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Methods and results: In this study, we observed (1) altered microbiota composition of the

colonic luminal content, and (2) differential gene expression in the intestinal wall in 2-week-old

mouse pups born from dams exposed to a Western-style (WS) diet during the perinatal period.

A sexually dimorphic effect was found for the differentially expressed genes in the offspring of

WS diet-exposed dams but no differences between male and female pups were found for the

microbiota composition.

Integrative analysis of the microbiota and gene expression data revealed that the maternal

WS diet independently affected gene expression and microbiota composition. However, the

abundance of bacterial families not affected by the WS diet (Bacteroidaceae, Porphyromonadaceae,

and Lachnospiraceae) correlated with the expression of genes playing a key role in intestinal

development and functioning (e.g. Pitx2 and Ace2).

Conclusion: Our data reveal that maternal consumption of a WS diet during the perinatal period

alters both gene expression and microbiota composition in the intestinal tract of 2-week-old

offspring.
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1 Introduction

The adverse health effects of maternal malnutrition during
the perinatal period on the offspring are increasingly ac-
knowledged [1]. According to the Developmental Origin of
Health and Disease (DOHaD) concept, perturbations of the
intrauterine environment at the critical period of develop-
mental plasticity can disrupt normal development and give
rise to an altered phenotype [2]. Accumulating evidence shows
that maternal consumption of a Western-style (WS) diet, rich
in calories, and high in (saturated) fat and cholesterol, is an
important risk factor for the development of noncommuni-
cable diseases in the offspring during the adult phase of life.
Intrauterine exposure to a WS diet has been shown to affect
organogenesis of the pancreas, heart, muscle, adipose tissue,
placenta, and kidney, and to alter physiological parameters
such as lipid plasma profiles, inflammatory markers, and
blood pressure in the offspring [3-6].

The intestine is known to be of crucial importance for
whole body immune/metabolic health but still is a relatively
unexplored organ with respect to early-life programming. In
the small intestine (SI) food is enzymatically digested and
absorbed. The largely indigestible remnants that pass the SI
and enter the colon may be fermented by a community of
microorganisms (MO). Following birth, colonization of the
colon develops to form a complex community of bacterial
species [7, 8]. In humans, this community becomes firmly
established during the first years of life and around the age
of 3 years [9] it resembles that of adults in its composition
and diversity [10, 11]. Importantly, while intake of fiber-rich
plant-derived foods affect the microbiota composition of the
gut in a favorable way, the opposite has been reported follow-
ing consumption of diets rich in saturated fats, added sugars
or digestible starch [12-18]. Exposure to a high-saturated fat
diet has been described to reduce the overall diversity and
shifts the composition of the gut microbiota [19-21] resulting
in “dysbiosis,” a condition indicating a microbial ecosystem
where bacteria do not live in mutual accord and where poten-
tial harmful or pathogenic species predominate over those
with beneficial properties. Importantly, Cox and colleagues
have recently shown that altering the postnatal microbiota
composition by low-dose antibiotic exposure has permanent
metabolic consequences [22]. This result implies that devel-
opment of an optimal microbiota composition during the
early life phase is of crucial importance for metabolic health
in adult life.

We and others have shown that exposure to a high-fat diet
causes alterations in gene expression in the intestine in both
young adult and old mice [23-26]. Although the direct effects
of a high-fat diet on microbiota composition and intestinal
gene expression have been extensively studied, the more in-
direct effects of maternal nutrition on the development of
the intestine are until now largely unexplored. To overcome
this gap, we have examined the SI and colon of 2-week-old
male and female mouse pups born to mothers that were ex-
posed to a low-fat (LF) control diet or WS diet during the
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pregestation, pregnancy, and the lactation phase. Transcrip-
tome analysis was carried out to evaluate host whole-genome
gene expression in the SI and colon of the mouse pups. The
microbiota composition of the colonic luminal content of the
same suckling mice was examined by 16S rRNA gene se-
quencing. Unlike most studies that explore the dietary effects
on gene expression and microbiota composition separately,
we pursued a novel approach by using recently developed
multivariate statistical tools allowing integrative analysis [27]
of the two sets of data.

2 Materials and methods
2.1 Animals and diets

The national and institutional guidelines for the care and use
of animals were followed, and the experimental procedures
were reviewed and approved by the Ethics Committee for
Animal Experiments of the University of Groningen, The
Netherlands (ethics registration code 5709).

Female C57BL/6 mice (5 weeks of age) were purchased
from Harlan (Horst, The Netherlands) and housed individ-
ually in the light- and temperature-controlled facility of the
University Medical Center Groningen (lights on 7:00 am—
7:00 pm, 21°C). The mice had free access to drinking water
and were randomly assigned to either a semisynthetic low-fat
control diet (LF diet, 3.85 kcal/g; 10 E% fat, 20 E% protein, 70
E% carbohydrate; D12450B, Research Diets, New Brunswick,
USA) that contained low amounts of cholesterol from lard
(18.0 mg cholesterol/kg), or a semisynthetic energy rich
Western-style high fat diet (WS diet, 4.73 kcal/g; 45 E% fat,
20 E% protein, 35 E% carbohydrate; D12451, Research Diets,
New Brunswick, USA) that contained a high cholesterol
content from lard (196.5 mg cholesterol/kg). After 6 weeks on
their respective diets (pretreatment period), the female mice
were mated with males that were fed the control diet. In case
conceiving failed, mice were allowed to remate. Mice were
allowed to deliver spontaneously and were left undisturbed
with their litters for 24 h. Litter sizes were standardized to 5-7
pups to ensure no litter was nutritionally biased. The litter
size of some dams was reduced further due to natural circum-
stances. The 2-week-old offspring analyzed in this study came
from three litters of LF diet-exposed dams and three litters of
WS diet-exposed dams. Equal numbers of males and females
from both the LF and WS diet litters were included whereby a
random selection was made to exclude 3 of the total number of
27 2-week-old pups. Throughout pregnancy and lactation, the
dams received the same diets as during pretreatment. After 2
weeks of lactation, the offspring were sacrificed and the colon
and SI were isolated from each mouse, snap-frozen in liquid
nitrogen, and stored at —80°C until further use. A schematic
representation of the study design is presented in Fig. 1A.
Physiological and molecular effects observed in the liver of
these mice [28] and sexually dimorphic characteristics in the
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Figure 1. The microbiota com-
position of the colonic luminal
content differs between the off-
spring of dams that were ex-
posed to a LF or WS diet dur-
ing the perinatal period. (A)
Study design: C57BL/6 dams
received either a low-fat con-
trol diet (LF) or a Western-style
high fat diet (WS) throughout
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SIand colon under low-fat conditions [29] have been reported
previously.

2.2 RNA Isolation
Total RNA was isolated from the whole ST and colon (after re-
moval of the luminal content) as described previously [29].

Samples were considered suitable for hybridization when
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they showed intact bands of 18S and 28S ribosomal RNA
subunits, displayed no chromosomal peaks or RNA degrada-
tion products, and had an RNA integrity number above 8.0.

2.3 Microarray hybridization and analysis

For each pup the transcriptome in SI and colon were ana-
lyzed as described previously [29] on Affymetrix GeneChip
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Mouse Gene 1.1 ST arrays according to standard Affymetrix
protocols. Microarray quality control and normalization were
performed using Bioconductor software packages integrated
in an on-line pipeline [30]. Normalized expression estimates
of probe sets were computed by the robust multiarray analysis
algorithm available in the Bioconductor library AffyPLM us-
ing default settings [31]. Probe sets were redefined according
to Dai et al. [32] and assigned to unique gene identifiers (IDs)
of the Entrez Gene database, resulting in 21,187 assigned
Entrez IDs (custom CDF v17). Array data were submitted to
the Gene Expression Omnibus and are available under ac-
cession number GSE72705. Of the 21,187 genes probed by
the microarray analysis (MA), only genes with an intensity
value of =20 on at least five arrays, represented by at least
seven probes per gene on the array and an interquartile range
(IQR) =0.1 were selected for further analysis. Not annotated
(NA) and pancreas-specific genes (http://biogps.org) were re-
moved from the analysis in order to omit an effect of po-
tential pancreatic contamination. SI and colon samples were
analyzed separately. Before statistical analysis, gene expres-
sion values were log2 transformed. Differentially expressed
probe sets were identified by using linear models (library
limma) and an intensity-based moderated t-statistic [33, 34].
Resulting 2log fold changes (FC) and p-values were used for
further descriptive bioinformatic analysis of the data. The top
1000 most variable genes were selected for principal compo-
nent analysis (PCA) in MultiExperiment Viewer version 4.8.4
[35, 36] with an eigenvalue of 1.0 as a cutoff for identifica-
tion of contributing components. Ingenuity Pathway Analy-
sis (IPA; Ingenuity® Systems, www.ingenuity.com) was used
for functional analysis.

2.4 Bacterial DNA extraction and library preparation
for 16S rRNA pyrosequencing

DNA was extracted from the freeze-dried luminal con-
tent of the colon as described previously [29]. Universal
primers were applied (forward primer, 5'-CCATCTCATCCC
TGCGTGTCTCCGACTCAGNNNNNNACTCCTACGGG
AGGCAGCAG-3’; reverse primer 5-CCTATCCCCTG
TGTGCCTTGGCAGTCTCAGCRRCACGAGCTGACGAC-
3’) for amplification of the V3-V6 region of the 16S rRNA
gene as described before [29]. Purified PCR products were
submitted for pyrosequencing of the V3-V4 region of the 16S
rRNA gene on the 454 Life Sciences GS-FLX platform using
Titanium sequencing chemistry at GATC biotech, Konstanz,
Germany.

2.5 16S rRNA gene sequence analysis

Deep sequencing data were analyzed with a workflow based
on QIIME v1.2 [37] as described before [29]. Alpha diver-
sity metrics were calculated as implemented in QIIME v1.2.
The Ribosomal Database Project classifier version 2.2 was
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performed for taxonomic classification [38]. Effects of the
maternal diet on microbiome composition were analyzed by
using linear models in which litter was included as categor-
ical covariate. Before determining the FC and the statistical
significance of the changes in mean relative abundance be-
tween the offspring of the LF and WS diet-exposed dams
on the different taxonomic levels, microbiome composition
data was first transformed using the centered log ratio (clr)
implemented in the library Aldex2[39,40].

2.6 Multivariate integration and correlation analysis

To get an unbiased insight into the interactions between
changes in gene expression and microbiota composition, the
datasets were combined using the linear multivariate method
partial least squares (PLS) [41]. This analysis ignores diet
group membership. Since we did not want to make any “a
priori” assumption on the relationship between the two sets of
variables that were analyzed, the canonical correlation frame-
work of PLS was used [42]. As input the 16 bacterial families
with a relative abundance of at least 0.1% in one of the two
intervention groups was used. In the first PLS canonical cor-
relation analysis the top-500 most significantly differentially
expressed genes due to maternal exposure to a WS diet and for
the second analysis the top-500 IQR genes were included. Be-
fore analysis, gene expression values were log2 transformed,
and microbiome composition data was transformed using
the clr. Correlation matrices were visualized in clustered im-
age maps [43]. Analyses were performed using the library
mixOmics [44].

3 Results

3.1 Maternal exposure to a Western-style diet alters
the microbiota composition in the offspring

The microbiota composition of the colonic luminal content
of 2-week-old male and female C57BL/6 mice was assessed
by deep sequencing of the V3-V4 region of the 16S rRNA
genes. Taxa belonging to the Bacteriodetes and Firmicutes
phyla dominated the colonic luminal content in the offspring
of the LF and WS diet-exposed dams (97.7 and 98.6%,
respectively). Other phyla (Actinobacteria, Proteobacteria,
Tenericutes, and Verrucomicrobia) were present at very low
relative abundance (Fig. 1B). A strong reduction in relative
abundance of Bacteroidetes was observed in the offspring
of WS diet-exposed dams causing a pronounced increase in
the Firmicutes/Bacteriodetes ratio compared to offspring of
LF diet-fed dams. Exploring the phyla composition of the 24
individual mouse pups revealed substantial interindividual
variation between the mice (Fig. 1C). In all pups born from
the WS diet-fed dams the relative amount of Bacteroides was
low or extremely low, except for 1 male (mWS5) that displayed
a Firmicutes/Bacteriodetes ratio similar to the LF diet
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offspring. Furthermore, Verrucomicrobia were observed in
several pups of the LF diet-exposed dams while Tenericutes
were detected in two pups of the WS diet group.

To compare the overall features of the microbiota com-
position per individual mouse in more detail a redundancy
analysis (RDA) was carried out. The RDA plot presented in
Fig. 1D showed that axis P-1 separated the LF from the WS
diet offspring (explained variation: 13.48%). In addition, clus-
tering of the different litters in which the mice were habited
was detected (explained variation: 8.08%). Clustering of mi-
crobial communities from littermates in the WS diet group
was less pronounced compared to the LF diet group. We have
previously reported that the microbiota composition between
male and female offspring of the LF diet dams did not differ
significantly [29]. In line with those observations, also in the
offspring of WS diet-exposed dams no significant differences
were found between the two sexes (Fig. 1D and PC-3 data
not shown). The Shannon index of the offspring of the LF
and WS diet-exposed mice revealed that the o-diversity was
decreased in the WS diet offspring (Fig. 1E) but this effect
was not significant (Mann—Whitney U p-value 0.0874).

Next, we determined the FC and the statistical significance
of the changes in mean relative abundance between the off-
spring of the LF and WS diet-exposed dams on the different
taxonomic levels in more detail. To circumvent a litter bias
as observed the RDA plot the raw data were corrected for
litter. The results presented in Table 1 show that the Bac-
teroidetes families Rikenellaceae, Bacteroidaceae, and Porphy-
romonadaceae were present in the colonic luminal content of
the LF diet pups. A strong (FC > 50) and significant (p < 0.01)
reduction in the relative abundance of Rikenellaceae Alistipes
was found in the offspring of the WS diet-fed dams. The Fir-
micute families that were most abundant in the LF offspring
were Lachnospiraceae, Ruminococcaceae, and Lactobacillaceae.
In the offspring of the WS diet-fed dams the relative abun-
dance of the same three families increased even further but
this effect was only partially significant. Interestingly, the
abundance of the Firmicute genus, Erysipelotrichaceae Incer-
tae Sedis, displayed an opposite effect. This genus was present
in relatively low abundance (2.0%) in the offspring of LF
diet-exposed offspring and was undetectable in the colonic
luminal content of WS diet offspring. The same observa-
tion was made for Verrucomicrobia Akkermansia—present in
low abundance (1.7%)—and Actinobacteria Micrococcaceae—
present in extreme low abundance (0.1%)—in the offspring
of LF-diet dams, with both genera further diminishing in
WS diet-fed pups. In contrast, Teneriticus Anaeroplasma was
found at low abundance in the pups from WS diet-fed dams
but the genus was not detected in the offspring from LF diet-
fed dams.

In summary, the obtained results reveal strong differences
in the microbiota composition present in the colonic luminal
content of suckling offspring from LF and WS diet-exposed
dams. In addition, litter was found to strongly affect the mi-
crobiota composition of the 2-week-old mouse pups, whereas
sex of the mice showed no effect at this age.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Gene expression in the small intestine and colon
of suckling mice is significantly altered
by a maternal Western-style diet

To determine the effects of a perinatal maternal WS diet on
gene expression in the intestine, MA was carried out on RNAs
isolated from the SI and colon of the same 2-week-old mice.
PCA of the SI (Fig. 2A) and of the colon (Fig. 2B) revealed a
clear separation between males and females in both segments
of the intestine. However, for both the SI and colon, PC-1,
PC-2, and PC-3 did not cluster the samples on the perinatal
diet of the mother nor on the litters in which the mice were
habited prior to sacrifice (Fig. 2A and B and for PC-3 data not
shown).

Since the results presented in Fig. 2A and B indicate that
the sex of the mouse pup strongly affects gene expression, the
changes in gene expression between offspring of LF and WS
diet-exposed dams were calculated independently for males
and females. In the SI, 147 genes were significantly (p <
0.005) regulated in males and 171 in females (Fig. 2C and
Supporting Information Tables S1 + S2). In both sexes the
effects were subtle; the FC difference in expression between
the offspring of LF or WS diet-exposed dams was lower than
1.2 for most differentially expressed genes and only a very
limited number of genes displayed a FC > 1.5 (Fig. 2D).

In the colon, 95 genes were significantly (p < 0.005) differ-
entially expressed in males whereas in females 209 displayed
altered expression between the offspring of LF and WS diet-
exposed dams (Fig. 2E and Supporting Information Tables
S3 4 S4). In both sexes, the changes induced by the perinatal
maternal diet were more pronounced in the colon than in the
SI (Fig. 2F).

Taken together, a maternal WS diet significantly altered
gene expression in both the SI and colon of the suckling
offspring. In addition, gene expression in both segments of
the intestine differed strongly between both sexes.

3.3 Male and female offspring respond differently
to a maternal WS diet

By exploring the significant (p < 0.005) differences with a FC
over 1.2 in response to the maternal WS diet between males
and females in more detail, we found that the number of
genes similarly regulated in both sexes was extremely limited
in both the SI (Fig. 3A) and in the colon (Fig. 3B). In the SI,
no genes were detected that were significantly upregulated in
both sexes. Three genes were significantly downregulated in
both males and females: Hgd, AI427809, and Areg (Fig. 3C).
Examples of genes displaying a strong sexually dimorphic
response were ILla, Cyp3A11, and Slc6a20a (Fig. 3D). For
a large subset of sexually dimorphic genes, however, the
differences between the sexes appeared to be more subtle or
at the borderline of significance (see Supporting Information
Tables S1 + S2). In the colon no genes were upregulated in
both males and females while two genes were downregulated
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Abundance treshold for presentation in the table >0.1% in at least one of the two diet groups.

a) Moderate t-test.

in both sexes: Olfr78 and Pdk4 (Fig. 3E). Examples of
genes displaying a strong sexually dimorphic response are
Ceacam2, Ly86, and Gpd1 (Fig. 3F) but, similar to the SI, also
in the colon many genes show subtle differences between
the two sexes (Supporting Information Tables S3 + S4).

IPA was carried out to obtain insight into the functional
consequences of the changes induced by a maternal WS diet
for the male and female pups. The top-10 most significantly
affected canonical pathways in the SI (Fig. 3G) and colon
(Fig. 3H) predominantly described metabolic processes and
immune response/inflammation-related functions. Further-
more, Fig. 3G revealed that in the SI most of the regulated
pathways were affected in both sexes but to a different extent.
LXR, FXR, and RXR nuclear receptor-mediated processes
were found to be affected by the WS diet in both sexes but
more strongly in female offspring. In the colon (Fig. 3H),
however, the contrast between pathways regulated in the two
sexes was more pronounced: strong regulation of ethanol
degradation IV and dopamine degradation was found in fe-
male mice but these pathways appeared unaffected in male
offspring of WS diet-exposed dams. In the contrary, a num-
ber of immune-related pathways were found to be regulated
in male but not or hardly in female offspring.

In summary, different subsets of genes were significantly
affected by the maternal WS diet in males and females.
Metabolic and immune response/inflammatory canonical
pathways were altered by the maternal WS diet in both sexes
but to a different extent.

3.4 Integrative analysis of genes displaying altered
expression due to a maternal WS diet and
luminal microbiota composition

To reveal to what extent expression levels of genes affected by
amaternal WS dietin the colonic tissue correlated with micro-
biota abundance in the colonic luminal content, the MA and
microbiota datasets were integrated by PLS-canonical corre-
lation analysis. For this correlation analysis, we included the
16 microbiota families that were detected by deep sequencing
with a relative abundance >0.1% in atleast one of the two diet
groups (listed in Table 1) and the top-500 most significantly
regulated in the colon in male and/or female mice, due to
maternal exposure to a WS diet. The clustered image map
(CIM) presented in Fig. 4A, representing clustering of the
correlation coefficients, showed a separation of the 16 MO
families into two major clusters. Correlation coefficients in
the CIM were depicted with different colors and revealed
that, within the two clusters, the correlation between relative
microbial abundance and gene expression is rather variable.
Surprisingly, the MO families displaying a strong (FC > 50)
and significant (p < 0.01) difference in relative abundance
between the offspring of LF and WS diet-exposed dams
(Rikenellaceae, Erysipelotrichaceae, Micrococcineae, Anaeroplas-
mataceae, and Verrucomicrobiaceae), did not have the highest
correlation with gene expression (indicated by the most in-
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Figure 2. Changes in gene expression in the Sl and colon of 2-week-old male and female C57BL/6 mice due to perinatal exposure to a
WS diet. PCA of the top-1000 most variable genes present in the (A) Sl or (B) colon separates the males from females largely by PC2. (C)
Significant (p < 0.01) differential expression in the Sl in males and females. (D) The effect strength in gene expression between offspring of
LF and WS diet-exposed dams is relatively subtle in both males and females. (E) Significant (p < 0.01) differential expression in the colon in
males and females. (F) Perinatal exposure to a WS diet caused stronger effects in the colon than in the Sl in both male and female mouse

pups.

tense colors). Quantification of the strongest correlations (R <
—0.75 and/or R > 0.75) between relative abundance of the bac-
terial families and gene expression revealed no correlations
above the threshold for most of the 16 MO families (Fig. 4B
and Supporting Information Table 5). On the other hand,
expression of a large number of genes correlated with the Bac-
teriodetes families Bacteroidaceae and Porphyromonadaceae
and the Firmicute family Lachnospiraceae. The network of
these strongest correlations presented in Fig. 4C shows that
all genes that correlated positively with Lachnospiraceae cor-
related negatively with Bacteroidaceae and/or Porphyromon-
adaceae. Interestingly, the very limited subset of genes that
strongly correlated with Lactobacillaceae, Erysipelotrichaceae,
and/or Micrococcineae did not correlate with the aforemen-
tioned Bacteroidetes and Firmicute families.

Among the top-20 genes displaying the strongest positive
and/or negative correlations (Table 2) are various candidates
that might be important for intestinal functioning including
genes regulating metabolic processes (i.e. Acach, Mgat4b, Pgp,
and Gns), involved in immune functioning (i.e. Ddx58 and

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Cxxc5) or in the (structural) development of the intestine (i.e.
Id1, Myo10, Snx9, Dab2, Rab11fip3, Tpp1, and Lgals9). Fur-
thermore, several genes included in this list have previously
been linked to colorectal cancer (i.e. Id1, Lgals9, Stat2, and
Dab2).

In conclusion, multivariate correlation analysis revealed a
strong correlation between the relative abundance of a subset
of bacterial families and the expression levels of a selection of
genes that are differentially expressed by a maternal WS diet.

3.5 Integrative analysis of genes displaying highly
variable expression profiles in 2-week-old mice

and luminal microbiota composition

As indicated above, PCA of the most variable genes in
the colon clusters the samples on sex but did not separate
the samples on the maternal diet (Fig. 2B). Comparison of
the top-500 most variable genes (IQR-based) with the top-
500 WS diet response genes demonstrated a very limited

www.mnf-journal.com
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overlap (43 genes) between the two gene sets. Since it is
known that during the early postnatal phase the intestine
undergoes significant structural and functional changes [45],
other genes than the ones regulated by the WS diet might
correlate to the microbiota composition. To explore this op-
tion, a second multivariate correlation analyses was carried
out in which the same 16 microbiota families were included
but now together with the top-500 IQR genes. The obtained

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CIM revealed clustering of the same two groups of microbiota
families (Supporting Information Fig. 1A) as found in the
first correlation analysis. Quantification of the strongest cor-
relations revealed that the same MO families (Bacteroidaceae,
Porphyromonadaceae, and Lachnospiraceae) highly correlated
to a large subset of genes and that the relative abundance of
10 of the MO families did not correlate with gene expression
above the threshold (R < —0.75 and/or R > 0.75) (Supporting

www.mnf-journal.com
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Information Fig. 1B and Supporting Information Table 6). In
addition, Rikenellaceae and Enterobacteriaceae, families that
did not show a high correlation with the WS diet-response
genes, did display positive and/or negative correlations with
several genes (Fig. 5 and Supporting Information Table 6).

Evaluation of the top-25 genes displaying the strongest
variation in expression levels between the individual 2-week-
old mouse pups (listed in Table 3) revealed that expression
levels of sexually dimorphic genes such as Xist, Eif2s3y, Uty,
Ddx3y, and Kdm5d [29] did not correlate strongly with the MO
families. Interestingly, a large number of genes in the top-25
most variable genes were previously linked to structural or
functional properties of the intestine. Furthermore, expres-
sion of a subset of these genes highly correlates with the
relative abundance of Bacteroidaceae, Porphyromonadaceae,
and/or Lachnospiraceae. This result implies that these bacte-
rial families might affect gene expression levels or, vice versa,
the genes affect the abundance of these bacterial families.

Taken together, strong correlations were found between
different bacterial families and genes displaying high varia-
tion in expression in 2-week-old mouse pups of which many
have previously been shown to be important for the structural
and functional characteristics of the intestine.

4 Discussion

The impact of the maternal diet on the development of the
offspring is generally accepted [46—48] but the effects of a ma-
ternal WS diet on the developing intestine were, till now, still
largely unknown. The results obtained in this study clearly
showed that maternal exposure to a WS diet during the peri-
natal period significantly alters gene expression in the SI
and colon of suckling, 2-week-old mice. Canonical pathways
representing metabolic processes, immune responses, and
nuclear receptor-regulated processes were altered in the off-
spring of the WS diet-exposed dams in the SI and/or colon.
The subset of significantly differentially expressed genes in-
cluded genes with specific functions crucial for normal func-
tioning of the intestine, including hormones (i.e. Cck), trans-
porters (i.e. Abcal and Slc2a5), nuclear receptors (Nrli3 and
Gpr55), and immune response/inflammation-related genes
(Cxcr6, Ly86, Oasl2, and Cd74). These results support the
concept that indirect exposure to a WS diet during the early
phase of life might seriously affect the normal functioning of
both segments of the intestine and that healthy nutrition of
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soon-to-be and young mothers are important for the develop-
ing offspring. It should be noticed that, although the affected
pathways partially overlap between males and females, strik-
ing sexually dimorphic effects in the gene expression profiles
were observed.

Substantial colonization of the intestinal lumen in hu-
mans starts at the moment of delivery, ultimately resulting
in a microflora more or less stable in composition after
2-5 years. A myriad of factors including mode of delivery,
breast, or bottle milk feeding, antibiotic use, BMI of the
mother and genetic factors have been demonstrated to
affect the settlers that develop into a complex community
of bacterial species during the postnatal period [8]. The
crucial importance of the gut for the immune and metabolic
programming of the neonate is currently commonly appre-
ciated. Importantly, recent evidence indicates that altering
the intestinal microbiota composition in early life can have
long lasting metabolic consequences [22]. The microbiota
composition observed in the offspring of WS diet-fed dams
displayed several features that have previously been linked to
exposure to a high-fat diet at older age including (1) a strongly
increased Firmicutes/Bacteroidetes ratio, (2) a (trend wise)
decreased alpha-diversity, and (3) a robust (FC>50) signifi-
cant (p < 0.01) induction (Anaeroplasmataceae) or reduction
(Rikenellaceae, Erysipelotrichaceae, Micrococcineae, Enterobac-
teriaceae, and Verrucomicrobiaceae) of bacterial families. The
strong decrease in relative abundance of the Verrucomicrobi-
aceae member Akkermansia in the offspring of WS diet-fed
dams is in line with previous studies in older mice after
exposure to a high-fat diet [49]. Akkermansia, residing in
the outer mucus layer of the colon, has been proposed as a
marker for a healthy intestine due to its reduction in disease
but high abundance in the healthy mucosa [50-52]. A protec-
tive or anti-inflammatory role in the intestinal mucosa has
been proposed for this bacterium and reduced abundance of
Akkermansia in humans has been previously shown in obese
individuals and people with ulcerative colitis and Crohn’s dis-
ease, underscoring the importance of this bacterium for gut
health [52]. Our PLS-based canonical correlation approach,
however, did reveal that the relative abundance of this bac-
terium did not correlate strongly with gene expression. This
observation implies that Akkermansia might be important for
gut health by interacting with mucal glycoproteins but does
not impact intestinal gene expression. Importantly, also other
bacterial families indicated above that display a strong and sig-
nificant change in relative abundance in the offspring of WS

« Figure 4. Integration of the top-500 most significantly differentially expressed genes in the colon of males and females due to perinatal

exposure by a WS diet with 16 MO families present with a the relative abundance >0.1% in the colonic luminal content of 2-week-old mice.
The integration of datasets was performed per individual mouse and gives a direct correlation between gene expression and microbiota
composition over the samples. (A) A clustered image map (CIM) demonstrates a separation of both the 16 MO families and genes into
two major, similarly large clusters each, which show crosswise reverse correlation. (B) Quantification of the strong (R <(-0.75) or R >
0.75) correlation revealed that the strongest correlation was found for Bacteroidaceae, Porohyromonadaceae, and Lachnospiraceae. (C)
Network analysis revealed a large overlap in the genes displaying a strong (R < —0.75 or R > 0.75) correlation with Bacteroidaceae,
Porphyromonadaceae, and Lachnospiraceae and that other genes display a strong correlation with Lactobacillaceae, Micrococcineae, and

Erysipelotrichaceae.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mnf-journal.com



Mol. Nutr. Food Res. 2016, 00, 1-17

W. T. Steegenga et al.

12

8vg'0— 8Z€0  GZS0— 2SO0 [8Y0— ¥0OS0  96¥°0— GLYO— 0S00 0020  v9¥0  8v90 €8€°0— LIPM X
1L9°0— 0860  88€0— €S20  €2r0— <ZEY0  88€0— 9820 €400  YLZO  ELG0 090 ¥6°0— 85%pQ X
885°0— 0/E£0  LEVO— ZLEO0  LWYO— 0SY'0  LbyO— ZSE0— GEO'0  LEZTO 8O0 ZEYO 80%°0— 1ddy X
609°0— 6860  [8€0— €20  vZr0— 2ZZv0  ZlLy'0— OLEO0— 0S00  OWZ0  06V0 €290 GLY0— 6s1eb7 X
G850~ 6LE0  98Y0— 2920  89Y0— €250  G/E0— LBTO— G600  ELLO LSO 990 GLE0— Zpzpd X
[8G0— PSSO LSP0— ZOE0  [SYO— G/P'0  LEFO— BEC0— €500  L6L0 GOS0  8v90 78€0— zdaeq X
869°0— ZOV0  90V'0— E€E€0  9SV0—  LLYO  08Y°0— LLE0— G000  ¥6ZO  LEFO €190 650~ LLPSIA X
1650~ ZLE0  Thr0— LLEO0  LSY0— €S0 €S¥°0— LGE0— SE00  VEZO  BLFO  9€9°0 ZLr0— Luin X
G09°0— LOY0  9680— LLEO  LEYO— ELY0  9S5¥°0— ZSE0— ZLO0 820  9S¥0  L19°0 Lvy0— gdexoN X
969°0— ¥SE0  6Y0— 2820  SY0— 6Ly0  60V0— 9LE0— 1900 28L°0 9250  ¥S9°0 LLE0— zeb9 X
L€90— 8Z¥'0  LESO— LLZO  OVO— 9LE0  €2r0— B0E0— 2000 8620  99¥0 9090 £9%°0— Zoyypz X
669°0— 280  8ZVO— ELE0  9vr0— E¥Y0  LGP0— E€GE0— 0S00  G¥Z0  8/F0  ¥EYO Zer'o—  eduliaey X
009°0— /L0  €0V0— LGE0  9EV0— £6£0  LLG0— GOV0— €L00— O0EE0  OLFO  S09°0 68%°0— 6Xus X
¥6G°0— BGE0  89¥°0— ELEO0  S9¥0— €8Y'0  E¥PO— 0GE0— €500 2020  60S0  LS9°0 I 06€°0— GOXX) I.
¥6G0— ZLE0  B9Y0— BECO  69Y0— ZLYO  9/b'0— L8E0— LS00 9€Z0 80  LG90 8Ly0— £9p
Z6G0— 8860  Y9¥0— O0LE0  89Y0— ¢SO0 GLS0— LLYO— SLO0  L8ZO0  EPF0  8€9°0 ¥Sb°0— ziels
G2Z9°0— 8GY'0  8S80— 09€0  LZ¥0— PSSO  6250— ZLYO— Lb0'0O— ¢6E0  G8E0  LBSGO0 Zrs0— Luyyald
Z€E90— 6ZVO0  69E0— ZOE0  ¥ZYO— GBS0  LGF0— bPEO— LO00  80E0  L9¥0  6L9°0 GLY'0— sup
GE9'0— S9Y'0  BEE0— OVEOD  ZLPO— LPEO  OLG0— 06E0— OVO'0— 0BE0  LBEO 1650 0vg0— qgpuusq I.
¥89°0— [0S0  ¥SZ0— VY20  9L£0— COS0  €5¥°0— 8LEO— 6v00— LLY'O  LZ¥0  S8G0 0950~ pogwiL
6650  GYE0— €0V0  8/20— O9LY0  €Zr0— 2O¥'0  ELED  6E00— GOZO—  L9K0— GBGO0—  L6Y0—  EELD £LE0 19A1D X
909°0  96V0— £LZ0  S8E0— €LE0  ¥SZ0— 0/50  vh¥0  €0L'0  00S50— 20— 9LG0—  LZLO0— 9190 199]d X
6290  ¥BE0— 89Y'0  LIFO— 6SY0  LBEO— €€9°0  B6EG0  8Y00  68S0— 68Z0— 89G0— ELLO- 1250 dBy X
€190  69Y'0— 6LZ0  €2€0— ZLEO0  88Z0— YEY'0  E€L€0 €900  BL0— 9YE0— 6EG0—  0ZL0- 0850 qoeoy X
6§50 LG€0— SGPP'O0  9S€0— Zvb'0  [Z¥0—  06b°0 LOv'0  ¥L00— L9Z0— 80V0— S6G0— YOLO— 8PLO I 2T LpII X
€690  OLE0— 2Z6V'0  GZE0— 090  88Y0— OWP'0  E€9€0  L900— 99L°0— E£LFO0—  [Z90—  LOLO—  8YLO 9vE0 areby X
SvS0 8880~ BSY0  CEF0— 950 90v0— 2850 880 G200 9¥E0— OPE0— G8G0—  6LLO- G670 0LOAIN X
06Y°0  €82°0— GBS0  PEPO— LLGO0  €£G°0— 8GO0 280  PSO'0— €8L°0— 8LYO— 8€9°0— €0L0— 29€°0 1oAD X
7950 L9S0— EWF0  8EE0— WWYO  LEVO— ZLFO 080 €20°0—  LYZO— LEVO—  LLOO—  LLLO— GLY0 ibed X
GZG'0  L0£0— 9£5°0  G/E0— 98¥0  80S5°0— €60  8LFO  G500— €8L°0— ZSP0— 8E9°0— ZLLO— II ¥9€°0 1Bgeals X
[1G0  9LE0— 2850  6LYO— 96V'0  20S0— ZPS0  [9Y'0  8E00— 0ZZ0— 9LY0— ZEY0—  9LLO— v6E0 0Lx0) X
oVL'0  06L'0— €250  €89°0— 80  85z0— [OBLOMMNSEOMN ic10  SZvo— 09L'0  GLZ0—  L8E0— ELF'O €80 6SY0 LpI X
0650  Ev€0— E€LY0  €€20— 8Z¥0  29v’0— €SE0 1920  LLO'0O— 2SL0— 2ZvS0o— 8£90— Lzo— [NOSEOWMNZGEOMN oveo 6LOAIN X
5 > m = 9 e S g o Iy @ 2 5 3 y 2 w o g
3 2 5 a 3. 3 3 p 3 Q 3 3 g 3 S 2 ©
c @ = @ o 5 o = 3 o o = 5 = @ =] 3 =) =)
o = o c o 2 b3 o o o = = ° < = @ o A vV
] .m o = o o © @ Q ] S o @ S o, = o | o
3 > 2 2 2 o 8 S e 2 o] 8 . e o 3 = o g
) @ o 2 e 2 = z g 5 8 ] = 3 2 3 g o
S 3 =, @ 5 [} @ S o Q o & o S o] S ol
o ) [ o 9] 3 @ ) o} @ o o 9} 3 )
=X =3 s ® 2 = @ 2 ® @ @ 3 ® 2 @
o [ @ @ [ 2 I [} [} © o
Q Q © 5} o <] ) o
@ ® @ @ S Q
[%) Q [
3 ® 3

sdnd asnow
P|O-)88M-Z 4O UO|0D By} Ul ‘}13Ip SAA [BuISlBW B AQ passaldxa Ajjelluaiayip ‘sausb Jo uoissaidxas pue e101q0.d1W JO SoUBPUNQE SAI1B|S4 USSMIS] SUOIIB|84109 (9SI9AUI) 1sabuog *Z 9|qeL

www.mnf-journal.com

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Mol. Nutr. Food Res. 2016, 00, 1-17

Rikenellaceae

oy

Lachnospird

" \ / Micrococcineae
mz;,é_En.ten;bacteriaceae
/ kmémm
Mgt  Rif18ps G630090EITRik

13

rpharomonadaceae

eroidaceae

Tafens7

Figure 5. Integration of the 500 most variable genes (IQR) with 16 MO families present with a relative abundance >0.1% in the colonic
luminal content of 2-week-old mice. Network analysis revealed a large overlap in the genes displaying a strong (R <(-0.75) or R >
0.75) correlation with Bacteroidaceae, Porphyromonadaceae, and Lachnospiraceae and that other genes display a strong correlation with

Rikenellaceae, Micrococcineae, and Enterobacteriaceae.

diet-exposed dams, failed to show a strong correlation
with gene expression in our integrative analysis. On
the other hand, Bacteroidaceae, Porphyromonadaceae, and
Lachnospiraceae did display a strong correlation with genes
showing altered expression in the colon following perinatal
exposure to a WS diet.

It is important to realize that the selection of differentially
expressed genes and bacterial families with an altered relative
abundance are mean values of groups whereas for the mul-
tivariate correlation analyses, data from individual mice are
used. The fact that for both the MO composition (Fig. 1C) and
gene expression levels (Fig. 2E+F and Supporting Informa-
tion Tables S3 + S4), a strong interindividual variation was
observed might contribute to the discrepancy of the families
identified by the two types of analysis. However, it might also
be that microbiota families other than the ones displaying the
most prominent change upon exposure to a WS diet affect
gene expression.

Different mechanisms have been reported via which
colonic bacteria can interact with the host and vice versa.
A direct interaction can be established via the so-called
pathogen-associated molecular patterns that are common
structures present on microbial surfaces. These structures
can be recognized by pattern recognition receptors (PRRs)
present on the immune and/or intestinal epithelial cells of
the host [52]. The best characterized PRRs are the Toll-like

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

receptors and nucleotide oligomerization domain-like recep-
tors [53]. These receptors, however, did not display differ-
ential expression between the offspring of LF and WS diet-
exposed mice (data not shown), making it unlikely that the
observed correlation between bacterial abundance and gene
expression is regulated via this mechanism. However, our
integrative analysis showed a strong correlation between
Anxal3 and Bacteroidaceae, Porphyromonadaceae, and Lach-
nospiraceae. Anaxal3 has previously been identified as a
receptor-like molecule on human intestinal epithelial cells
interacting with an adhesion factor from Lactobacillus reuteri
[54]. Our result implies that this gene product might also
interact with other gut bacteria but further research is re-
quired to confirm this observation. An alternative mecha-
nism by which colonic bacteria can establish a biological re-
sponse in the host is by the variety of fermentation prod-
ucts produced by the microbiota including short-chain fatty
acids (SCFAs), ethanol, trimethylamine, acetaldehyde, and
inflammatory mediators [55]. In particular SCFA produced
by specific colonic anaerobic bacteria have been intensively
investigated in this respect [56], but the limited amount of
material isolated from the colonic luminal content of the 2-
week-old mouse pups did not allow us to measure the SCFA
concentrations in this study. It is important to realize that
the results obtained by the correlation analysis do not reveal
a causal relation and further studies are required to explore
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Table 3. Correlation analysis of the Top-25 genes with the highest IQR

=~
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Nr Symbol Description Chr R>0.75with? R <—0.75 with?
1 Xist Inactive X-specific transcripts X - -
2 Eif2s3y Eukaryotic translation initiation factor 2, subunit 3, structural Y — —

gene Y-linked
3 Uty Ubiquitously transcribed tetratricopeptide repeat gene, Y Y — —
chromosome
4 Ddx3y DEAD (Asp-Glu-Ala-Asp) box polypeptide 3, Y-linked Y — —
5 Kdm5d Lysine (K)-specific demethylase 5D Y — —
6 Lect2?) Leukocyte cell-derived chemotaxin 2 13 L B,P
7 Gm10768  Predicted gene 10768 19 — B,P
8 G6épc? Glucose-6-phosphatase, catalytic 1 B,P
9 Lctb) Lactase 1 L B,P

10 Svall Seminal vesicle antigen-like 1 6 — -

1 Lyz1b) Lysozyme 1 10 — B,P

12 Fgf15b) Fibroblast growth factor 15 7 — —

13 Hyal5 Hyaluronoglucosaminidase 5 6 — B,P

14 Saa1®) Serum amyloid A 1 7 — —

15 Fabp6® Fatty acid binding protein 6, ileal (gastrotropin) 1 — —

16 Abcc2b! ATP-binding cassette, subfamily C (CFTR/MRP), member 2 19 — B,P

17 Slc6a19” Solute carrier family 6 (neurotransmitter transporter), member 13 — B,P

19

18 Mamdc4 MAM domain containing 4 2 — B,P

19 Olfm4® olfactomedin 4 14 — —

20 Npl®! N-acetylneuraminate pyruvate lyase 1 — —

21 Mfi2b) Antigen p97 (melanoma associated) 16 — —

22 Abcg5P! ATP-binding cassette, sub-family G (WHITE), member 5 17 — —

23 Smcp Sperm mitochondria-associated cysteine-rich protein 3 — B,P

24 Slc23a1P) Solute carrier family 23 (nucleobase transporters), member 1 18 — B,P

25 Lgals2 Lectin, galactose-binding, soluble 2 15 — —

a) PLS-based canonical correlation.
b) Previously reported to be related to the intestine.
L, Lachnospiraceae; B, Bacteroidaceae; P, Porphyromonadaceae.

the mechanism underlying the correlation between gene ex-
pression and altered relative abundance of specific bacterial
families.

Exposure to the maternal WS diet started 6 weeks pre-
mating and lasted to the sacrifice of the 2-week-old mouse
pups. This study does not allow us to determine whether the
effect of the maternal diet is prominent during all phases or
whether the effect is predominantly caused during either the
premating, pregnancy, or lactation period. The period from
conception to birth is characterized by rapid growth, cellular
replication, and differentiation, and functional maturation of
all organ systems. During the early postnatal phase the intes-
tine undergoes significant structural and functional changes
[45]. Directly after birth, these changes are strongly affected
by the abrupt transition in nutrient supply changing from
maternal umbilical cord blood to enteral exposure to milk
[57]. Intriguingly, the genes displaying strong interindivid-
ual variation between the 24 male and female mice in our
study were only to a limited extent WS diet-response genes.
The strongest variable genes in our dataset were five sexu-
ally dimorphic genes (Xist, Eif2s3y, Uty, Ddx3y, and Kdm5d)
[29]. PLS-based canonical correlation approach revealed a very
low correlation between the expression of these sexually di-
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morphic genes and any of the 16 MO families included in
the analysis. Interestingly, amongst the most variable genes
were many genes that were previously found to be related
to the function or structure of the intestine, including Lect2,
Go6pc, Let, Saal, Abec2, Slc6a19, Abcg5, and Slc23al. These
genes strongly correlated with the relative abundance of Bac-
teroidaceae, Porphyromonadaceae, and/or Lachnospiraceae. In-
terestingly, a strong correlation was found between the rela-
tive abundance of Enterobacteriaceae and Pitx2, a transcription
factor that has been identified as a key regulator of left-right
asymmetry in the developing gut [58, 59]. Furthermore, the
Firmicute families Rikenellaceae and Lachnospiraceae demon-
strated a strong correlation with the expression of Ace2. Ace2
has previously been shown to be a key factor in the main-
tenance of intestinal homeostasis [60] and link to intestinal
microbial ecology and inflammation [61, 62].

In conclusion, our data show that in 2-week-old suckling
mouse pups that, during their short lifetime have been com-
pletely dependent on the nutrient supply by their mother, a
maternal WS diet strongly affects gene expression and mi-
crobiota composition in the intestine. With respect to the
DOHaD concept, our data suggest that consumption of the
popular WS diet might have profound consequences for the
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offspring and that healthy food choices of soon-to-be and
young mothers are important for the appropriate develop-
ment of the intestine in the offspring.
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