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Abstract

Background: A number of human diseases such as obesity and diabetes are associated with changes or imbalances in the
gut microbiota (GM). Laboratory mice are commonly used as experimental models for such disorders. The introduction and
dynamic development of next generation sequencing techniques have enabled detailed mapping of the GM of both
humans and animal models. Nevertheless there is still a significant knowledge gap regarding the human and mouse
common GM core and thus the applicability of the latter as an animal model. The aim of the present study was to identify
inter- and intra-individual differences and similarities between the GM composition of particular mouse strains and humans.

Methodology/Principal Findings: A total of 1509428 high quality tag-encoded partial 16S rRNA gene sequences
determined using 454/FLX Titanium (Roche) pyro-sequencing reflecting the GM composition of 32 human samples from 16
individuals and 88 mouse samples from three laboratory mouse strains commonly used in diabetes research were analyzed
using Principal Coordinate Analysis (PCoA), nonparametric multivariate analysis of similarity (ANOSIM) and alpha diversity
measures. A reliable cutoff threshold for low abundant taxa estimated on the basis of the present study is recommended for
similar trials.

Conclusions/Significance: Distinctive quantitative differences in the relative abundance of most taxonomic groups
between the examined categories were found. All investigated mouse strains clustered separately, but with a range of
shared features when compared to the human GM. However, both mouse fecal, caecal and human fecal samples shared to a
large extent not only representatives of the same phyla, but also a substantial fraction of common genera, where the
number of shared genera increased with sequencing depth. In conclusion, the GM of mice and humans is quantitatively
different (in terms of abundance of specific phyla and species) but share a large qualitatively similar core.
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Introduction

Shifts in the composition, known as dysbiosis, of the human GM

have in several studies been associated with diseases such as

allergies [1], asthma [2], inflammatory bowel disease [3], diabetes

type 1 and 2 [4–6], and metabolic syndrome [7] - all indicating a

causative role of the gut microbiota.

Rodents are the mammalian model most extensively used to

investigate the relationship between GM and health and disease.

The reason for the popularity of mouse models is their well

explored genetic and relatively close physiological similarity with

humans and the ability to control a wide range of environmental

factors which reduces variation in the baseline gut microbiota

between individual study objects [8]. However, despite the wide

use of rodent models existing information about the human and

laboratory mouse common GM core is still relatively scarce. One

of the pioneering reports on this field, carried out before the age of

next-generation sequencing, disclosed only 15% similarity between

the human and mouse GM genera [9]. The majority of bacteria in

the gut were shown to be members of the two phyla, Firmicutes

and Bacteroidetes, and in both humans and mice, these two phyla

together comprised more than 90% of the gut bacteria.

Many GM related disorders have been linked with bacterial

dysbiosis on a higher taxonomic level proving the usefulness of

sequencing the GM to e.g. phylum and family level. For example,

Turnbaugh et al. showed that a switch from a low fat to a high fat,

high sugar diet in mice, which was associated with obesity, lowered

the Bacteroidetes/Firmicutes ratio in the gut within one day [10].

Also, alterations in the phylum Bacteroidetes and the Lachnospir-

aceae family have been suggested as possible biomarkers to help

predict predispositions to inflammatory bowel disease [11]. In

humans, patients suffering from T2D have been found to have

significant reductions in the phylum Firmicutes and the class

Clostridia compared to healthy controls in a 454 FLX based study

[5]. In a later study comparing the gut metagenome of individuals
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suffering from T2D and healthy controls a group of butyrate

producing bacteria and opportunistic pathogens that could serve

as gut microbial markers for classifying type 2 diabetes were

identified [12] underlining the possibility of identifying microbial

markers at this taxonomic level associated with disease. Despite the

advantages of deep metagenome sequencing it still remains a

costly approach and a range of reports show that the relationship

between many disorders and GM changes can be identified

without the need for studying whole metagenomes [5,6,11,13,14].

However, the usefulness of mice models for such studies would

to a large extent also depend on similarities in their GM profiles at

genus or species level with humans. The aim of the present study

was therefore to demonstrate inter- and intra-individual differ-

ences and similarities between the GM composition of three

laboratory mouse strains commonly used in research in chronic

inflammatory diseases with those of humans based on more than

1.5 million high quality sequences of partial 16S rRNA gene

verified with tag-encoded 454/FLX Titanium (Roche) pyro-

sequencing.

Materials and Methods

Dataset
A total of 88 mice and 128 human (16 individuals with each

individual sampled twice within 6 weeks and each sample

sequenced 4 times) GM profiles determined using tag-encoded

16S rRNA gene 454/FLX Titanium (Roche) pyro-sequencing

were included in the study (Table 1). All samples enrolled in the

present meta-analysis have been treated according to the same

protocols concerning DNA extraction, library preparation and

sequencing [6,14]. Briefly, cellular DNA was extracted using a

QIAamp DNA Stool Mini Kit (Qia- gen, Hilden, Germany)

basically following the manufacturer’s instructions, but with the

addition of an initial bead beating step (FastPrep) for increasing

cell lysis. Extracted DNA was stored at 240uC until analysis.

Amplicons (466 bp) including the V3 and V4 regions of the 16S

rRNA gene were amplified using the primers detailed in the

electronic supplementary material (ESM) Table 1 [15] followed by

a second round of PCR where primers with adapters and tags

were used [16]. PCR amplification of the 16S rRNA gene plus

purification and pyrosequencing of amplified PCR products were

carried out as previously described [5]. The amplified fragments

with adapters and tags were quantified using a Qubit fluorometer

(Invitrogen, Carlsbad, CA, USA) and mixed in approximately

equal concentrations to ensure most possible even representation

of reads per sample. Two- region 454 sequencing runs were

performed on a GS FLX Titanium Pico TiterPlates (70675) using

a GS FLX Titanium Sequencing Kit XLR70 according to the

manufacturer’s instructions (Roche Diagnostics, Indianapolis, IN,

USA).

All animal experiments were carried out in accordance with the

Council of Europe Convention European Treaty Series (ETS) 123

on the Protection of Vertebrate Animals used for Experimental

and Other Scientific Purposes, and the Danish Animal Experi-

mentation Act (LBK 1306 from 23/11/2007). The study was

approved by the Animal Experiments Inspectorate, Ministry of

Justice, Denmark.

Human specimens used in this meta-analysis come from the

independent study that was approved by The Scientific Ethics

Committee of Capital Region, Denmark (reference H-4-2010-

137). Written informed consent was obtained from volunteers

prior to recruitment.

Data Treatment
The dataset was analyzed using the Quantitative Insight Into

Microbial Ecology (QIIME) open source software package [17].

All steps such as quality control, de-noising, chimera filtering and

OTU picking were conducted as previously described [14]. High

quality sequences purged from chimeric reads were further

clustered at 97% relatedness using UCLAST (http://www.

drive5.com/usearch/). The representative sequences from each

cluster were aligned with pyNAST (http://qiime.org/pynast/) and

subjected to the Ribosomal Database Project (RDP)-based 16S

rRNA gene annotation. For intra-individual assessment all mouse

and 16 human samples from the control group were subsampled

to an equal number of reads per individual (4500 reads per sample

which constitutes to 85% of the second most indigent sample in

the dataset). For inter-group comparison the reads were merged

according to host (mouse strain/human) and subsampled to an

equal number of sequences per category, respectively 80000 reads

for mice strains comparisons and 600000 reads for similarity

assessment between mice and humans. Both numbers constitute

approximately 85% of the least numerous category. Alpha

diversity measures such as rarefaction curves based on the

estimated species number (97% sequence identity threshold),

Chao1 and Shannon indexes were calculated for OTU tables that

were unified to 4000 (first most indigent sample) sequences per

sample.

In order to investigate the influence of the sequencing method

into variance between categories, which is caused mostly by the

low abundant taxa, a set of 16 samples each sequenced in 4

independent runs were compared within their quadruplicates. A

set of 1000 subsampled OTU-tables was generated for each

sample (3000 reads per sample). Low abundant taxa were removed

until taxa similarity of all replicates within a given sample crossed

99%. An average, minimum cutoff value was therefore calculated

based on 16000 subsampled OTU tables using an in-house Matlab

(Mathworks) script.

Statistics
Principal Coordinate Analysis (PCoA) plots were generated with

the Jackknifed Beta Diversity workflow based on 10 distance

metrics calculated using 10 subsampled OTU tables. The -e value

(number of sequences taken for each jackknifed subset) was set to

85% of the sequence number within the most indigent sample.

Analysis of similarities (ANOSIM) was used to evaluate group

differences using weighted and unweighted uniFrac distance

metrics that were generated based on rarefied (4500 reads per

sample) OTU tables. The relative distribution of the GM genera

registered in 88 mouse and 16 human samples was calculated for

unified, summarized at the genus level OTU tables.

Differences in taxa abundances at phylum and genus level

between categories were verified with Metastats (http://metastats.

cbcb.umd.edu). From each group 14 samples (corresponding to

the smallest category) were randomly chosen and combinations of

group pairs were tested using 1000 permutations (p value

threshold = 0.05; false discovery rate threshold = 0.5). The rela-

tionship between sequencing depth and shared GM, classified into

phylum and genus level, between mice and humans was plotted

based on multiple subsampled OTU tables composed of two

categories collecting 794988 human and 714440 mouse GM 16S

rRNA gene reads. Simulation of each sequencing depth was

repeated 100 times and an average proportion of shared

taxonomic groups between the two categories were calculated

(abundance threshold for unshared taxa= 0.19%).

A network presenting shared genera between categories was

prepared for normalized OTU tables (600000 reads per category)

Mouse and Human Microbiome Comparison
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after filtering the low abundant OTUs (abundance threshold for

unshared taxa = 0.19%) using the make_otu_network.py script

(QIIME). The visualization of the OTU-networks was performed

with an open source platform –Cytoscape (version 2.8.3, http://

www.cytoscape.org/).

Results

The number of sequences collected that fulfilled quality control

requirements (minimum sequence length $250 bp, minimum

average quality score $25) yielded 1753858. After removing

chimeric sequences a total of 1509428 reads remained, meaning

that the ChimeraSlayer algorithm [18] used for chimeras purging

reduced the dataset with approximately 14%. Information about

the total, average, maximum, minimum, and standard deviation of

high quality, noise and chimera-free reads are collated in Table 1.

Gut Microbiota Composition
Alpha diversity assessment using rarefaction curves revealed

that the fecal GM of the BALB/c mice is the most rich in OTUs

(species-level). The average Chao1 index calculated for 4000 reads

per sample was 2.5–5 times higher in this group compared with

other groups (Figure 1). Species-level OTUs entropy portrayed

with the Shannon’s diversity index was correspondingly higher in

the fecal samples of BALB/c mice (Figure 1).

PCoA analysis based on unweighted UniFrac distance matrices

showed a clear clustering of samples according to host (Figure 2A)

with the human GM distinctly separated from the mice, as also

shown by ANOSIM analysis (Table 2). The two B6. V-Lepob/J

groups where age was the only varying factor were only partially

separated (Fig. 2A and Table 2). When widening the information

with the bacterial relative abundance (weighted UniFrac distance

matrix) the differences became less distinct, and the frontier

between the GM of NOD and B6. V-Lepob/J mice became less

clear (Figure 2B) but ANOSIM analysis showed that the

separation was still significant (Table 2, p,0.001***). As R values

.0.75 generally are interpreted as clearly separated, R .0.5 as

separated and R ,0.25 as groups hardly separated [19] it was

concluded that all categories with the exception of the two B6. V-

Lepob/J mouse groups could be classified as a clearly separated or

separated.

Abundance Threshold
All samples in the human study SRA058021 have been

sequenced four times in independent runs. However, when

comparing the similarity within the same sample sequenced four

times it was found that only an average of 77.1% of taxa was

shared due to the nature of the sequencing method where low

abundant taxa may or may not be captured by pure chance [20].

Starting with the assumption that all four replicates representing a

given sample should depict roughly the same relative distribution

of bacteria this dataset was then used to calculate the most

commensurate cut off value for low abundant taxa, that were not a

true picture of low abundant microbial groups but which presence

or absence was rather a result of a sequencing method/depth.

Consequently, low abundant reads were removed until all 4

replicates of a single sample shared at least 99% of taxa. Sixty-four

(1664) samples from the above-mentioned group were included

and 100 subsampled OTU tables were generated for each

replicate (3000 reads per sample). The threshold for the low

abundant taxa that needed to be removed in order to make all 4

replicates uniform was evaluated based on 16000 rarefied OTU

tables and scored: 0.19%, which corresponded to approximately

10 reads per taxon. When a certain taxon was registered in all

T
a
b
le

1
.
D
at
a
co
lle
ct
io
n
d
e
sc
ri
p
ti
o
n
.

N
C
B
I
a
c
c
e
ss
io
n

n
u
m
b
e
r

H
o
st

H
o
st
’s

a
g
e
w
h
e
n

sa
m
p
le
d

S
a
m
p
le

ty
p
e

N
u
m
b
e
r
o
f

sa
m
p
le
s

T
o
ta
l
n
u
m
b
e
r

o
f
ra
w

se
q
u
e
n
c
e
s

H
ig
h
q
u
a
li
ty

re
a
d
s

T
o
ta
l

A
v
g
.

M
a
x

M
in

S
D

A
v
e
ra
g
e

se
q
u
e
n
c
e
le
n
g
th

(b
p
)

S
R
A
0
5
8
0
2
1

H
u
m
an

(c
o
n
tr
o
l)

1
8
–
5
0
ye
ar
s

Fe
ce
s

1
66

4
4
6
9
9
7
1

3
9
2
7
2
6

6
1
3
6

1
0
2
7
3

2
5
8
2

2
0
5
0

4
4
6

S
R
A
0
5
8
0
2
1

H
u
m
an

(p
la
ce
b
o
)

1
8
–
5
0
ye
ar
s

Fe
ce
s

1
66

4
5
0
9
4
0
7

4
0
2
2
6
2

6
3
8
5

1
1
1
2
6

2
2
9
6

2
4
3
3

4
4
6

S
R
A
0
4
7
3
2
8

N
O
D

1
4
–
3
0
w
e
e
ks

Fe
ce
s

1
5

1
2
2
1
6
4

1
1
8
5
1
5

8
4
6
5

1
5
1
3
9

5
6
6
8

3
1
2
0

3
5
9

S
R
A
0
5
7
2
8
3

B
6
.
V
-L
ep

o
b
/J

8
w
e
e
ks

Fe
ce
s

1
9

1
5
7
6
8
8

1
5
0
2
2
9

7
9
0
7

1
0
2
5
7

5
6
4
1

1
0
8
4

4
6
7

S
R
A
0
5
7
2
8
3

B
6
.
V
-L
ep

o
b
/J

1
6
w
e
e
ks

Fe
ce
s

1
9

1
5
4
4
8
4

1
4
2
5
1
9

7
5
0
1

9
1
2
2

4
1
6
9

1
3
1
4

4
6
5

S
R
A
0
5
9
0
1
9

B
A
LB

/c
1
3
w
e
e
ks

Fe
ce
s

2
1

2
3
2
6
1
2

2
0
3
5
8
6

9
6
9
5

1
3
9
8
7

6
0
3
0

2
3
7
1

4
6
4

S
R
A
0
5
1
3
1
7

B
A
LB

/c
1
0
w
e
e
ks

C
ae
cu
m

co
n
te
n
t

1
4

1
0
7
5
3
2

9
9
5
9
1

7
1
1
4

8
4
7
0

5
6
6
7

8
8
8

4
5
0

Se
q
u
e
n
ce

co
lle
ct
io
n
s
re
p
re
se
n
ti
n
g
fi
ve

co
n
tr
o
l
g
ro
u
p
s
fr
o
m

p
re
vi
o
u
sl
y
p
u
b
lis
h
e
d
st
u
d
ie
s
u
se
d
fo
r
th
is
m
e
ta
-a
n
al
ys
is
w
e
re

st
o
re
d
in

th
e
Se
q
u
e
n
ce

R
e
ad

A
rc
h
iv
e
(S
R
A
,
h
tt
p
:/
/w

w
w
.n
cb

i.n
lm

.n
ih
.g
o
v/
sr
a)
,
N
at
io
n
al

C
e
n
te
r
fo
r

B
io
te
ch
n
o
lo
g
y
In
fo
rm

at
io
n
(N
C
B
I)
.
T
h
e
p
o
o
l
o
f
h
u
m
an

sa
m
p
le
s
(S
R
A
0
5
8
0
2
1
)
co
m
p
o
se
d
o
f
th
e
co
n
tr
o
l
an

d
th
e
p
la
ce
b
o
g
ro
u
p
.S
am

p
le
s
fr
o
m

th
e
se

tw
o
ca
te
g
o
ri
e
s
w
e
re

se
q
u
e
n
ce
d
in

fo
u
r
in
d
e
p
e
n
d
e
n
t
ru
n
s
re
su
lt
in
g
in

1
6
h
u
m
an

G
M

p
ro
fi
le
s
se
q
u
e
n
ce
d
in

4
re
p
lic
at
e
s
fo
r
e
ac
h
sa
m
p
le

co
lle
ct
e
d
at

ti
m
e
ze
ro

(t
h
e
co
n
tr
o
l
g
ro
u
p
)
an

d
4
re
p
lic
at
e
s
fo
r
sa
m
p
le
s
co
lle
ct
e
d
af
te
r
6
w
e
e
ks

fr
o
m

th
e
ti
m
e
ze
ro

(t
h
e
p
la
ce
b
o
g
ro
u
p
).
T
h
e
B
6
.
V
-L
ep

o
b
/J

m
ic
e
(S
R
A
0
5
7
2
8
3
)

co
m
p
o
se
d
o
f
th
e
tw

o
sa
m
p
le
d
at

8
an

d
1
6
w
e
e
ks

o
f
ag

e
.
T
h
e
G
M

p
ro
fi
le

o
f
B
A
LB

/c
m
ic
e
w
as

ve
ri
fi
e
d
fo
r
ca
e
ca
l
an

d
fe
ca
l
sa
m
p
le
s
(s
tu
d
ie
s
SR

A
0
5
1
3
1
7
an

d
SR

A
0
5
9
0
1
9
re
sp
e
ct
iv
e
ly
).

d
o
i:1
0
.1
3
7
1
/j
o
u
rn
al
.p
o
n
e
.0
0
6
2
5
7
8
.t
0
0
1

Mouse and Human Microbiome Comparison

PLOS ONE | www.plosone.org 3 May 2013 | Volume 8 | Issue 5 | e62578



replicates of a given sample and one or more were below the

estimated threshold level, all values were kept.

Phyla Distribution and Abundance
All reads used in this study were classified into 9 phyla after

applying the abundance threshold (0.19%), with one phylum

noted as unclassified (Table 3). Generally Firmicutes and

Bacteroidetes were the dominating phyla accounting for 89–97%

of all reads with a clear preponderance of Firmicutes in all

categories except the BALB/c mice (Table 3). Verrucomicrobia

was the third most abundant phyla in NOD mice and the fourth

most abundant in humans and B6.V-LepobJ (8 weeks of age). The

three remaining mouse strains were either devoid of bacteria from

this phylum, or the bacteria were below the detection limit.

Genera Distribution and Abundance
The relative abundance of genera depicted for all samples

individually shows explicit alterations between studies with the

human specimens being the most conspicuous category (Figure 3).

In total 239 genera were registered for both groups but only 89

exceeded the threshold value (Table S1). The unclassified genus

from the Lachnospiraceae family was the most dominant bacterial

group in both mouse and human samples comprising on average

41% and 15% of the reads, respectively. The two consecutive most

abundant genera in mouse samples were an unclassified genus

from the Porphyromonadaceae (13%) and Alistipes (12%), while in

human specimens – Roseburia (12%) and unclassified genus

representing the Clostridiales order (10%) were the dominating

genera.

Metastats analysis revealed widespread differences in the

bacterial relative abundance at both phylum (Table S2) and

genus (Table S3) level between all categories.

Gut Microbiota Qualitative Differences between Mice
Despite ubiquitous quantitative differences in GM distribution

between categories considerable qualitative similarities of the most

abundant taxa were observed between all examined groups. To a

large extent mouse fecal and caecal samples shared the same

bacterial phyla (Figure 4) while on the genus level the five mouse

groups shared between 93–98% of the generic labels (Figure 5).

The Verrucomicrobia phylum present in the fecal microbiota of

the B6. V-Lepob/J pups (analyzed in the age of 8 weeks) and the

NOD group was not detected in the adult B6. V-Lepob/J

counterparts (examined in the age of 16 weeks), nor in any of

the BALB/c mice. The Akkermansia genus which is the only

representative group of the Verrucomicrobia phylum, was

therefore the reason of discrepancies on both the phylum

(Figure 4) and the genus level (Figure 5) between categories. The

unclassified genus from the Desulfovibrionales order present in the

caecal content of the BALB/c mice was not found in the fecal

specimens (Figure 5). However both categories shared 100% of the

phyla, and likewise, the adult B6. V-Lepob/J and the BALB/c mice

were equal on the phylum level (Figure 4) albeit B6. V-Lepob/J mice

lacked members of the Prevotella genus when compared to the

BALB/c mice. Furthermore, the NOD group was more indigent

genus-vise lacking the Odoribacter genus compared to the B6. V-

Lepob/J and Prevotella, Odoribacter and unclassified genera from

Proteobacteria phylum compared to the BALB/c mice (Figure 5).

Gut Microbiota Qualitative Differences between Mice and
Humans
Mice and humans shared 90% of bacterial phyla with

Deferribacteres and its only genus deputy - Mucispirillum causing

the difference between mouse and human categories at the

qualitative level (Figure 6A). Analysis on a deeper classification

level showed that above the threshold value mouse and human

samples shared 89% of bacterial genera (Figure 6B). The human

GM cluster contained 9 unique genera compared to the mice,

namely Faecalibacterium, Mitsuokellla, Megasphera, Dialister, Asterole-

plasma, Succinivibio, Sutterella, Paraprevotella and Phascolarctobacterium.

The collection of mice GM profiles presented one unique genus,

Mucispirillum, while the remaining 80 genera despite differences in

the relative abundance were common for both mice and humans

(Figure S1).

The average similarity of the GM phyla and genera between

mice strains verified using the raw dataset, without the abundance

threshold, was respectively 20% and 56% lower than when using a

cutoff value (Figures S2A and S2B). The similarity of the collective

mouse and human microbiomes without the abundance threshold

was correspondingly 40% and 57% lower at the phylum and the

Figure 1. Rarefaction curves based on the estimated number of OTUs. (97% sequence identity threshold), average Cho1 and Shannon
indexes were calculated for 6 categories using rarefied OTU table (4000 reads per sample). Labels ‘‘BALB/c (f)’’ and ‘‘BALB/c (c)’’ stand for the GM
microbiota profile of BALB/c mice determined using fecal and caecal samples respectively.
doi:10.1371/journal.pone.0062578.g001

Mouse and Human Microbiome Comparison

PLOS ONE | www.plosone.org 4 May 2013 | Volume 8 | Issue 5 | e62578



genus level (Figure S2C) compared to the dataset where the

threshold was employed.

In Figure 7 the function between sequencing depth and GM

similarity at the phylum and genus level is illustrated. It was found

that both phyla and - even more pronounced - genera resemblance

between categories differs dramatically depending on number of

reads used for analysis as increasing sequencing depth uncovers

more genera that the two groups have in common (Figure 7).

Discussion

Laboratory mice are commonly used as experimental models

for diseases such as diabetes [6,21], inflammatory bowel disease

[22,23] and allergies [24,25] where the GM composition and

function has been found to be an important contributing factor

[26]. However, at present a knowledge gap regarding the

similarity of the human and mouse common GM core exists,

especially on a deeper level of taxonomy, which might question the

usefulness of these models. Therefore, in the present study, we

Figure 2. PCoA plot based on (A) unweighted and (B) weighted distance matrices, each calculated from 10 rarefied (4500 reads per
sample) OTU tables. A) Qualitative information used to generate principal coordinates enables for clear clustering according to host that samples
were collected from. B) Quantitative information used to generate principal coordinates enables for clear separation of human and both BALB/c
samples and less distinct but significant (Table 2) separation of the NOD and two B6 mice GM profiles. Labels ‘‘BALB/c (f)’’ and ‘‘BALB/c (c)’’ stand for
the gut GM of BALB/c mice determined using fecal and caecal samples respectively. The degree of variation between 10 jackknifed replicates of PCoA
is displayed with confidence ellipsoids around each sample.
doi:10.1371/journal.pone.0062578.g002

Table 2. ANOSIM analysis between categories.

B6 (8 weeks) B6 (16 weeks) BALB/C (feces) BALB/C (caecum) NOD Human

R p R p R p R p R p R p

6. V-Lepob/J
(8 weeks)

– – 0.644 ,0.001*** 1.000 ,0.001*** 0.999 ,0.001*** 1.000 ,0.001*** 1.000 ,0.001***

B6. V-Lepob/J
(16 weeks)

0.219 ,0.001*** – – 1.000 ,0.001*** 0.998 ,0.001*** 0.998 ,0.001*** 1.000 ,0.001***

BALB/c

(feces)

0.808 ,0.001*** 0.888 ,0.001*** – – 0.883 ,0.001*** 0.999 ,0.001*** 1.000 ,0.001***

BALB/c

(caecum)

0.663 ,0.001*** 0.876 ,0.001*** 0.850 ,0.001*** – – 0.994 ,0.001*** 1.000 ,0.001***

NOD 0.531 ,0.001*** 0.564 ,0.001*** 0.901 ,0.001*** 0.475 ,0.001*** – – 1.000 ,0.001***

Human 0.911 ,0.001*** 0.888 ,0.001*** 0.975 ,0.001*** 0.851 ,0.001*** 0.829 ,0.001*** – –

Analysis of similarity (testing whether two or more groups are significantly different) was calculated between all categories based on rarefied (4500 reads per sample)
weighted (regular font) and unweighted (bold font) distance matrices. Each pairwise comparison of two groups was performed using 1000 permutations. R values
.0.75 are generally interpreted as clearly separated, R .0.5 as separated and R ,0.25 as groups hardly separated [17].
doi:10.1371/journal.pone.0062578.t002
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analyzed inter- and intra-individual differences and similarities

between the GM composition of three laboratory mouse strains

commonly used in diabetes research with those of humans based

on more than 1.5 million high quality sequences of partial 16S

rRNA gene verified with tag-encoded 454/FLX Titanium (Roche)

pyro-sequencing.

Qualitative and quantitative-based analysis of the three mouse

strains fecal GM compared with the mice caecal and human fecal

GM (PCoA and ANOSIM) disclosed significant separation of all

microbial profiles. The composition of the GM has previously

been shown to be influenced by multiple factors including

environment and host genetics [8,27–31]. The latter seems to be

a major force driving the GM differences between the various

mice and human clusters. It is therefore the genetic resemblance

between different mouse strains that propagates similar bacterial

groups to develop and at the same time keeps other ones at a low

abundance. Consequently, despite ubiquitous species level differ-

ences, the bacterial relative distribution on higher taxonomic levels

makes the GM of different mice strains more similar to each other

compared to that of humans (Fig. 2 and 3).

Diet is an environmental factor known to strongly influence GM

composition [32,33]. However all mice used in this study were fed

with a similar chow diet (Altromin 1324); therefore diet was the

least differing factor of microbial community between mouse

strains but definitely a strong one when comparing with the

human GM. Diet is therefore another force in addition to genetics

pushing human GM cluster away from the mice.

Early priming of bacterial colonization during early life may

also influence GM and immunity later in life [34–38], which might

also be a driving force in the present study. Especially the

environment of humans is undoubtedly the most dissimilar from

that of laboratory mice, what again favors receding human

bacterial profile away from the mice. Consequently, these

differences are important to consider when performing mice-

human translational studies.

Lastly, for adult humans and mice the influence of age on the

GM profiles seems to be minor as neither human samples collected

from patients at different age (18–50 years) nor NOD mice

analyzed at different ages (14–30 weeks) clustered according to

age. This supports the high level of GM composition stability in

adult individuals which was previously documented among

humans and mice [27,39–41].

Although innovations in high throughput sequencing techniques

offer insight into microbial communities at an hitherto up-

preceded level of details one need to be aware of constrains that

comes with it, for example: sequencing depth, reads error (noise,

chimeras) rate and length or analysis methods [42]. Furthermore,

in the present study it was found that differences in sequencing

depth between samples influences qualitative comparison between

categories. The range of this effect could be estimated using the

human samples included in the analysis that have been

independently sequenced four times. When comparing indepen-

dently sequenced data sets, representing the same fecal sample

reached an average qualitative similarity of only 77.1% was found.

Therefore, in order to compare the categories in a more adequate

manner, a commensurate abundance threshold was implemented.

It was found that when applying a cut-off value of 0.19% at least

99% similarity was reached when comparing sequencing sets

representing the same fecal sample. However, setting a threshold

in a way that all numbers being below a given value would be

excised (turned into zero) raised a problem of introducing false

dissimilarities between the groups. Therefore a script was applied

that whenever two categories shared a given taxon no matter its

relative value, this label was considered as shared. The calculated
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threshold value was further implemented for all intra-groups

comparisons.

In the present study the Firmicutes fraction was more abundant

than the Bacterioidetes in most fecal and caecal samples, except

for the BALB/c fecal samples, which showed an inverted

proportion of these two phyla. Human fecal samples had relatively

more Firmicutes and less Bacteriodetes compared to most mouse

fecal and caecal samples. This is in accordance with earlier studies

reporting that the majority of bacteria in the gut are members of

these two phyla and that in mice the Firmicutes fraction seems to

be much larger than the Bacteriodetes fraction [9,43–47].

Representatives of the TM7 phylum were clearly reduced in

human samples (0.001%) compared to mouse fecal (0.1%) and

caecal (0.8%) specimens. This is in correspondence with a study by

Rawls et al. where human colonic samples were shown to be free

of the TM7 phylum in comparison to the mouse cecum and

zebrafish gut microbiota. However, a relatively low number of

sequences was used (less than 3000) which would not be enough to

detect representatives of this phylum at the similar abundance

levels [48].

As seen from Fig. 6 increased sequencing depth disclose

consecutive phylogroups (phyla and genus level) resulting in

higher rates of similarity between the two categories, mice and

humans with increased sequencing dept. Although the GM

classified at the phylum level could be well explored with relatively

few sequences [9], information at the genus level and its link with

diseases in general require much deeper sequencing as also evident

from Fig. 6.

For example, the Prevotella genus has been found to be inversely

correlated with body weight gain, cholesterol accumulation,

insulin resistance and diet-induced adiposity [49] and this genus

was exclusive for the BALB/c fecal and caecal microbiota but not

detected in any of the remaining mouse strains. In addition, the

fecal microbiota of the NOD mice was the only one lacking

representatives of the Odoribacter genus which relative abundance

was recently shown to be increased in the caecum of mice exposed

to grid floor induced stress [14]. Unclassified members from the

Proteobacteria phylum were unique for the fecal and caecal

samples of BALB/c mice and adult B6.V-Lepob/J group that on the

other hand were lacking members of the Akkermansia genus.

Akkermansia muciniphila has been suggested to possess anti-inflam-

matory properties as it was found to be present in lower levels in

humans suffering from inflammatory bowel disease compare to the

healthy control group [50] and greatly increased in vancomycin

treated NOD whose cumulative diabetes incidence was signifi-

cantly reduced [6]. A single unclassified genus was found to be the

only qualitative difference between the fecal and caecal content of

the two BALB/c groups with no differences at the phyla level and

no major divergence in the species richness or diversity. It could be

thus concluded that the main cause of differences between samples

representing GM pictures of two parts of the BALB/c mice

gastrointestinal track was the rearrangement in the bacterial

relative abundance. It has previously been shown using the

Denaturation Gradient Gel Electrophoresis (DGGE) that profiles

of fecal and caecal microbiota do not cluster in the same way

proving that the GM of an individual presents different

proportions in species abundance along the GI track [51].

Pairwise comparison (mice vs. humans) using 0.6 million reads

per category disclosed 89% similarity between mouse and human

GM genera, with 9 genera being unique for human samples and

not detected in any of the three mice strains (abundance threshold

0.19%). Among these 9 genera were Faecalibacterium from the

Ruminococcaeae family and Asteroleplasma from phylum Tener-

icutes that both have been suggested as possible indicators of a

healthy human GM since disturbances in the relative distribution

of common species from these genera have been linked with the

etiology of Crohn’s disease (CD) and ulcerative colitis (UC) [52–

55]. The Megasphera genus was also unique for humans not being

detected in any of the three mouse strains. Megasphera spp. have

been imputed to support the growth of colonic mucosa [56,57].

Figure 3. The relative distribution of the major genera (31) determined for rarefied (4500 reads per sample) 88 mouse and 32
human samples. Sequences annotation pursued using the Ribosomal Database Project (RDP, http://rdp.cme.msu.edu/) database.
doi:10.1371/journal.pone.0062578.g003
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The Mistsuokella genus has recently been identified as a GM

member of lean as well as obese Indians [58] Many bacterial

communities from the Clostridia class including genera that were

found unique for humans such as Faecalibacterium and Dialister but

also Sutterella from the Proteobacteria phylum showed poor

establishment after transplanting them from human into mice

GI tracks [59]. It seems possible that mouse genetics disfavors

Figure 4. Number of GM phyla shared between given mouse strains after applying a cut off threshold (0.19%) for the low abundant
taxa. Whenever a given genus was present in both categories but the value for one or both was bellow the threshold level the label was kept and
classified as shared. 80000 high quality 16s rRNA reads used to represent each mouse strain were annotated to the Ribosomal Database Project (RDP,
http://rdp.cme.msu.edu/) database. In three cases the single phylum Verrucomicrobia is reducing similarity to 90%. The only genus representing this
subgroup is Akkermansia. Labels ‘‘BALB/c (f)’’, ‘‘BALB/c (c)’’, ‘‘B6.V-Lepob/J (16)’’ and ‘‘B6.V-Lepob/J (8)’’ stand for the gut GM of BALB/c mice determined
using fecal and caecal samples and B6.V-Lepob/J mice using fecal specimens sampled in 16 and 8 weeks of age respectively.
doi:10.1371/journal.pone.0062578.g004

Figure 5. Number of GM genera shared between given mouse strains after applying a cut off threshold (0.19%) for the low
abundant taxa.Whenever a given genus was present in both categories but the value for one or both was bellow the threshold level the label was
kept and classified as shared. 80000 high quality 16s rRNA reads used to represent each mouse strain were annotated to the Ribosomal Database
Project (RDP, http://rdp.cme.msu.edu/) database. Genera differing between categories: a -Akkermansia, b – Prevotella, c- unclassified genus from
Desulfovibrionales order, d – Odoribacter, e – unclassified genus from Proteobacteria phylum (source: Table S1).
doi:10.1371/journal.pone.0062578.g005

Mouse and Human Microbiome Comparison

PLOS ONE | www.plosone.org 8 May 2013 | Volume 8 | Issue 5 | e62578



certain groups of bacteria as germ-free rats presented higher

recovery rate of these subgroups [59].

A few of the genera found to be unique for humans in this study

have in earlier studies been isolated from the gut of other mice

strains or mice from other vendors [60]. Werner et al. reported

that among others the Succinivibrio and Faecalibacterium genera were

present in the wild type and TNF DARE/WT mice [61] and

Sutterella constituted up to 1% of in the GM in the lean control

group of C57BL/J6 mice obtained from Harlan (Oxon, UK). The

phylum Deferribacteres was unique in mice compared to the

human samples. The only genus representing this phylum is

Mucispirillum a spiral-shaped bacteria previously found to colonize

the mucus layer of the GI tract of laboratory mice [62].

To our knowledge the present study is the broadest comparison

of GM consortia between humans and laboratory mice showing

that despite immense differences in the bacterial relative abun-

dance both mouse fecal, caecal and human fecal samples share to

a large extent, not only representatives of the same phyla, but also

a substantial fraction of common genera, which vindicates mice as

a human experimental model.

Supporting Information

Figure S1 Shared and group-unique genera. The network

presenting shared taxonomic GM groups between human (red

node) and mouse (blue node) categories generated for normalized

OTU tables (600000 reads per category) after filtering the low

abundant OTUs (abundance threshold for unshared taxa= 0,19%)

using the make_otu_network.py script (QIIME). The visualization

of the OTU-networks was performed with an open source platform

–Cytoscape (version 2.8.3, http://www.cytoscape.org/).

(PDF)

Figure S2 Number of GM phyla and genera shared

between given categories using raw data. Number of

taxonomic labels shared between given mice strains using raw data

where no abundance threshold was used (A) on the genus level and

(B) on the phylum level. 80000 high quality 16s rRNA reads used to

represent the GM of each mouse strain were annotated to the

Ribosomal Database Project (RDP, http://rdp.cme.msu.edu/)

database. (C)Number of phyla and genera shared between collated

categories of humans and mice using raw data (600000 reads per

category). Labels ‘‘BALB/c (f)’’, ‘‘BALB/c (c)’’, ‘‘B6.V-Lep
ob/J (16)’’

and ‘‘B6.V-Lepob/J (8)’’ stand for the gut GM of BALB/c mice

determined using fecal and caecal samples and B6.V-Lepob/J mice

using fecal specimens sampled in 16 and 8 weeks of age respectively.

(PDF)

Table S1 The relative distribution of bacterial genera

among categories. The relative distribution of the gut microbial

genera among single human (16 individuals) and five mouse

groups (15, 14, 19, 19, 21 mice respectively). The abundance

threshold within at least one of the category was set to 0.19%.

(PDF)

Table S2 Differences in the relative abundance of gut

microbial phyla between categories. Differences in the gut

microbial phyla relative distribution verified using Metastats

(http://metastats.cbcb.umd.edu) for all combinations of catego-

ries. Each pairwise comparison was performed based on 1000

permutations (p value threshold = 0.05, q value threshold = 0.5).

(PDF)

Table S3 Differences in the relative abundance of gut

microbial genera between categories. Differences in the gut

microbial genera relative distribution verified using Metastats

(http://metastats.cbcb.umd.edu) for all combinations of catego-

ries. Each pairwise comparison was performed based on 1000

permutations (p value threshold = 0.05, q value threshold = 0.5).

(PDF)
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Figure 6. Number of GM taxa shared between collated
categories of humans and mice on both, phylum (A) and
genus (B) level. 600000 high quality 16s rRNA reads used to represent
each category were annotated to the Ribosomal Database Project (RDP,
http://rdp.cme.msu.edu/) database. A cut off threshold for the low
abundant taxa = 0.19%. Whenever a given taxon was present in both
categories but the value for one or both was bellow the threshold level
the label was kept and classified as shared. A) Phylum Deferribacteres
was unique for the mouse category what reduced similarity between
categories to 90%. B) Genus Mucispirillum unique for mouse category
was the only representative of phylum Deferribacteres. Human GM
cluster contained 9 unique genera groups, namely Faecalibacterium,
Mitsuokellla, Megasphera, Dialister, Asteroleplasma, Succinivibio, Sutter-
ella, Paraprevotella and Phascolarctobacterium (source: Table S1).
doi:10.1371/journal.pone.0062578.g006

Figure 7. Function of sequencing depth and gut microbial taxa
similarity between mice and humans. A set of 100 subsampled
OTU-tables were generated for each simulated sequencing depth and
further summarized into the phylum and the genus level. The plot
presents how sequencing depth influences the qualitative similarity
rate between mouse and human GM annotated into two distant
phylogenetic levels. Although relatively shallow sequencing is enough
to reach plateau at the phylum level, much deeper sequencing is
required for inferring at the genus level taxa.
doi:10.1371/journal.pone.0062578.g007
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Patterns of early gut colonization shape future immune responses of the host.
Plos One 7: e34043–e34043. doi:10.1371/journal.pone.0034043.

35. Le Huerou-Luron I, Blat S, Boudry G (2010) Breast- v. formula-feeding: impacts
on the digestive tract and immediate and long-term health effects. Nutr Res Rev
23: 23–36. doi:10.1017/S0954422410000065.

36. Conroy ME, Shi HN, Walker WA (2009) The long-term health effects of
neonatal microbial flora. Curr Opin Allergy Cl 9: 197–201. doi:10.1097/
ACI.0b013e32832b3f1d.

37. Kelly D, King T, Aminov R (2007) Importance of microbial colonization of the
gut in early life to the development of immunity. Mutat Res 622: 58–69.
doi:10.1016/j.mrfmmm.2007.03.011.

38. Dethlefsen L, Eckburg PB, Bik EM, Relman DA (2006) Assembly of the human
intestinal microbiota. Trends in Ecology & Evolution 21: 517–523. doi:10.1016/
j.tree.2006.06.013.

39. Deloris Alexander A, Orcutt RP, Henry JC, Baker J Jr, Bissahoyo AC, et al.
(2006) Quantitative PCR assays for mouse enteric flora reveal strain-dependent
differences in composition that are influenced by the microenvironment. Mamm
Genome 17: 1093–1104. doi:10.1007/s00335-006-0063-1.

40. Friswell MK, Gika H, Stratford IJ, Theodoridis G, Telfer B, et al. (2010) Site
and Strain-Specific Variation in Gut Microbiota Profiles and Metabolism in
Experimental Mice. Plos One 5: e8584. doi:10.1371/journal.pone.
0008584.t002.

41. Dethlefsen L, Relman DA (2011) Incomplete recovery and individualized
responses of the human distal gut microbiota to repeated antibiotic perturbation.
P Natl Acad Sci Usa 108 Suppl 1: 4554–4561. doi:10.1073/pnas.1000087107.

42. Hamady M, Knight R (2009) Microbial community profiling for human
microbiome projects: Tools, techniques, and challenges. Genes Dev 19: 1141–
1152. doi:10.1101/gr.085464.108.

43. Ubeda C, Taur Y, Jenq RR, Equinda MJ, Son T, et al. (2010) Vancomycin-
resistant Enterococcus domination of intestinal microbiota is enabled by
antibiotic treatment in mice and precedes bloodstream invasion in humans.
J Clin Invest 120: 4332–4341. doi:10.1172/JCI43918.

44. Walk ST, Blum AM, Ewing SA-S, Weinstock JV, Young VB (2010) Alteration of
the murine gut microbiota during infection with the parasitic helminth
Heligmosomoides polygyrus. Inflamm Bowel Dis 16: 1841–1849. doi:10.1002/
ibd.21299.

45. Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M, et
al. (2009) High-fat diet determines the composition of the murine gut
microbiome independently of obesity. Gastroenterology 137: 1716–24.e1–2.
doi:10.1053/j.gastro.2009.08.042.

46. Antonopoulos DA, Huse SM, Morrison HG, Schmidt TM, Sogin ML, et al.
(2009) Reproducible community dynamics of the gastrointestinal microbiota
following antibiotic perturbation. Infection and Immunity 77: 2367–2375.
doi:10.1128/IAI.01520–08.

47. Wilson KH, Brown RS, Andersen GL, Tsang J, Sartor B (2006) Comparison of
fecal biota from specific pathogen free and feral mice. Anaerobe 12: 249–253.
doi:10.1016/j.anaerobe.2006.09.002.

48. Rawls JF, Mahowald MA, Ley RE, Gordon JI (2006) Reciprocal gut microbiota
transplants from zebrafish and mice to germ-free recipients reveal host habitat
selection. Cell 127: 423–433. doi:10.1016/j.cell.2006.08.043.

49. Neyrinck AM, Possemiers S, Druart C, Van de Wiele T, De Backer F, et al.
(2011) Prebiotic Effects of Wheat Arabinoxylan Related to the Increase in
Bifidobacteria, Roseburia and Bacteroides/Prevotella in Diet-Induced Obese
Mice. Plos One 6: e20944. doi:10.1371/journal.pone.0020944.

50. Png CW, Lindén SK, Gilshenan KS, Zoetendal EG, McSweeney CS, et al.
(2010) Mucolytic Bacteria With Increased Prevalence in IBD Mucosa Augment

Mouse and Human Microbiome Comparison

PLOS ONE | www.plosone.org 10 May 2013 | Volume 8 | Issue 5 | e62578



In Vitro Utilization of Mucin by Other Bacteria. Am J Gastroenterol 105: 2420–

2428. doi:10.1038/ajg.2010.281.

51. Pang W, Vogensen FK, Nielsen DS, Hansen AK (2012) Faecal and caecal

microbiota profiles of mice do not cluster in the same way. Laboratory Animals

46: 231–236. doi:10.1258/la.2012.011128.

52. Lopez-Siles M, Khan TM, Duncan SH, Harmsen HJM, Garcia-Gil LJ, et al.

(2011) Cultured representatives of two major phylogroups of human colonic

Faecalibacterium prausnitzii can utilize pectin, uronic acids, and host-derived

substrates for growth. Appl Environ Microbiol 78: 420–428. doi:10.1128/

AEM.06858-11.

53. Vermeiren J, Abbeele den P, Laukens D, Vigsnaes LK, Vos M, et al. (2012)

Decreased colonization of fecal Clostridium coccoides/Eubacterium rectale

species from ulcerative colitis patients in an in vitro dynamic gut model with

mucin environment. Fems Microbiol Ecol 79: 685–696. doi:10.1111/j.1574-

6941.2011.01252.x.

54. Khan MT, Duncan SH, Stams AJM, van Dijl JM, Flint HJ, et al. (2012) The gut

anaerobe Faecalibacterium prausnitzii uses an extracellular electron shuttle to

grow at oxic-anoxic interphases. Isme J 6: 1578–1585. doi:10.1038/

ismej.2012.5.

55. Willing BP, Dicksved J, Halfvarson J, Andersson AF, Lucio M, et al. (2010) A

Pyrosequencing Study in Twins Shows That Gastrointestinal Microbial Profiles

Vary With Inflammatory Bowel Disease Phenotypes. Gastroenterology 139:

1844–1854.e1. doi:10.1053/j.gastro.2010.08.049.

56. Zozaya-Hinchliffe M, Martin DH, Ferris MJ (2008) Prevalence and abundance
of uncultivated Megasphaera-like bacteria in the human vaginal environment.
Appl Environ Microbiol 74: 1656–1659. doi:10.1128/AEM.02127-07.

57. Yoshida Y, Tsukahara T, Ushida K (2009) Oral administration of Lactobacillus
plantarum Lq80 and Megasphaera elsdenii iNP-001 induces efficient recovery
from mucosal atrophy in the small and the large intestines of weaning piglets.
Anim Sci J 80: 709–715. doi:10.1111/j.1740-0929.2009.00692.

58. Patil DP, Dhotre DP, Chavan SG, Sultan A, Jain DS (2012) Molecular analysis
of gut microbiota in obesity among Indian individuals. J. Biosci. 37: 647–657
doi:10.1007/s12038-012-9244-0.

59. Wos-Oxley M, Bleich A, Oxley APA, Kahl S, Janus L, et al. (2012) Comparative
evaluation of establishing a human gut microbial community within rodent
models. Gut Microbes 3: 6–5. doi:10.4161/gmic.19934.

60. Murphy EF, Cotter PD, Hogan A, O’Sullivan O, Joyce A, et al. (2012)
Divergent metabolic outcomes arising from targeted manipulation of the gut
microbiota in diet-induced obesity. Gut 0: 201130070. doi:10.1136/gutjnl-2011-
300705.

61. Werner T, Wagner SJ, Martı́nez I, Walter J, Chang J-S, et al. (2011) Depletion
of luminal iron alters the gut microbiota and prevents Crohn’s disease-like ileitis
– Werner et al. 60 (3): 325–Gut. Gut.

62. Robertson BR, O’Rourke JL, Neilan BA, Vandamme P, On SLW, et al. (2005)
Mucispirillum schaedleri gen. nov., sp. nov., a spiral-shaped bacterium
colonizing the mucus layer of the gastrointestinal tract of laboratory rodents.
Int J Syst Evol Microbiol 55: 1199–1204. doi:10.1099/ijs.0.63472-0.

Mouse and Human Microbiome Comparison

PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e62578


