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High-fat feeding rather than obesity drives
taxonomical and functional changes in the
gut microbiota in mice
Liang Xiao1†, Si Brask Sonne2†, Qiang Feng1,2†, Ning Chen1†, Zhongkui Xia1, Xiaoping Li1, Zhiwei Fang1,
Dongya Zhang1, Even Fjære2,3, Lisa Kolden Midtbø2,3, Muriel Derrien4,9, Floor Hugenholtz4, Longqing Tang1,
Junhua Li1, Jianfeng Zhang1, Chuan Liu1, Qin Hao2, Ulla Birgitte Vogel5, Alicja Mortensen6, Michiel Kleerebezem4,
Tine Rask Licht6, Huanming Yang1,8, Jian Wang1,8, Yingrui Li1, Manimozhiyan Arumugam1,7, Jun Wang1,2,
Lise Madsen1,2,3 and Karsten Kristiansen1,2*

Abstract

Background: It is well known that the microbiota of high-fat (HF) diet-induced obese mice differs from that of lean
mice, but to what extent, this difference reflects the obese state or the diet is unclear. To dissociate changes in the
gut microbiota associated with high HF feeding from those associated with obesity, we took advantage of the
different susceptibility of C57BL/6JBomTac (BL6) and 129S6/SvEvTac (Sv129) mice to diet-induced obesity and of
their different responses to inhibition of cyclooxygenase (COX) activity, where inhibition of COX activity in BL6 mice
prevents HF diet-induced obesity, but in Sv129 mice accentuates obesity.
Results: Using HiSeq-based whole genome sequencing, we identified taxonomic and functional differences in the
gut microbiota of the two mouse strains fed regular low-fat or HF diets with or without supplementation with the
COX-inhibitor, indomethacin. HF feeding rather than obesity development led to distinct changes in the gut
microbiota. We observed a robust increase in alpha diversity, gene count, abundance of genera known to be
butyrate producers, and abundance of genes involved in butyrate production in Sv129 mice compared to BL6 mice
fed either a LF or a HF diet. Conversely, the abundance of genes involved in propionate metabolism, associated
with increased energy harvest, was higher in BL6 mice than Sv129 mice.
Conclusions: The changes in the composition of the gut microbiota were predominantly driven by high-fat feeding
rather than reflecting the obese state of the mice. Differences in the abundance of butyrate and propionate producing
bacteria in the gut may at least in part contribute to the observed differences in obesity propensity in Sv129 and BL6 mice.
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Background
Evidence has accumulated that the gut microbiota is
an important environmental factor contributing to
obesity by altering host energy harvest and storage
[1–4], and transplantation experiments where transfer
of “obese microbiota” induces fat mass accumulation

in recipient mice have underscored the importance of
microbiota composition in obesity development [1, 3, 5–9].
High-fat (HF) feeding and obesity were initially re-
ported to be associated with a lowered ratio of Bac-
teroidetes to Firmicutes, but this view has been
challenged by subsequent studies [2, 10]. Recent stud-
ies have further indicated that obesity is correlated
with decreased microbial diversity or richness [11–13].
The composition of the gut microbiota may, in part,
be modulated by the genetic background [14–16] also
illustrated by the alterations in the gut microbiota
profiles observed in TLR5 knockout mice [7], TLR2
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knockout mice [5], NOD mice [17], ob/ob mice [3],
and db/db mice [18, 19] compared with wild-type
mice. However, in these mouse models, altered feed
intake may also contribute to the observed changes in
the gut microbiota. Yet, in some cases, transplant-
ation of the microbiota from the knockout mice into
wild-type recipient mice conferred a phenotype simi-
lar to that of the donor [7]. Still, long-term habitual
dietary intake is thought to be one of the strongest
drivers of the gut microbial composition in humans
[20] as well as mice [21], and especially intake of fat
is a strong driver of changes in the gut microbiota
[15]. However, as the amount of fat also determines
obesity development, the commonly used models of
HF diet-induced obesity cannot distinguish whether
changes in the microbiota result from the obese state
or from HF feeding.

The obesity-prone C57BL/6JBomTac (BL6) mouse
strain and the obesity-resistant mouse strain 129S6/SvEv-
Tac (Sv129) are among some of the most commonly used
strains for studies on genetic and diet-induced obesity.
We have shown that inhibition of cyclooxygenase activity
accentuated HF feeding-induced obesity in the obesity-
resistant Sv129 mice by reducing diet-induced thermogen-
esis and induction of UCP1 expression in inguinal white
adipose tissue [22], whereas inhibition of cyclooxygenase
activity in the normally obesity-prone BL6 mice prevented
HF feeding-induced obesity [23].

To gain further insight into diet- and obesity-
associated changes in the gut microbiota, and to distin-
guish whether the observed changes resulted from the
obese state or the HF feeding, we took advantages of the
different susceptibility of these two mouse strains to
diet-induced obesity and of their different responses to
inhibition of cyclooxygenase activity. Our results indi-
cate that changes in gut microbiota largely reflect HF
feeding and not obesity.

Results
Experimental setup and construction of a gut
metagenome reference set
To distinguish changes in the gut microbiota that occur
in response to an obesogenic diet from changes due to
obesity development, we exploited the different propen-
sity of BL6 and Sv129 mice to develop diet-induced
obesity and their divergent responses to treatment with
the general cyclooxygenase inhibitor indomethacin. The
mice were maintained on a low-fat (LF) diet or fed a HF
diet supplemented (HFI) or not (HF) with indomethacin.
In agreement with earlier findings [22], inclusion of
indomethacin accentuated the high-fat diet-induced in-
crease in weight, white adipose tissue (WAT) mass, and
hypertrophy in Sv129 mice (Fig. 1). By contrast, indo-
methacin supplementation prevented high-fat diet-

induced increase in weight, WAT mass, and hypertrophy
in BL6 mice (Fig. 1) [23].

Bacterial DNA was isolated from fecal samples from
54 mice from the different groups (30 Sv129 mice: 10
fed the LF diet, 10 fed the HF diet, and 10 fed the HFI
diet ; 24 BL6 mice: 7 fed the LF diet, 8 fed the HF diet,
and 9 fed the HFI diet) and subjected to whole genome
sequencing (WGS) using the Illumina HiSeq2000 plat-
form [24]. In total, 200.91 Gb high-quality data were
generated with an average of 3.72 Gb (46.10 million
reads) per sample. We employed de novo assembly as
previously described [15] to generate a non-redundant
gene catalog containing 793,847 genes (Additional file 1:
Table S1). A rarefaction analysis revealed a curve ap-
proaching saturation with 45 samples, and ICE and
Chao 1 indices indicated that we captured 99.53% of the
total gut microbial genes in the cohort (Additional file 2:
Figure S1). We carried out taxonomical assignment and
functional annotation using the Integrated Microbial Ge-
nomes (IMG) database (v3.4) [25], the NR database (v3),
and KEGG [26] database (release 59.0), respectively.
6.53% of the genes in the catalog, which covered 14.85%
in gene abundance, could be annotated using the IMG
database, while 75.14% of the genes could be annotated
using the NR database. At the functional level, we iden-
tified 4846 KEGG orthologues (KOs) covering 46.43% of
genes. For each sample, an average of 46.9 ± 0.2% (mean
± s.e.m.) of genes could be annotated in the KEGG data-
base. The taxonomic and functional profiles were con-
structed by summarizing the relative abundance of
genes.

Diet-induced and strain-dependent changes in the gut
microbiota
Gene, genus, and KO profile-based principal coordinates
analysis (PCoA) (Fig. 2 and Additional file 3: Figure S2)
pointed to dietary fat content as the principal separating
factor (PC1) and strain-specific differences between
Sv129 and BL6 mice as the secondary separating factor
(PC2). The PCoA further demonstrated that there was
no significant separation between the HF- and the HFI-
fed mice based on the microbiome gene profiles (Fig. 2)
and by Wilcoxon rank-sum testing (Additional file 4:
Figure S3 and Additional file 5: Figure S4), despite a
clear effect of indomethacin on obesity development.

A PERMANOVA test similarly demonstrated that diet
had a larger impact on the gut microbiota than strain
and importantly that indomethacin supplementation did
not significantly affect the gut microbiota composition
at the gene level, the genus level, and the KEGG level
(Additional file 6: Table S2).

Comparison of the gut microbiomes of mice fed a LF
diet revealed significantly higher alpha diversity of the
samples from Sv129 mice than BL6 mice (Fig. 3a).
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Feeding the mice a HF diet led to a significantly in-
creased alpha diversity at both the gene and KO levels in
both strains with a relatively larger increase in BL6 mice.
As the increased alpha diversity was more pronounced
in BL6 mice, the difference in alpha diversity became
non-significant in HF-fed mice. Addition of indometh-
acin to the HF diet did not significantly influence alpha
diversity (Fig. 3a and Additional file 7: Figure S5). We
further investigated differences and similarity of the gene
distribution in the two mouse strains and how the HF
diet impacted on the composition of the gut microbiota.
Wilcoxon testing demonstrated that a large fraction of
the microbial genes (444,171; 60.18%) was found in simi-
lar relative abundance in both strains fed the LF diet.

202,729 (27.47%) of the genes had higher relative abun-
dance in LF-fed Sv129 mice than in LF-fed BL6 mice,
whereas 91,223 (12.36%) of the genes were present in
higher abundance in LF-fed BL6 mice. Of the genes that
were shared between the two mouse strain fed the LF
diet, 320,199 (72.09%) maintained the same relative
abundance in the two strains in response to HF feeding,
whereas 58,027 (13.06%) increased in the Sv129 mice
and 55,546 (12.51%) increased in the BL6 mice. 10,399
(2.34%) became undetectable after HF feeding. Of the
202,729 genes that were enriched in the LF-fed Sv129
mice, 122,577 (27.60%) were found in equal relative abun-
dance in Sv129 and BL6 mice after HF feeding, whereas
2866 (0.65%) became undetectable. Interestingly, a small

Fig. 1 Body weight gain, adipose tissue weight, and adipose tissue histology. a Body weight gain of Sv129 and BL mice fed low-fat (LF), high-fat
(HF), or HF + indomethacin (HFI) diets. b, c Tissue weights of epididymal (eWAT), inguinal (iWAT), retroperitoneal (rWAT), and interscapular brown
(iBAT) adipose depots in b Sv129 and c BL mice fed low-fat (LF), high-fat (HF), or HF + indomethacin (HFI) diets. Error bars represent s.e.m.. Shared
letters on the bars indicate P � 0.05, whereas different letters denote significant differences between the groups (<0.05), Kruskal-Wallis with Dunns
post hoc test. d Cumulative feed intake. e Energy efficiency. f Hematoxylin/eosin staining of iWAT tissues from Sv129 and BL mice fed LF, HF or
HFI diets. Scale bar = 50 �m
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subset of the genes 4693, 1.06%) enriched in Sv129 mice
on a LF diet became more abundant in the BL6 mice. Fi-
nally, of the 91,223 genes selectively enriched in the BL6
mice fed a LF diet, 41,458 (9.33%) were found I equal rela-
tive abundance after HF feeding in both strain, 45,087
(10.15%) remained more abundant in the BL6 mice,
whereas 3463 (0.78%) became more abundant in the
Sv129 mice. 1215 (0.27%) of the genes enriched in BL6
mice were undetectable after HF feeding (Additional
file 8: Figure S6).

Obesity has been reported to be associated with a de-
creased microbial gene count [11, 12]. In LF-fed mice,
the gene count was significantly higher in the Sv129
mice than in the BL6 mice (Fig. 3b). HF feeding with or
without indomethacin supplementation increased the
gene count in both strains. Thus, an increase in gene
count was observed in response to HF feeding irrespect-
ive of whether the mice remained lean or became obese.
Of note, after HF feeding, no significant difference in
gene count between the two strains was observed
(Fig. 3b).

Consumption of HF diets induced taxonomical
changes independently of strain and obesity develop-
ment. The Wilcoxon rank-sum test (P < 0.05) demon-
strated that the HF diet induced the same directional
changes in relative abundances of 89 out of 128 genera
(69.5%) in both mouse strains, whereas only 8 (6.3%) ex-
hibited changes exclusively in BL6 mice, and 11 (8.6%)

exhibited changes exclusively in Sv129 mice. The
remaining identified 20 genera (15%) were unchanged.

In keeping with previous observations [1–4, 27], the five
most abundant phyla in both Sv129 and BL6 mice in-
cluded Bacteroidetes, Firmicutes, Verrucomicrobiota, Pro-
teobacteria, and Actinobacteria, and HF feeding led to an
increased Firmicutes:Bacteroidetes ratio (Additional file 9:

Fig. 2 PCoA analysis of all the samples based on gene profiles. The
different colors and shapes designate samples from different subgroups,
while the empty, half-filled, and full-filled points correspond to mice
characterized as “lean,” or with “no significant increase in adipose tissue
mass (NSI),” and “significant increase adipose tissue mass (SI).” The
PCoA demonstrates how mouse strain and diet are main drivers for
separation at the gene level

Fig. 3 a Alpha diversity and b Gene count in relation to mouse
strain and diet. Alpha diversity was calculated based on the gene
profiles using the Shannon index. In mice fed a low-fat (LF) diet, Sv129
mice exhibited a significantly higher alpha diversity than BL6 mice. High-
fat (HF) diet increased alpha diversity of the gut microbiome significantly
in both strains of mice, so that no significant differences in alpha diversity
were observed after HF feeding. Supplementation with indomethacin
did not lead to significant changes of alpha diversity. Gene count in LF-
fed Sv129 mice was significantly higher than in BL6 mice. HF feeding led
to a significant increase in gene count in both mouse strains
and eliminated the difference in gene count observed in LF mice.
Statistical differences were analyzed by unpaired Wilcoxon rank-sum
test (with FDR correction). Statistically significant differences (P < 0.05)
between groups are denoted with different letters (a, b, c, d) on the
top of the graphic boxes. Boxes denote the interquartile range (IQR)
between the first and third quartiles (25th and 75th percentiles,
respectively) and the line inside denotes the median
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