacterial group, we performed a
new PCA only on Lachnospiraceae subdata set
and applied grid-based search with resampling to
investigate whether we could find more specific
core bacterial phylogroups within this group. Two
separate core phylogroups, Lachnospiraceae cores 1
and 2 were identified (Figure 2c).

Sequence similarity within each of the potential
bacterial core phylogroups and two of the other
major (non-core) phylogroups, Bacteroidetes and
Faecalibacteria, are summarized in Table 2. The

sequence similarity comparison of bacteria within
G1 bacterial group showed deep branching (more
than 20% sequence divergence). Owing to its deep
phylogenetic divergence and its low explained
variance in the PCA model of gene phylogeny, G1
group was not analysed further in this work. An
additional analysis of the structure of phylogroups
Lachnospiraceae cores 1 and 2 was carried out
using alignment-based phylogenetic reconstruction
(Figure 3). This analysis showed that core 1 was a
relatively shallow monophyletic phylogroups, while
core 2 was deeper branching, having core 1 as a
subgroup. We also found that one of the Lachnos-
piraceae outgroup (outgroup 2 in Figure 3) was
within core 2.

We applied two approaches in estimating cores 1
and 2 divergence times. Using the pairwise dis-
tances approach, we observed that the histogram of
pairwise distances within cores 1 and 2 had a major

Figure 2 PCA plot of gene phylogeny constructed using AIBIMM method, here presented by the first two principal components of the
model. Each data point corresponds to one 16S rRNA gene clone. The labels describing different phylogroups are for descriptive
purposes only (no real/statistical taxonomic group assignment). Supplementary Table S4 gives an overview of sequence names, their best
matches in RDP10 database and PCA coordinates. (a) The data points are coloured according to their explained variance, that is, how
well the PCA model is describing them. The explained variance for a data point is high when its model approximation value complies
well with its observed value. (b) Grid-based search reveals potential core areas. The data points having cp value below cpmean are greyed
out. The colour scale ranges from red (cpmax) to blue (cpEcpmean). Lachnospiraceae core group (40% of the total data points count) was
extracted as a sub-data set and further analysed to find more specific core groups, cores 1 and 2, as shown in (c).
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peak at 5% and 9%, respectively (Supplementary
Figure S2). The divergence time for the two cores
was then estimated using divergence rate for 16S
rRNA of 1% per 50 million years (Ochman and
Wilson, 1987). This corresponds to divergence time
at about 250 and 450 million years ago for cores 1
and 2, respectively. The second approach was
conducted using Lachnospira sequences from ter-
mites and chickens. The termites were chosen to
reflect invertebrates and chickens to indicate verte-
brates. The pairwise distances analyses showed
that there was a major peak for chickens at 6%
and termites at 10% (Supplementary Figure S8).
The sequences positioned adjacent to the core
phylogroups when projected onto the PCA model
of the Ley human data were used as calibration

points for relaxed molecular clock analyses (see
Materials and methods for details). The divergence
times estimated using this approach were 250 and
480 million years for cores 1 and 2, correspondingly.

A characteristic of the core microbiota is that it
should be stable over time in a given individual, and
that the core phylogroup should be widely distrib-
uted among individuals. We therefore investi-
gated the temporal stability in the Ley human data.
We compared the stability of Lachnospiraceae group
and cores 1 and 2 with the common bacterial
phylogroups Bacteroides and Faecalibacteria. These
were chosen because of the high abundance in
the data (Figure 2a). The core phylogroups had
a significantly (Po0.05) lower variance in bacterial
abundance among individuals than the other

Table 2 Sequence similarity within each phylogroup in the Ley human data

Bacterial phylogroup Sequence similarity (%) No. of sequences Rel. abundance (%)

Lachnospiraceae X85.28 5764 39.94
Core 1 X93.99 1854 12.85
Core 2 X89.54 1457 10.1
G1 X78.01 693 4.8

Faecalibacteria X95.36 774 5.36
Bacteroidetes X85.97 879 6.09

Total data set X72.28 14 431 100

Figure 3 Phylogenetic reconstruction of sequences belonging to cores 1 and 2. One hundred sequences were chosen randomly from
each core phylogroup, three from Faecalibacteria and Bacteroides and six from each of the manually derived bacterial outgroups:
Lachnospiraceae outgroup 1 (yellow) and Lachnospiraceae outgroup 2 (blue). Sequence alignment was performed using RDP10 aligner
(Cole et al., 2009). The neighbour-joining tree was constructed using program Mega 4.1, and 12 with default parameters. Dendroscope
(Huson et al., 2007) made it possible to draw the tree as circular phylogram and to colour the labels. Detailed description is available in
Supplementary Figure S5. The name of the each sequence consists of the phylogroup name, coordinates in PCA plot Figure 2a and
closest match in RDP10 database. The majority of core 2 sequences have highest match to Dorea in RDP10 database, while most core 1
sequences are described either as Lachnospiraceae Incertae Sedis (LIS) or uncultured Lachnospiraceae. Representatives from
Lachnospiraceae outgroup 1 shared high similarity to Roseburia (Roseb).
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dominant phylogroups (Supplementary Table S1).
This was also reflected when analysing each time
point separately (Figure 4 and Supplementary Table
S2). This means that the bacterial abundance among
individuals is significantly more similar in the core
compared with non-core bacterial phylogroups, and
that the core phylogroups are significantly more
stable over time. Finally, the abundance of bacteria
from both cores 1 and 2 showed a consistent drop
with the diet—independent of nutrient (fat/carbo-
hydrate) restriction.

We investigated the spatial distribution of cores 1
and 2 within the gut using the Eckburg data (Table 1).
Both cores 1 and 2 were found in all six subdivisions
of the human colon: cecum, ascending colon,
transverse colon, descending colon, sigmoid colon
and rectum, as well as in the stool samples. The
pervasiveness of core 1 in mucosal samples
was significantly higher (Po0.01) (Supplementary
Figure S3) compared with stool samples. The
pervasiveness of core 2 phylogroup did not differ
significantly between mucosal and stool samples.

We used the Palmer data (Table 1) to investigate
the first appearance of core phylogroups after birth.
This data set was used only as a reference by Palmer
et al. (2007), thus it does not include a complete
coverage of the individuals analysed. Nevertheless,
this is, to our knowledge, the only full-length 16S
rRNA data set available on infant microbiota and
was therefore included in our analysis. Core 1 was
found in only 1, while core 2 was found in five of
seven babies sampled. The babies whose faeces did
not contain core 2 bacteria were only sampled when
they were p2 and 12 days old, respectively. Core 1

bacteria were not observed in infants younger than 7
months. Neither of the two core phylogroups was
found in milk or vaginal swabs collected from one of
the mothers. In this data set, 16S rRNA sequences
were provided from two mothers immediately after
they gave birth. Interestingly, they were the only
adults in all downloaded data sets (Table 1) who
lacked core 1. On the other hand, both mothers
contained bacteria belonging to core 2.

The ethnic distributions of cores 1 and 2 were
analysed using a Chinese data set (Table 1). The
subjects selected for this study belonged to a four-
generation Chinese family: child (1.5 years old),
mother, father, uncle, grandmother, grandfather and
great-grandmother. We found both core phylogroups
in all members of the Chinese family. There was no
significant correlation between the age of the family
members and the abundance of the core bacteria.

Twin data were analysed using the Turnbaugh
data set (from full-length 16S rRNA sequence-based
survey) comprised of stool samples from 10 adult
monozygotic/dizygotic twin pairs and their mothers.
The twins were of European or African ancestry,
were born in the same town in USA, but now lived
throughout the country. Both core phylogroups were
found in all individuals analysed.

The stability towards external perturbations was
investigated for a data set concerning the effect of
antibiotic treatment on the human gut microbiota.
Using the comprehensive Dethlefsen data (Table 1),
we observed that the antibiotics treatment did not
influence significantly the frequency of the bacteria
in the two core phylogroups. All individuals in this
data set contained bacteria from both cores 1 and 2.

Figure 4 Relative abundance of the five bacterial phylogroups within each individual for each time point. The normalization was
performed per individual per phylogroup (Equation (4)). The mean value for each time point for each phylogroup is outlined with the
star symbol. The colouring distinguishes between the two diet-treatment groups: fat restricted (blue) and carbohydrate restricted (red).
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The distribution within a human population was
determined by analysis of the Turnbaugh V2 data
from 154 individuals. This analysis showed that the
population distributions of cores 1 and 2 were log
normal, while the distributions of non-core phylo-
genetic groups Bacteroidetes and Faecalibacteria
were negatively skewed compared with the log-
normal distribution (Supplementary Figure S10).

To address the co-evolution between mammalian
gut microbiota, we investigated the distribution of
the core phylogroups 1 and 2 among mammals
(including humans) with the additional information
from the Ley mammal data (Table 1). The core group
1 was found in Lagomorpha (n¼ 1) and Xenarthra
(n¼ 1), 96% of the humans (n¼ 56), 79% of the non-
human Primates (n¼ 19), 67% of Rodentia (n¼ 3),
50% of Chiroptera (n¼ 2), 47% of Carnivora
(n¼ 17), 19% of Artiodactyla (n¼ 21), 14% of
both Perissodactyla (n¼ 7) and Proboscidae (n¼ 7)
and none in the other mammalian orders included
in the study. The core 2 group on the other hand was
found in all humans (n¼ 56), Proboscidae (n¼ 7),
Xenarthra (n¼ 1), Diprotodontia (n¼ 2), Hyracoidea
(n¼ 2), Lagomorpha (n¼ 1), and Monotremata
(n¼ 1), 95% of Artiodactyla (cloven-hooved mam-
mals), 89% of the non-human Primates, 71% of
Perissodactyla, 67% of Rodentia, 50% of Chiroptera,
47% of Carnivora and none in Insectivora (n¼ 1).

Genome-sequenced strains were projected onto
cores 1 and 2 and none of them were within the
core phylogroups. Eubacterium eligens (strain
ATCC 27750), however, showed homology to core
2 (Supplementary Figure S4). The potential func-
tionality of the core phylogroups was further
evaluated by comparison with known butyrate-
producing bacteria. We discovered that one of the
butyrate-producing bacteria isolated from human
colon (Louis et al., 2004) belongs to core 1 and
several to core 2. From the literature, however, we
also identified non-butyrate-producing bacteria
within core 2 (Taras et al., 2002).

To validate our core search findings, we reana-
lysed the Lachnospira subset using an OTU ap-
proach. Here, we used Mothur to search for core
microbiota in the Lachnospiraceae group (Figures
2b and c). This group contains both core phylo-
groups found by our search algorithm. Mothur
found only a part of core 1 at distances o0.15, a
part of core 2 at distances between 0.11 and 0.17 and
most Lachnospiraceae at larger distances (Supple-
mentary Figure S13).

We used simulated data with a known evolu-
tionary history as described in Materials and
methods, testing the effect of divergence between
the two groups on the accuracy of group assign-
ments by AIBIMM-, OTU- and tree-based methods.
With a sequence similarity of 90% within each
group and 0.3% distance from the root and below
(Supplementary Table S3), OTU-based and phylo-
genetic tree building methods resolved the two
bacterial groups poorer than the PCA plot of gene

phylogeny using AIBIMM approach (Po0.01) (Sup-
plementary Figure S11). For larger distances from
the root (40.8%), all three methods accurately
separated the two groups.

As a final methods validation, we simulated the
distribution of bacterial sequences among 12 in-
dividuals for core and non-core group resembling
the observed individual clone distribution within
core 2 and outgroup 1, respectively. The results from
core search using our approach and the Mothur’s
shared sequence search module is summarized in
Supplementary Figure S12. In general, our approach
had lower false-positive (PE0.16) and false-negative
(PE0.15) rates compared with Mothur’s approach
(two-sample t-test). A further challenge with the
latter approach was that the best separation was
achieved at different OTU depths, although the
same parameters were used for all 10 data sets
during simulation.

Discussion

The strongest claim for the lack of a core phy-
logroups was made by Turnbaugh et al. (2009),
suggesting that there were shared core functions of
the microbiota among individuals, rather than a
taxonomic core. Recent reanalysis of this data set
both by us and Turnbaugh et al. (2010) revealed that
there were in fact stable phylogroups within the
data set. Turnbaugh et al. (2010) have now found an
unclassified Lachnospiraceae taxonomic group that
was present in 99% of the individuals, whereas we
found that both cores 1 and 2 were present in all
individuals.

Other discoveries of a human gut core microbiota
were made by Rajilic-Stojanovic et al. (2009). Using
a microarray approach, they uncovered that certain
bacterial groups are shared among 10 adult indivi-
duals at genus level (approx. 90% sequence simi-
larity) and that Clostridium cluster XIVa was the
most frequent core phylogroup. The two bacterial
core phylogroups identified by our methodology
belong to Clostridium cluster XIVa (Cotta and
Forster, 2006), thus our results support that of
Rajilic-Stojanovic et al. (2009), but at a larger scale
and higher resolution. Another recent gut micro-
biota investigation was conducted by Claesson et al.
(2009). They investigated the gut microbiota of four
adult subjects with two high-throughput culture-
independent methods, pyrosequencing and HITChip,
and revealed core gut microbiota in many different
bacterial phylogroups, including Clostridium cluster
XIVa. Dorea, related to core 2, and a few other genera
were found to be shared in more that 50% of faecal
samples collected from 17 adult individuals (Tap
et al., 2009). Thus, the existence of core gut
microbiota is now being confirmed by different
research groups.

The phylogenetic depths of cores 1 and 2 suggest
that they are both ancient phylogroups. Moreover,
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core 2 corresponds to the development of jawed
vertebrates and adaptive immunity approximately
500 million years ago (Pancer and Cooper, 2006).
Adaptive immunity certainly represented a bottle-
neck for host/bacterial interactions, enabling the
host to establish better control of the microbiota. It is
not unlikely that the adaptive immune system
triggered the development of new host/bacterial
co-evolution. With respect to core 1, we estimated
that this co-evolution developed 250 million years
ago, with the emergence of the first mammals. In
addition, the current distribution suggests that core
1 is over-represented in Euarchontogles, indicating
co-evolution within the lineages leading to rodents
and primates (Gibbs et al., 2004).

The widespread and dominant association of the
two core phylogroups with humans and other
mammals suggests either a mutualistic or commen-
sal interaction. Pathogenic or parasitic interactions
are not likely owing to fitness loss of the host
(Moran, 2006). The log-normal population distribu-
tion among individuals for the core phylogroups
suggests that these are controlled by multiplicative
rather than additive effects (Limpert et al., 2001). As
the distribution pattern for the core was different
from the non-core, we believe that this information
can be important for future understanding of the
functionality of the core microbiota.

It has recently been found that under-representa-
tion of the broader group Lachnospiraceae correlates
with inflammatory bowel disease, indicating an
essential role of this phylogroup in maintaining
gut homeostasis (Frank et al., 2007). Further sup-
porting an essential role of Lachnospiraceae comes
from a mouse colon cancer model, in which this
phylogroup apparently prevented polyp formation
(Mai et al., 2007). It is known that Lachnospiraceae
are common butyrate producers in the human gut
(Cotta and Forster, 2006), and the association
between butyrate and cancer protection is well
established (Roediger, 1990; Medina et al., 1998;
Orchel et al., 2005; Comalada et al., 2006; Tan et al.,
2008). Unfortunately, no genome-sequenced bacteria
are within core 1 or 2, and the closest core 2 relative
Eubacterium eligens is not very well characterized
phenotypically (Mahowald et al., 2009). Thus, the
functionality of cores 1 and 2 cannot be deduced
from genome sequences. The limited data set of
butyrate-producing bacteria isolated from human
colon (Louis et al., 2004) provides evidence that at
least some of the bacteria in core 1 and 2 groups are
able to produce butyrate. However, 16S rRNA
sequence match to all available bacteria in RDP10
(Cole et al., 2009), and revealed that a few of the core
2 bacteria have similarity to the genus Dorea, which
contains representatives that are not butyrate produ-
cing (Taras et al., 2002). Given a butyrate-producing
role, the abrupt relative drop in bacteria belonging to
the core 1 and 2 phylogroups caused by energy
restriction diet observed in the Ley human data
(Figure 4) was surprising. Nonetheless, as only

samples from faeces were collected, we cannot
really determine whether the drop is caused by a
diet-induced change in gut transit time (Brodribb
et al., 1980) or an actual change in the composition
of the gut microbiota.

Interestingly, we found a very low prevalence of
Lachnospiraceae among infants, and core 1 was not
detected until 7 months of age. In addition, the two
adults out of 210 with undetectable levels of core 1
were women who gave samples instantly after
giving birth. Assuming that the main function of
Lachnospiraceae is butyrate production, this corre-
sponds with the fact that this specific acid is found
in very low levels among infants (Wolin et al., 1998).
Butyrate has a dichotomy effect, with low levels
leading to cell proliferation and cancer risk, while
high levels are toxic and can lead to gut leakage
(Peng et al., 2007). For preterm infants, butyrate
has been associated with necrotic enterocolitis.
Therefore, butyrate-producing bacteria, such as
those belonging to Lachnospiraceae, are probably
not recruited until later in the infant life (Peng
et al., 2007).

In summary, our results show that that the two
core phylogroups identified are ancient, abundant
and stable in the human gut. Linked with previous
knowledge, these results also suggest that the
core phylogroups are of fundamental importance
for human health and disease. The knowledge of
such core phylogroups may offer opportunity to
design adequate therapeutic strategies for the pre-
vention and treatment of colon-related conditions
and diseases.
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