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ABSTRACT

ARTICLE HISTORY

We previously reported quantitation of gut microbiota in a panel of 89 different inbred strains of
mice, and we now examine the question of sex differences in microbiota composition. When the
total population of 689 mice was examined together, several taxa exhibited significant differences
in abundance between sexes but a larger number of differences were observed at the single strain
level, suggesting that sex differences can be obscured by host genetics and environmental factors.
We also examined a subset of mice on chow and high fat diets and observed sex-by-diet
interactions. We further investigated the sex differences using gonadectomized and hormone
treated mice from 3 different inbred strains. Principal coordinate analysis with unweighted UniFrac
distances revealed very clear effects of gonadectomy and hormone replacement on microbiota
composition in all 3 strains. Moreover, bile acid analyses showed gender-specific differences as well
as effects of gonodectomy, providing one possible mechanism mediating sex differences in

Received 3 February 2016
Revised 26 May 2016
Accepted 14 June 2016

KEYWORDS

genetics; gut microbiota
interactions; hormones;
inbred strains; sex-by-diet
interactions; sex differences

microbiota composition.

Introduction

The individual variation in host-associated gut micro-
biota community structure is shaped by both environ-
mental and host genetics factors.” Diet, in particular, is
one of the strongest factors affecting inter-individual
and temporal variations in gut microbiota composi-
tion.*” While sex differences have a clear impact on
physiology and behavior,® it has proven difficult to dem-
onstrate sex differences in gut microbial composition.
While some studies suggested that gender has no or very
limited effect on gut microbiota,”"!
provided at least suggestive evidence for differences in
microbiota composition between sexes.'2 1% Also, two

recent studies demonstrated that the commensal micro-
17,18

other studies have

bial community can affect sex hormone levels.

In previous studies using a panel of over 100 diverse
inbred strains of mice we showed that diet” and genet-
ics’ have clear effects on gut microbiota composition.
We now report on analysis of the role of sex

differences and sex hormones in gut microbiota com-
position. We demonstrate that in a controlled envi-
ronment male and female mice show significant
differences in gut microbiota composition, although
genetic differences obscured sex differences in exami-
nation of the entire population. Furthermore, using
gonadectomy and hormone replacement, we were able
to detect gut microbiota differences mediated by sex
hormones and also significant differences in bile acid
profiles between sexes as a result of gonadectomy.
Finally, we examine the role of sex differences in the
response to a high fat diet and identified sex-by-diet
interactions.

Gender specific microbiota composition

To test whether sex differences exist in microbiota
composition we compared 341 female and 348 male
mice from 89 matched strains (Table S1). Mice from
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different strains and genders were housed in separate
cages and we found that microbiotas were more simi-
lar overall within strains than between strains (p <
0.001 PERMANOVA
(Fig. S1A). When considering each strain indepen-

of Bray-Curtis distances)
dently, clear differences in microbiota composition
and diversity were observed between sexes (Fig. 1A).
This was also supported by Procrustes analysis com-
paring the relative orientation of matched strains
between genders (Monte-Carlo P value < 0.0001),
where sex-specific differences were most apparent in
C57BL/6] and C3H/He]J strains (Fig. 1B). Both the
magnitude and direction of change for multiple bacte-
rial genera were different between strains, suggesting
that the impact of gender may depend on the host
genotype. However, no clear patterns differentiating
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samples from males and females were observed when
the entire population was examined together using
Bray-Curtis dissimilarity (Fig. 1C). It appears that the
genetic variation between strains obscures sex differ-
ences when the entire population is examined
together. We used permutational multivariate analysis
of covariance to test whether a matrix of major PCoA
axes are dependent on sex, strain or a sex-by-strain
interactions. We observed that both sex and strain
have significant effects on the microbiota (p < 0.001,
PERMANOVA of Bray-Curtis distances).

In order to further identify microbial taxa that
account for the greatest differences between genders
we performed Liner Discriminate Analysis (LDA)
coupled with effect size measurements (LEfSe) and a
multivariate linear model, which controlled for the
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Figure 1. Sex differences in gut microbiota composition in 89 different inbred strains of mice. (A) Columns represent the average rela-
tive abundance of microbial phyla within 89 matched strains of male (n = 348) and female (n = 341) mice arranged in the same order.
(B) Procrustes plot comparing 8 diversity between females and males of the same strains. The Bray-Curtis distances between the gen-
ders vary across the strains (M? = 0.89, p < 0.001), highlighting the differences in microbial composition between sexes. (C) Bray-Curtis
dissimilarity metric plotted in PCoA space comparing the gender microbial communities from different genders (89 matched strains).
Each circle representing a different strain colored according to the gender. The first 3 principal components (PC1, PC2 and PC3) are
shown, with the amount of variation explained are reported for each axes. Both sex and strain effects account for PC1 and PC3 variations
(p < 0.0001, F test) and PC2 variation is explained only by strain effect (p < 0.001, F test). (D) Linear discriminant analysis (LDA) coupled
with effect size measurements identified the most differentially abundant genus level taxa between female and male mice from 89

matched strains.
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Table 1. The effect of sex on gut microbiota composition in HMDP strains.

Relative abundance (%, Mean values &= SEM)

Strain Taxonomy Females Males p-value (adjusted)*
BXD45/RwwJ Allobaculum 1.33 (+0.65) 11.12 (£1.70) 0.0244
Clostridiaceae 2.86 (+£1.13) 15.65 (£1.52) 0.0025
Rikenellaceae 0.014 (£0.002) 0.002 (4-0.001) 0.0300
S24-7 44,16 (+2.88) 29.02 (£2.09) 0.0406
SMB53 1.44 (£0.10) 0.37 (4:0.09) 0.0022
BXD85/Rww Akkermansia 0.02 (£0.01) 37.8 (£1.11) 0.0029
Roseburia 0.09 (+0.03) 0.52 (+0.05) 0.0178
Allobaculum 0.003 (4-0.002) 7.00 (+0.97) 0.0004
C57BL/6 Coprococcus 1.53 (+0.07) 0.69 (+0.05) 0.0270
Bacteroides 8.02 (£1.65) 0.01 (£0.01) 0.0040
C3H/He Akkermansia 0.01 (40.004) 23.14 (4+2.40) 0.0046
Coprobacillus 0.11 (£0.03) 0.64 (+0.08) 0.0252
Ruminococcus 0.16 (£0.03) 0.46 (+0.05) 0.0340
Sutterella 0 8.94 (+1.75) 0.0302
BXD55/RwwJ Lachnospiraceae 2.77 (£0.23) 1.51 (£0.22) 0.0490
AXB19a/PgnJ Turicibacter 0.19 (£0.04) 0.01 (£0.008) 0.0450
BXD79/RwwJ Lachnospiraceae 1.59 (+0.20) 6.09 (+0.93) 0.0013
Dorea 0.25 (£0.08) 0.01 (£0.004) 0.0149
Coprococcus 2.87 (4+0.09) 0.52 (4+0.78) 0.0167
Roseburia 2.76 (+0.81) 0.32 (£0.14) 0.0187

Note. *P value were adjusted using Benjamini-Hochberg FDR.

effect of strain, as described in Methods. In the total
cohort, the phylum Actinobacteria (0.81 = 0.19 males;
0.18 &+ 0.1 females) and Tenericutes (1.08 £ 0.22
males; 0.35 &= 0.12 females) were more abundant in
male than female mice (p < 0.01) (Figs. 1A, S1B). Ata
finer taxonomic classification we detected multiple
taxa with significantly altered relative abundance
between male and female mice (Table S2). Genera
with higher abundance in males as compared to
female mice included Allobaculum, Anaeroplasma,
and Erwinia, whereas SMB53 from family Colstridia-
ceae and 3 members of family Lachnospiraceae
(Dorea, Coprococcus and Ruminococcus) were more
abundant in female mice (Figs. 1D, S1C).

We also performed the analyses with strains that
had 6 or more mice in both genders (total 15 strains,
Table S1). When we analyzed all 15 strains together
the same differences in composition as observed in
the entire cohort were seen with the exception of the
taxa, Oscillospira in females and an unclassified Bac-
teroidales in males (Fig. S2A). In addition, strain spe-
cific analysis revealed 7 strains out of 15 that showed
additional significant sexually dimorphic taxa abun-
dances (Table 1, Fig. S2B). To test if these differences
were driven by host gender or reflected cage effects,
we analyzed strains that had been sampled from mul-
tiple cages (total 5 strains). This analysis confirmed
that all the observed differences between genders were
consistently found in all cages (Fig. S2C).

Sex-by-diet interactions in microbiota composition

In a follow-up study, we examined male and female
mice of strains C57BL/6], C3H/HeJ, and DBA/2J on
chow vs. high fat, high sucrose (HF/HS) diets. Previ-
ously, these strains were shown to exhibit very different
responses to the HF/HS challenge in terms of fat gain
and insulin resistance.>'® Figure 2A shows Principal
coordinate analysis (PCoA) of strains C57BL/6J, C3H/
HeJ, and DBA/2] on a chow diet or following feeding of
a HF/HS diet for 8 weeks. When considering each strain
independently then all 3 strains showed a clear segrega-
tion by sexes as well as by diet (p value < 0.001, PER-
MANOVA of Bray-Curtis distances) (Fig. 2A).
Furthermore, these diet-microbiota associations tended
to be sex-dependent, as seen in Figures 2B and S3A.
Similar sex-specific diet-microbiota correlations have
been recently reported in natural fish populations and
humans."> The most significant sex-by-diet interactions
were observed in strain DBA/2J. In addition to strain
specific shifts, some taxa showed similar shifts for all 3
strains in both genders. For instance, compared to mice
on a chow diet, the HF/HS fed mice had greater abun-
dance of genera classified to the family Erysioplerotri-
chaceae (Fig. S3B).

Sex hormone mediated shifts in microbiota

To determine whether differences between genders
were mediated by sex hormones, we performed
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Figure 2. Principal coordinate analysis (PCoA) plot of unweighted UniFrac distances between male and female mice. C57BL/6J, C3H/HeJ,
and DBA/2]J strains fed a normal chow or high fat diets were studied as described in the text. PC1, PC2, and PC3 values for each mouse
sample are plotted with the percent variation explained by each PC is shown in parentheses. (B) Examples of sex-by-diet interactions
with 5 taxa in female and male from C57BL/6J and DBA/2) mice fed with chow or high fat diets. P values from MANOVA analysis are

shown for sex, diet and sex-by-diet interactions (int).

gonadectomy (GDX) with the same 3 strains (C57BL/
6], C3H/He]J, and DBA/2J) and examined gut micro-
biota composition after 8 weeks. Principal component
analysis revealed that all 3 strains of mice showed clear
sex differences in gut microbiota composition on both
chow and high fat diets (Fig. 3A). When analyzing all
3 mouse strains together in different treatment groups
significant sex and strain effects were again detected
on the microbiota (p value < 0.001, PERMANOVA of
Bray-Curtis distacnes) (Fig. S4A). In male mice, the
hormonal status affected the composition of micro-
biota more on chow diet, whereas in females this effect
was more prevalent in response to the high fat diet
(Fig. 3A). Administration of testosterone after gonad-
ectomy prevented the significant gonadectomy-associ-
ated changes in gut microbiota composition in
C57BL/6] and C3H/He]J strains on both diets, but not

in DBA/2] male mice (Fig. 3A). When analyzing all 3
strains together, then only the abundance of family
Ruminococcacea was significantly different between
GDX male (9.7% =+ 1.2) compared to sham control
male mice (5.7 % =+ 0.09) on HF/HS diet (FDR
<0.01). In females, a clear separation between sham
control and GDX mice was detected on HF/HS diet
with C57BL/6] and DBA/2] strains, where the abun-
dance of Akkermansia was more abundant in sham
controls than to GDX female mice (18.38% = 0.05 vs.
0.02% = 0.01, respectively; FDR < 0.01) (Figs. 3A and
S4B). Again, differences between sham control and
GDX mice in both genders were mostly strain-specific
(Tables S3 and S4). Finally, we analyzed bile acid
changes between C57BL/6] sham control and GDX
mice in both genders. When fed a chow diet, the levels
of several bile acid species in GDX mice were
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Figure 3. The effect of gonadectomy in C57BL/6J, C3H/HeJ and DBA/2J mice. (A) Principal component analysis between male and
female mice in normal chow or high fat/high-sucrose diet (B) from C57BL/6J, C3H/HeJ, and DBA/2J strains.(B) Bile acids measure-
ments from gallbladder in male and female C57BL/6J mice on chow and HF/HS diet. Significance of differences was defined using
unpaired T test with Holm-Sidak's correction for multiple hypothesis. P < 0.05; **P < 0.01; P < 0.001. DC, deoxycholic; GDX,

gonadectomized.

significantly higher compared to sham control mice in
both genders (Fig. 3B, Table S5). Interestingly, signifi-
cant gender specific differences in bile acid composi-
tion were observed in response to HF/HS diet, where
several bile acids where significantly increased in GDX
male mice compared to female GDX mice (Fig. 3B).

Discussion

Sexual dimorphism is a frequent characteristic for a
variety of common disorders, including autoimmune,
metabolic, cardiovascular and psychiatric diseases.”""

* A large body of data now indicates a clear contribu-
tion of gut microbiota to many of these disorders, but
the mechanisms that mediate these associations are
poorly understood, highlighting the need to better
understand genetic and environmental factors affect-
ing microbial composition. It is clear that the modern
environment (including diet) has an enormous impact
on shaping our microbial communities and these
changes likely contribute to the increased risk of
immune-related and other common disorders. How-
ever, it remains unclear how gender affects host-
microbiota interactions and if it is connected to
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disease susceptibility. Thus, we aimed to examine sex
differences in gut microbiota composition in a popula-
tion of 89 common inbred strains. Since, at least in
mice fed the same diet and raised in the same vivar-
ium, genetic background is an important contributor
to gut microbiota composition,” we felt that it was
optimal to examine sex differences across a variety of
backgrounds. We detected a number of taxa that dif-
fered between male and female mice and showed that
sex differences in gut microbiota composition depends
in part on genetic background. Using gonadectomized
and hormone treated mice, we were able to identify
clear hormonal effects on gut microbiota composition.
Finally, we showed that dietary effects on the compo-
sition and diversity of gut microbiota are dependent
in part on sex-specific interactions.

Reports relating to gender effects on the composi-
tion of gut microbiota have been inconsistent. We sus-
pected that the failure of some studies to find

10,11

significant sex effects’ > may have been due to noise

introduced by factors such as diet, age, and host"””’
Indeed, when we examined the entire population of
89 inbred strains, differences in diversity and many
differences in composition appeared to be obscured
by genetic background effects on the microbiota.
However, clear differences became prominent when
mice with specific genetic backgrounds were exam-
ined. Our experiments also demonstrated, consistent
with other recent studies, that sex is an important fac-
tor to consider when looking at interactions between
gut microbiome and environmental factors such as
diet.'>"?

Among the factors that most likely mediate gender
dependent interactions are sex hormones. Recent
studies with pathogen-free nonobese diabetic (NOD)
mice have shown a causal relationship between sex
hormones, gut microbiota, and control of autoimmu-
nity.'”'® Both studies demonstrated that colonization
of germ free NOD mice with defined microbiota lead
to changes in hormone levels and these hormone-
microbiota interactions could trigger protective path-
ways for type 1 diabetes. Yurkovetskiy and cow-
orkers,'” showed that after puberty gut microbiota
differed in males and females, and that male castration
eliminated this trend. Another study demonstrated
that sexually dimorphic expression of mucosal immu-
nity genes appears already in prepubescent mice.*’
Here, using gonadectomy we also demonstrated that
differences in gut microbiota composition between

genders were clearly mediated at least in part by sex
hormones. Furthermore, we showed that testosterone
treatment after gonadectomy prevented the significant
changes in gut microbiota composition that were seen
in untreated males. Interestingly, the hormonal status
of male mice clearly affected the composition of
microbiota on chow and high fat diets, whereas in
females this effect was more prevalent in response to
the high-fat diet. Finally, we showed that hormonal
changes strongly affect bile acid profiles and that sig-
nificant gender-specific differences in bile acid profiles
become more prominent in response to a high-fat
high-sugar diet. It has been shown that the rate of bile
acid synthesis and bile acid pool sizes tend to be
higher in females than in males.** Since bile acids
have been shown to affect gut microbiota,>?” our
results provide one possible mechanism for sex differ-
ences in bile acid composition.

Taken together, these findings support the role of
sex differences in shaping gut microbial communities.
Sex hormones appear to be responsible in part, but
the pathways involved are unknown. In addition, hor-
monal organizational (developmental) effects and
non-gonadal (sex chromosome) effects may well play
a role.”® Understanding how sex differences affect gut
microbiota could ultimately lead to the identification
of novel factors that influence disease susceptibility
and improve diagnostic and clinical strategies.

Materials and methods
Sample collection

All mice were obtained from The Jackson Laboratory
and were bred at UCLA for 2 or more generations for
use in this study. Briefly, until 8 weeks of age mice
were maintained on a chow diet (Ralson Purina Com-
pany) and then placed on a high-fat, high-sucrose diet
(HF/HS) (Research Diets D12266B) for an additional
8 weeks.” Samples were obtained from the cecum of
689 mice from 89 strains, with an average of 6 mice
per strain (341 males and 348 females) (Table S1).
Mice from different strains and genders were housed
in separate cages, but in the same room throughout
the study. Cecum and fecal samples were snap frozen
with liquid nitrogen and stored at —80°C. The animal
protocol for the study was approved by the Institu-
tional Care and Use Committee (IACUC) at Univer-
sity of California, Los Angeles.



16S rRNA gene sequencing and analysis

Microbial DNA was extracted and16S rRNA gene of
the isolated DNA was sequenced using Illumina
MiSeq platform as previously described.” De-multi-
plexing 16S rRNA gene sequences, quality control
and operational taxonomic unit (OTU) binning were
performed using the open source pipeline Quantita-
tive Insights Into Microbial Ecology (QIIME) version
1.7.0.>>?° The total number of sequencing reads was
15,010,979 (an average of 19,571 reads per sample)
with an average length of 153 base pair reads.
Sequences were binned into OTUs based on 97%
identity using UCLUST"" against the Greengenes ref-
erence database.’® Each sample’s sequences were
rarefied to 17826 reads per strain to reduce the effect
of sequencing depth. Microbial composition at each
taxonomic level was defined using the summarize
taxa function in QIIME. Beta-diversity (unweighted
and weighted UniFrac metrics) and Bray-Curtis Dis-
similarity were calculated using QIIME package.
Comparison of group differences in microbiota
within and between strains and gender (male and
female) was performed using the adonis function for
permutational multivariate analysis of variance
(PERMANOVA) in R package vegan. Principal coor-
dinates were transformed with Procrustes in order to
facilitate direct comparison of trends in community
structure between matched male and female strains
(N = 89) using QIIME program. The criterion to
select the best fit adopted by Procrustes analysis is
the minimization of a residual sum of squares after
matching (M?) which measures the remaining “lack
of fit” of one configuration to the other. Then the M*
values might be used as a distance measure between
any 2 PCoA comparisons where the smallest M indi-
cates a small difference between 2 plots. The statisti-
cal significance of the goodness of the fit was
measured by a Monte Carlo label permutation
approach.

Gonadectomy studies

Male and female mice of strains C57BL/6], C3H/He]
and DBA/2] were gonadectomized under isoflurane
anesthesia at 6 weeks of age. Scrotal regions of male
mice were bilaterally incised, testes removed and the
incisions closed with wound clips. Ovaries of female
mice were removed through an incision just below the
rib cage. The muscle layer was sutured and the
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incision closed with wound clips. In sham operated
control mice, incisions were made and closed as
described above. The gonads were briefly manipulated
but remained intact. In mice that received hormonal
replacement at time of surgery, a small incision was
made at the base of the back of the neck. A 5 mg pellet
of 5a-dihydrotestosterone 90 day release (Innovative
Research of America, FL) was inserted and the inci-
sion closed. The animal protocol was approved by the
Institutional Care and Use Committee (IACUC) at
the University of California, Los Angeles. To examine
the effect of diet, half of the mice were maintained on
a chow diet and the other half placed on a high fat/
high sucrose diet (Research Diets D12266B) at 8 weeks
of age until 16 weeks of age as described above. There
were 4 mice per group.

Gallbladder bile composition

Bile acids were measured in gallbladder of Sham con-
trol and gonodectomized C57BL/6] male and female
mice on chow and HF/HS diets (on average 4 mice
per group). Each mouse gallbladder bile sample was
diluted with 1X PBS (Gibco#14190) to 1:20 and
1:1000 final dilution. The 1:20 dilution of bile sample
was used for both cholesterol and phospholipid analy-
sis, whereas the 1:1000 dilution was for total bile acid
measurement. The assays were carried out on Olym-
pus AU 680 and the reagents were from Backman
Coulter # OSR 6116 (cholesterol), Wako #433-36201
(Phospholipids C), and BQ Kits # BQ042A-EALD
(total bile acids). For individual bile acid analysis, all
samples were protein precipitated with 3 volumes of
cold methanol containing 0.1% formic acid and a sta-
ble label analog of deoxycholic acid, d4-deoxycholate,
used as an internal standard. The samples were vor-
texed, spun down at 4K rpm for 10 min and the super-
natant was collected and injected for LCMS analyses.
All data was collected on a Thermo Q-Exactive mass
spectrometer interfaced with Thermo Acella UHPLC
pumps and Thermo PAL autosampler. The UHPLC
column used was a Waters C18 BEH Acquity, 150 x
2.1, 1.7 u particles operated at 600 uL/min with start-
ing conditions of 100% A (water, 0.1% formic), held
for 0.5 min and ramped up to 80%A in 6 min, 40% A
in 8 min and finally 100%B (98:2 acetonitrile:water,
0.1% formic acid) in 12 min with a hold for 3 min.
LCMS data was collected in negative ion mode at 25K
mass resolution and extracted ion chromatograms for
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all detected bile acids were generated with a 5 ppm
mass accuracy.

Statistics

GraphPad Prism V6.0 (San Diego, California, USA)
was used for analysis and graph preparation. For all
graph data, the results are expressed as mean + SD,
and statistical analyses were performed using the 2-
tailed non-parametric Mann-Whitney U test or
Kruckal-Wallis test with Bebjamini-Hochberg FDR
multiple comparison. Statistical significance of sample
grouping for B-diversity analysis was performed using
Permanova method (9999 permutations). Differences
with a p value <0.05 were considered significant. A
regression model in R was used to test the effect of sex
and strain on microbiota variation using the first 3 PC
scores (Bray-Curtis distances). To identify bacterial
taxa whose sequences were differentially abundant
between genders (males vs females) we used the
STAMP* and LEfSe (linear discriminant analysis
(LDA) coupled with effect size measurements)>* pro-
grams. LEfSe is an algorithm for high-dimensional
biomarker discovery that identifies genomic features
(taxa) characterizing both statistical significance and
biological relevance, allowing researchers to identify
differentially abundant features that are also consis-
tent with biologically meaningful categories (sub-
classes). We performed LEfSe analysis on the website
http://huttenhower.sph.harvard.edu/galaxy. The dif-
ferential features were identified on the genus level
taxa, where gender was used as the class and strain as
a subclass. LEfSe first performs the Kruskall-Wallis
test (testing whether the values in different classes are
differentially distributed), then a nonparametric Wil-
coxon sum-rank test (testing whether all pairwise
comparisons between subclasses within different clas-
ses significantly agreed with the class level trend) and
then followed by LDA analysis to assess the effect size
of each differentially abundant taxon.** LEfSe analysis
was performed under the following conditions: (1) the
o value for the factorial Kruskal-Wallis test among
classes is <0.01 and (2) the threshold on the logarith-
mic LDA score for discriminative features is >2.0.
Multivariate association with linear model (MaAsLin)
analysis was conducted to test for associations of
microbial abundances with different genders while
accounting for strain and cage effects.’> MaAsLin per-
forms boosted, additive general linear models between

metadata (the predictors) and microbial abundance
(the responder). Multivariate analysis of variance
(MANOVA) in R was used for analyzing sex, diet and
sex-by-diet interactions. Significance of differences
between bile acids in Sham and GDX mice where
defined using unpaired T test with Holm-Sidak’s cor-
rection for multiple hypothesis.
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