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Developmental epigenetic changes, such as DNA methylation, have been recognized as potential pathogenic
factors in inflammatory bowel diseases, the hallmark of which is an exaggerated immune response against
luminal microbes. A methyl-donor (MD) diet can modify DNA methylation at select murine genomic loci
during early development. The components of the MDs are routinely incorporated into prenatal human sup-
plements. Therefore, we studied the effects of maternal MD supplementation on offspring colitis suscepti-
bility and colonic mucosal DNA methylation and gene expression changes in mice as a model.
Additionally, we investigated the offspring mucosal microbiomic response to the maternal dietary sup-
plementation. Colitis was induced by dextran sulfate sodium. Colonic mucosa from offspring of MD-sup-
plemented mothers following reversal to control diet at weaning was interrogated by methylation-specific
microarrays and pyrosequencing at postnatal days 30 (P30) and P90. Transcriptomic changes were analyzed
by microarray profiling and real-time reverse transcription polymerase chain reaction. The mucosal micro-
biome was studied by high throughput pyrosequencing of 16S rRNA. Maternal MD supplementation induced
a striking susceptibility to colitis in offspring. This phenotype was associated with colonic mucosal DNA
methylation and expression changes. Metagenomic analyses did not reveal consistent bacteriomic differ-
ences between P30 and P90, but showed a prolonged effect of the diet on the offspring mucosal microbiome.
In conclusion, maternal MD supplementation increases offspring colitis susceptibility that associates with
persistent epigenetic and prolonged microbiomic changes. These findings underscore that epigenomic
reprogramming relevant to mammalian colitis can occur during early development in response to maternal
dietary modifications.

INTRODUCTION

Epidemiologic studies show a significant rise in the incidence
of many chronic diseases in the industrialized world, including
inflammatory bowel diseases (IBD), which are comprised of
Crohn’s disease (CD) and ulcerative colitis (UC) (1). Critical
components of IBD development are the immune system, the

intestinal microflora and the gut mucosa (2,3). The disorders
are recognized to be modulated by genetic predisposition
and environmental factors (3,4). There are .60 susceptibility
loci recognized for IBD (5), but epidemiologic and monozygo-
tic twin studies suggest that environmentally sensitive
mechanisms are also important for the development and
progression of these diseases (6). However, it is still unclear
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which factor in the intricate network of the microbiota,
mucosa and the host immune system is affected critically
leading to disease progression. It is also unclear which charac-
teristics of the key cellular components are modified by patho-
genic environmental factors.

One of the molecular mechanisms that can dynamically
respond to environmental and nutritional exposures in
mammals is defined as epigenetic. Epigenetic changes are
mitotically heritable molecular modifications that affect gene
expression potential without alteration in the DNA sequence
(7). Epigenetic derangements may be important in IBD
(8,9). However, definite data supporting this connection
remain limited.

The most stable epigenetic alteration is the methylation of
cytosines at CpG [cytosine followed by a guanine and connected
by a phosphodiesther bond (p)] dinucleotides, designated as
DNA methylation, which commonly correlates with transcrip-
tional silencing. This molecular modification is catalyzed by
DNA methyltransferases that utilize the mammalian one-carbon
pool, and it has been shown to be influenced by environmental
and nutritional exposures (10). Maternal dietary supplemen-
tation of methyl-donor micronutrients has been found to be
effective in modifying the developmental establishment of
DNA methylation at unique genomic loci, leading to persistent
phenotypic modification in mouse offspring (11). Such obser-
vations highlight the potential for nutritionally induced epige-
netic modifications to play an important role in common
human disease development (12). Importantly, methyl donors
in the seminal nutritional studies were betaine, choline,
vitamin B12 and folic acid (11,13). All of these compounds
can be found in various prenatal vitamins and supplements,
the consumption of which has become common in the devel-
oped world during pregnancy.

In this study, we addressed whether maternal supplemen-
tation of methyl-donors (MDs) might lead to altered offspring
colitis susceptibility in mice. A striking augmentation of
dextran sulfate sodium (DSS) colitis was observed in the
MD offspring, which associated with altered colonic
mucosal DNA methylation and expression at genes previously
implicated in intestinal inflammation. Our study may impact
future public health policy in regards to the judicious use of
maternal dietary supplements.

RESULTS

Pediatric supplementation of MD does not alter colitis
susceptibility in young adult mice

The peak incidence of IBD is in young adulthood (14). Conse-
quently, there is an extended developmental period during
which environmental influences may critically impact
disease susceptibility. We first addressed the pediatric time
period with respect to MD supplementation and colitis suscep-
tibility using DSS. Molecular and histologic features of colitis
correlate well with weight change and colonic length in this
model (15–17). We have shown recently that relevant epige-
netic changes can occur in murine colonic mucosa during
pediatric development with respect to mucosal inflammatory
responses [from postnatal days 30 (P30) to P90] (18). Never-
theless, animals supplemented with MD from P30 to P80

followed by 10-day reversal to control diet (COD) had
similar responses to DSS as the control mice (data not
shown). Therefore, MD supplementation during pediatric
development did not induce persistent phenotype modification
with respect to young adult murine DSS colitis.

Maternal MD supplementation persistently increases
offspring colitis susceptibility

We next determined whether maternal MD supplementation
may affect offspring colitis susceptibility. Offspring weight
was not influenced by the maternal dietary exposure either
at P21, P30 or P90 (data not shown). In the meantime, MD off-
spring had greater weight loss (necessitating euthanasia, i.e.
mortality) and increased colonic shortening upon DSS
exposure at both P30 and P90, compared with control
(Fig. 1). This outcome was independent of sex. These results
show that maternal MD supplementation induces long-lasting,
strikingly augmented susceptibility to colonic mucosal injury
in the pups, which lasts to young adulthood.

Maternal MDs induce prolonged offspring colonic mucosal
DNA methylation changes

DSS exposure is primarily a model for acute colonic mucosal
injury and regeneration. Consequently, we tested the effects of
our epigenetically active maternal dietary exposure on
offspring colonic mucosal DNA methylation by methylation-
specific amplification microarray (MSAM). Fifty-nine
intervals with persistently increased methylation and 96 inter-
vals with persistently decreased methylation were identified
(Supplementary Material, Tables S1 and S2). Interestingly,
.50% of the intervals with decreased methylation were X
chromosomal. We confirmed maternal MD-dependent epige-
netic changes at the Ptpn22-associated SmaI/XmaI interval
by bisulfite pyrosequencing at both P30 and P90 (Fig. 2).
Ptpn22 was chosen for validation because it has been impli-
cated to have an important role in diseases, including type 1
diabetes, rheumatoid arthritis and lupus, making it a particular
gene of interest in IBD (19). It is also among the 69 recently
updated IBD susceptibility loci (www.ibdgenetics.org).
Methylation of the Ptpn22-associated SmaI/XmaI interval
showed a 0.753-fold decrease using MSAM and a 0.714-fold
decrease with pyrosequencing in MD animals compared with
control.

Gene ontology (GO) analysis revealed that cellular com-
ponent genes in the synapse part (GO: 0044456) were enriched,
whereas genes related to non-membrane bound organelles (GO:
0043228) and organelle parts (GO: 0044422) were under-
represented. These results support that the intervals epigeneti-
cally responsive to maternal MD supplementation in offspring
colonic mucosa represent a select group of genomic loci.

Maternal MDs induce prolonged offspring colonic mucosal
gene expression changes

Since epigenetic alterations can associate with gene
expression changes, we assessed genome-wide transcriptomic
alterations in the colonic mucosa of MD offspring. Four
hundred seventy three transcripts with increased expression
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and 514 with decreased expression were identified at P90
(Supplementary Material, Tables S3 and S4). Therefore,
�3% (987/33 074) of all murine transcripts were affected in
a prolonged manner by prenatal/early developmental exposure
to MDs. Interestingly, we noted Cpn2 on the list of genes that
decreased in expression. Cpn2 has been previously implicated
to play a role in the pathogenesis of both CD and UC (20).
Therefore, we chose Cpn2 for validation of the expression
microarrays in spite of a relatively low expression difference
at this gene (Supplementary Material, Table S4). A 0.81-fold
decrease in expression by microarray showed a 0.5-fold
decrease in real-time reverse transcription polymerase chain
reaction (RT–PCR) (Fig. 3).

GO analysis was performed to compare all genes with
modified expression to the remaining genome. Within the cat-
egory of biologic processes, genes involved in immune
responses (GO: 0006955) and biosynthetic processes (GO:
0009058) were enriched among the MD responsive group.
Genes related to neurological processes (GO: 0050877) and
cell communication (GO: 0007154) were underrepresented.
Within the category of cellular components, genes associated
with extracellular region part (GO: 0044421) and cell part
(GO: 0044464) were both enhanced. Genes associated within
the category of molecular function had notable results with
enrichment in the following: oxidoreductase activity (GO:
0016491), structural constituent of ribosome (GO: 0003735),
carrier activity (GO: 0005386), nucleic acid binding (GO:
0003676), peptide transporter activity (GO: 0015197), sel-
enium binding (GO: 0008430), ion transporter activity (GO:

0015075), enzyme activator activity (GO: 0008047) and
nucleoside binding (GO: 0001882). There was an underrepre-
sentation within this category of genes involved in receptor
activity (GO: 0004872). These findings support that maternal
MD supplementation induces prolonged cellular, biologic
and, in particular, molecular functional transcriptional repro-
gramming in offspring colonic mucosa. Importantly, the
rearrangement in the expression of immunologically active
genes (Table 1) can specifically play an important role in mod-
ifying colitis susceptibility.

Epigenomic and transcriptomic overlaps in the colonic
mucosa of MD offspring

We wished to determine the extent of overlaps between the
MSAM and gene expression microarrays to assess the poten-
tial direct functional relevance of the epigenetic changes ident-
ified. Of the 155 genomic intervals with a change in
methylation, 18 were associated with an expression change
at a neighboring transcript (Table 2).

The reason for this restricted overlap (�12%) is likely due
to the inherent limitations of the microarray methods
employed (18). Nevertheless, Ppara, a gene previously impli-
cated in murine colitis (21), was among the candidates ident-
ified. Ppara exhibited decreased methylation and increased
expression with a significant inverse correlation (Fig. 4). We
next analyzed Ptpn22, a gene already validated to associate
with decreased methylation (Fig. 2). The overall expression

Figure 1. Mortality curves and colonic lengths of DSS exposed P30 (above) and P90 animals (below). MD supplemented offspring had higher mortality and
shorter colon lengths (P30: n ¼ 8–9, P ¼ 0.0008, P90: n ¼ 7–11, P , 0.001) supporting a persistently and remarkably increased susceptibility to colitis
even 69 days after weaning to COD.
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of Ptpn22, however, was below the detection limit of our real-
time RT–PCR assay, not allowing validation.

Prolonged mucosal metagenomic changes in offspring

Dietary exposures can significantly affect the intestinal micro-
biota (22,23) and microbial alterations can prominently
modify the severity of acute colitis in mice (24). Conse-
quently, we evaluated the differences between the
mucosa-associated microbiome in MD and control offspring.
While there was a remarkable separation at the genus level
between MD and control pups at P30, this was lost by P90
(Figs 5 and 6). Analysis of variance (ANOVA) in repeated
measurements showed that at P30, the genera Clostridium,
Bacteroides, Staphylococcus, Syntrophococcus, Coprococcus,
Parabacteroides, Alistipes, Butirvibrio and Anaerovorax
were overrepresented, and the genera Lactobacillus,
Rikenella and Sporobacterium were underrepresented (P ,
0.05) in the colonic mucosa of MD pups in relation to the
control group. The most striking composition variation was
for Clostridia (57% average in MD, and 27% in control; P
¼ 0.00016) and Lactobacilli (2.5% average in MD, and
46.5% in control; P ¼ 0.000019) at P30. Seven of the 12
(58%) genera with significant difference between MD and
control mucosa were present in .1% of the microbial compo-
sition in at least one of the groups (Supplementary Material,

Fig. S1). At P90, however, seven genera were influenced (P
, 0.05) by maternal MD exposure in the offspring, only two
(29%) of which involved genera present in more than 1% of
the microbiome (Turicibacter, Roseburia) (Supplementary
Material, Fig. S2). Importantly, there was no overlap
between the significantly affected genera at P30 and P90.

A total of 335 different bacterial species were detectable in
at least one sample from the P30 animals, while 256 were
detectable from the P90 animals. In the meantime, only Sta-
phylococcus saprophyticus had similar, but differing volume
of variation between MD and control offspring at both P30
(4% average in MD, undetectable in control) and P90
(0.03% average in MD, undetectable in control). Therefore,
we could not identify a prominent and persistent similarity
between maternal MD exposure-dependent metagenomic vari-
ation at P30 and P90 either at the genus or the species level.

DISCUSSION

The potentially important role of environmentally responsive
epigenetic changes has been recognized with respect to the
fetal origins of adult disease (10,25,26). However, there are
limited experimental data investigating the impact of prenatal
and early developmental environmental exposures on conse-
quent intestinal inflammatory responses. Early postnatal
maternal deprivation resulted in increased offspring colitis
susceptibility in young adult rats (27) and influenced colonic
mast cell–nerve interactions (28). Additionally, the lipid com-
position of the maternal diet has been shown to modify colonic
phospholipid constitution and young adult colitis susceptibility
in rat offspring (29). However, the epigenetic consequences of
early developmental environmental exposures have not been
addressed in regards to mammalian intestinal inflammation.
Here we studied the effects of an epigenetically active diet
(11) on murine colitis susceptibility.

MD supplementation during childhood did not influence
colitis susceptibility following 10 days of reversal in young
adult animals. Consequently, we studied the effect of maternal
MD supplementation on offspring intestinal inflammation and
found a profound and prolonged sensitization to DSS in the
pups resulting from the dietary intervention. The increased
susceptibility to chemically induced colitis associated with
low volume, but persistent DNA methylation changes at a
functionally select, small number of genomic loci. Although
we expected mostly increased levels of DNA methylation to
result from the supplementation of MDs, both increases and
decreases took place. Therefore, developmental

Figure 2. Methylation of the Ptpn22-associated SmaI/XmaI interval at P30 and
P90. Methylation decreased in MD supplemented offspring colonic mucosa in
a persistent fashion both 9 days (P30) and 69 days (P90) after reversal (P30
n ¼ 8–9, P ¼ 0.0009; P90 n ¼ 4–5; P , 0.0001).

Figure 3. Expression of Cpn2 decreased in MD supplemented offspring
colonic mucosa compared with control at P90 (n ¼ 9, P ¼ 0.021).

Table 1. List of enriched genes among the MD responsive group associated
with immunologic processes according to Babelomics (GO: 0006955)

Cd6 Ccl19 Gadd45g Ccl6
Samhd1 H2-K1 Cxcl13 H2-Oa
Ccl5 Thy1 Was Ly86
Serpina3g Ambp Tap2 Skap1
Gpb3 Ctsw Tap1 Cxcl10
Lck Gbp2 Il18 Ptpn22
Mbp Ccl9 Mnda Fth1
Tnfrsf13c Cd7 Hc Cd72
H2-T3 Mapk11
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reprogramming of DNA methylation appeared to occur in the
offspring colonic mucosa as a result of the maternal dietary
modification. Interestingly, the X chromosome was particu-
larly sensitive to the MD supplementation with decreased
levels of methylation independent from gender.

The MD maternal diet also persistently modified gene
expression in the offspring, affecting �3% of all murine
transcripts. Importantly, genes involved in immune responses
(Table 1) were enriched in the MD responsive group. This
observation supports the developmental reprogramming of
colonic mucosal immune functions resulting from fetal
MD exposure. In addition to the ontologically identified
immune-related genes (Table 1), we found decreased
expression of Cpn2 (Fig. 3). CPN2 encodes the large
subunit of carboxypeptidase N (CPN) and stabilizes the
smaller and catalytically active subunit, CPN1. CPN partici-
pates in the degradation of biologically active peptides. The
targeted disruption of Cpn1 causes increased susceptibility to
anaphylatoxin-mediated shock in mice (30). Consequently,
the decreased expression of Cpn2 may lead to decreased
amounts of active Cpn1 during the experimentally induced
inflammatory cascade of DSS colitis and may increase MD
offspring vulnerability. In the meantime, CPN1 and 2 were
increased in the colonic mucosa of patients suffering from
IBD compared with healthy controls (20). It is not known,
however, whether the CPN response in IBD patients is dam-
pened compared with acute forms of colitis, or what the
baseline levels of CPN1 and 2 are from non-inflamed
areas of the mucosa in IBD. Nevertheless, our Cpn2
results further support the persistent reprogramming of
colonic mucosal immune responses.

We were able to delineate overlaps between DNA methyl-
ation and gene expression changes at a limited number of
genomic intervals (18). The identified inverse correlation
between methylation and expression of Ppara highlights the
functionally important DNA methylation changes induced by
the fetal exposure to MD supplementation. The observed

increased expression of Ppara in the MD offspring would
indicate a relative protection against chemically induced
colitis based on previous studies (31). Therefore, the induced
epigenetic change at Ppara may serve as a protective mechan-
ism to lessen pro-inflammatory alterations (such as decreased
Cpn2 expression for instance) and contribute to the grossly
normal phenotype of the MD offspring.

Persistent microbiomic alterations in the colonic mucosa
of MD offspring were not identified at the genus level.
Only one species, Staphylococcus saprophyticus, had
similar changes in composition at P30 and P90, but not at
the same volume. Staphylococcus saprophyticus has been
associated with sporadic diarrhea in children (32), but its rel-
evance in murine colitis models has not been determined.
Nevertheless, our study implicates that there is a significant,
maternal diet driven prolonged mucosal microbial compo-
sition difference in mammalian offspring, regardless of the
same dietary and housing environment following weaning.
This maternal diet-induced variation is most pronounced in
infancy, but persists into young adulthood. While none of
the genera differences was preserved from P30 to P90,
there were still seven genera that were significantly influ-
enced by MD supplementation of the maternal diet in the
offspring colonic mucosa at P90. These particular genera
may be important with respect to colitis susceptibility. For
example, Roseburia was decreased in the MD offspring at
P90 (Supplementary Material, Fig. S2) which has been pre-
viously observed in patients with predominantly ileal
Crohn’s disease (33). The longstanding influence of maternal
diet on the offspring microbiota is surprising considering that
enteral microbial composition can shift significantly within a
day following dietary changes in gnotobiotic murine models
(22). Therefore, it is plausible that the prenatal reprogram-
ming of mucosal immunology upon maternal MD sup-
plementation creates a persistent effect on the enteral
microbiome by inducing a longstanding modification of its
physiologic pediatric development. Consequently, an

Table 2. List of genes with overlap between SmaI/XmaI interval methylation and expression change identified with the microarrays

Gene name SmaI/XmaI Interval TSS TES Methylation Expression

Nr4a1 chr15: 101084352–101084854 +12673 +20871 � �
Pgrmc1 chrX: 33993965–33995933 +143270 +151125 � �
Ppara chr15: 85501945–85502320 +63861 +135149 � �
Ptpn22 chr3: 103706444–103706814 +42414 +9541 � �
Slc16a2 chrX: 101016514–101018499 2179 2124753 � �
Sobp chr10: 42894350–42894784 2231 2172262 � �
Lonrf3 chrX: 33755133–33755875 +112899 +151347 � �
Ppp1r1b chr11: 98189980–98191059 +19533 +28590 � �
Utp14b chr1: 78654480–78655157 +196 +9357 � �
Vsig1 chrX: 137346441–137347795 +126893 +126893 � �
Gsdmc chr15: 63182682–63183481 2457213 2493650 � �
201003K11Rik chr19: 4608517–4608707 2110029 2111825 � �
Ndufb9 chr15: 58829987–58830663 264961 259281 � �
Pcx chr19: 4614094–4614913 +20185 +7249 � �
Rpl38 chr11: 113673746–113674714 +855627 +859415 � �
Timp3 chr10: 85828871–85828989 265774 216680 � �
Hyi chr4: 117927340–117928820 +104539 +107269 � �
Rap1gap chr4: 137279276–137279675 241857 +6307 � �

TSS: distance of SmaI/XmaI interval midpoint from transcription start site in bases relative to the gene; TES: distance of SmaI/XmaI interval midpoint from
transcription end site in bases relative to the gene. Eighteen genes associated with 18 intervals.
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overall inflammation prone interaction is created within the
key elements (mucosal microbiome, mucosa, host immunity)
of IBD pathology.

This study includes the first epigenetically focused develop-
mental dietary intervention attempting to unravel key environ-
mental factors for the rising incidence of IBD. Because the
utilized MDs include many common components of prenatal
dietary supplements (folate, methionine, betaine, vitamin
B12), the results of this experiment could be of great signifi-
cance. Conclusive results from subsequent studies may
support the development of guidelines for the judicious use
of MD supplements in future public health policies.

MATERIALS AND METHODS

Animals and tissue collection

Mice were purchased from the Jackson Laboratories, Bar
Harbor, ME, USA. For the pediatric developmental studies,
P21 male C57BL/6 mice received standard rodent diet

(2920X, Harlan-Teklad, Madison, WI, USA) until P30, then
were randomly assigned to NIH-31 control diet (COD) (TD
#95262, Harlan-Teklad, 2 litters) or to a MD supplemented
diet consisting of NIH-31 supplemented with 5 mg/Kg folic
acid; 0.5 g/kg vitamin B12; 5 g/kg betaine and 5.76 g/kg
choline (TD#01308, Harlan-Teklad, 2 litters) (10). The exper-
imental diets were provided until P80, and then the MD group
was reversed to COD for 10 days (P90).

For the maternal dietary supplementation studies, C57BL/6
female mice, 8 weeks of age, were housed with age-matched
C57BL/6 males. Ten females were randomly assigned to
COD and 10 to MD, respectively, for 2 weeks prior to
mating, and throughout gestation and lactation. At P21, the
pups were weaned to the control diet until P30 (9 day reversal)
or P90 (69 day reversal). Consequently, only persistent effects
of maternal MD supplementation were tested. At P30 and P90,
mice were killed by CO2 asphyxiation between 1 and 3 PM
without previous food restriction. Colonic mucosa of both
males and females was collected exactly as described before
(18). We demonstrated this method to result in .90%
colonic epithelial cells in the scrapings, thereby providing an
overwhelmingly homogeneous cell population of endodermal
origin. The protocol was approved by the Institutional
Animal Care Committee for Baylor College of Medicine.

DSS exposure

Three percent (wt/vol) DSS (MW ¼ 36 000–50 000, MP Bio-
medicals, LLC, Solon, OH, USA) was dissolved in the drinking
water of the animals and provided ad libitum for 5 days, fol-
lowed by 9 days of regular drinking water. This molecular
weight of DSS has been shown to induce colonic inflammation
in previous work (34). Mice were weighed daily until day
14 when they were asphyxiated and colonic lengths were
measured except for animals that lost .20% of their starting
weight. The later animals were euthanized early according to
our protocol and designated as the mortality group.

Isolation and manipulation of nucleic acids

All procedures were performed on colonic mucosal scrapings.
Genomic DNA was isolated with the QIAamp DNA Mini Kit
(51304, Qiagen, Valencia, CA, USA) and bisulfite converted
with EZ DNA Methylation-Gold Kit (D5006, Zymo Research,
Orange, CA, USA). Total RNA was isolated with the RNeasy
Mini Kit (74106, Qiagen) and stored at 2808C. Reverse
transcription was executed with the Taqman Reverse Tran-
scription Kit (N808-0234, Applied Biosystems, Branchburg,
NJ, USA).

Methylation-specific amplification microarray (MSAM)

MSAM was carried out as previously described (35); two (one
male/male and one female/female) MD versus COD offspring
microarrays for both P30/P90 animals were performed
(http://www.ncbi.nlm.nih.gov/geo/, accession number:
GSE24354). Males and females were used equally in the
microarray analyses to avoid potential gender bias. MSAM
is based upon serial digestion of genomic DNA with the
methylation sensitive/insensitive isoschizomers SmaI and

Figure 4. DNA methylation changes at Ppara correlate with its expression.
(A) Methylation of the Ppara SmaI/XmaI interval decreased in MD sup-
plemented offspring at P30 and P90 (P30: n ¼ 10–10, P ¼ 0.041; P90: n ¼
8–8, P ¼ 0.0083). (B) Ppara expression increased in MD supplemented off-
spring colonic mucosa at P90 (n ¼ 10–10, P ¼ 0.008). (C) Methylation at
Ppara inversely correlates with expression (r ¼ 0.79; P ¼ 0.000034).
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Figure 5. Dual hierarchical clustering dendograms of the most predominant and ubiquitous 50 genera among mucosal samples at P30 (upper) and P90 (lower).
The heat maps depict the relative percentage of each genus for each sample. The color scales for the heat maps are shown in the upper left corners of each. There
was a remarkable separation of MD offspring at P30 independent of litter clusters [control animals (C) were from two different litters: C1–4; C5, respectively;
MD supplemented (experimental: E) were also from two different litters: E1–4; E5, respectively]. The separation between the experimental groups was over-
whelmingly lost by P90.
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XmaI, followed by ligation-mediated PCR. We designed a
custom microarray based on the above mechanisms (Agilent
Technologies, Santa Clara, CA, USA). SmaI/XmaI intervals
between 100 and 2200 bp were identified in the mm9 assem-
bly excluding chromosome Y. The resulting 41 237 intervals
were uploaded to Agilent eArray (https://earray.chem.agilent.-
com/earray/), and HD-ChIP Database Probes overlapping the
intervals were identified allowing up to four probes per inter-
val. A total of 95 386 probes covering 26 740 (65%) of the
100–2200 bp intervals and providing an average of 3.6
probes per interval were included in the array. Standard
Agilent control probes (1565), along with 8121 probes over-
lapping 10–15 kb SmaI/XmaI intervals to act as further con-
trols, completed the 2 × 105K array design. The average
signal intensity within each SmaI/XmaI interval was calcu-
lated. An interval was considered a ‘hit’ if it showed a ,0.8
or .1.25 change in all four microarrays (P , 0.05). We
used a list of all SmaI/XmaI intervals (148 total) that did not
change in methylation (0.9. or ,1.1 ratio in all arrays) for
control purposes.

Pyrosequencing

Bisulfite conversion was performed with the EZ DNA
Methylation-Gold Kit (D5006, Zymo Research). The genes
were amplified with traditional primer biotinylation. A quanti-
tative bisulfite pyrosequencing protocol was used for all
methylation analyses with the utilization of the Pyro Q CpG
program (QIAGEN GmbH, QIAGEN Strasse 1. 40724
Hilden, Germany). Methylation measurements at both of the
SmaI/XmaI sites of the gene-associated intervals were
performed in the case of protein tyrosine phosphatase,

non-receptor type 22 (Ptpn22) and peroxisome proliferator-
activated receptor alpha (Ppara) (Supplementary Material,
Table S5).

Whole genomic expression microarray

Four MD versus COD (two male and two female comparisons
to eliminate gender bias) P90 offspring whole genomic
expression microarray (Agilent Technologies: 4 × 44k
Whole Mouse Genome microarray, Quick-Amp two color
labeling kit) comparisons were performed (http://www.ncbi.
nlm.nih.gov/geo/, accession number: GSE24354). Probe
intensities for each transcript were averaged and MD versus
CD offspring intensity ratios were calculated. Transcripts
were considered a ‘hit’ if those showed a .1.45-fold change
in at least two microarray comparisons out of the four, with
the remaining arrays not contradicting the increase or decrease
in expression (i.e.: 1 or above 1 in case at least two other
.1.45; 1 or less than 1 in case at least two other ,0.69).

Quantitative analysis of gene expression

Quantitative real-time PCR was performed using the following
TaqMan gene expression assays: protein tyrosine phosphatase,
non-receptor type 22, Ptpn22 (Mm 00501246_m1); beta actin:
B-actin (Mm00607939_s1); CPN subunit 2: Cpn2 (Mm
01169716_m1) and peroxisome proliferator-activated receptor
alpha, Ppara (Mm 00440939_m1). Expression changes were
determined as described before (18).

DNA extraction for microbial studies

Mucosal scrapings were centrifuged at 14 000 rpm for 30 s and
re-suspended in 500 ml RLT buffer (Qiagen) (with b- mercap-
toethanol). Sterile 5 mm steel beads (Qiagen) and 500 ml
sterile 0.1 mm glass beads (Scientific Industries, Inc., NY,
USA) were added for complete bacterial lyses in a Qiagen Tis-
sueLyser (Qiagen), run at 30 Hz for 5 min. Samples were cen-
trifuged briefly and 100 ml of 100% ethanol was added to a
100 ml aliquot of the sample supernatant. This mixture was
added to a DNA spin column, and DNA recovery protocols
were followed as instructed in the QIAamp DNA Mini Kit
(Qiagen) starting at step 5 of the Tissue Protocol. DNA was
eluted and diluted to a final concentration of 20 ng/ml.

Massively parallel bTEFAP

Bacterial tag-encoded FLX-Titanium amplicon pyrosequen-
cing (bTEFAP) was performed as described previously (36).
bTEFAP utilizes Titanium reagents and procedures, and a
one-step PCR, mixture of Hot Start and HotStar high fidelity
taq polymerases, and amplicons originating from the 27F
region numbered in relation to E. coli rRNA. The bTEFAP
procedures were performed at the Research and Testing Lab-
oratory (Lubbock, TX, USA) (www.researchandtesting.com).

Bacterial diversity data analysis

All failed sequence reads, low-quality sequence ends and tags,
and sequences shorter than 300 bp were removed, and any

Figure 6. Principal component analysis (PCA) of UNIFRAC distance metric.
This figure provides a three-dimensional visualization of the PCA analysis
using the top three vectors. Green spheres represent the P30 MD exposed
animals (two different litters: E1–4; E5, respectively). Blue spheres represent
the P30 control animals (two different litters: C1–4; C5, respectively).
Red spheres stand for the P90 MD exposed animals (three different litters:
E1–2; E3–4; E5 respectively). Yellow spheres mark the P90 control
animals (two different litters: C1–4; C5, respectively). Based on the distances,
it can be concluded that interindividual (within the same litter) variation
exceeded than that of inter-litter variation within the experimental groups.
Therefore, the notable separation of the P30 groups and the less, but continued
parting at P90 was a consequence of the maternal dietary intervention and not
due to microbiomic separation of the litters.
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non-bacterial ribosome sequences and chimeras were depleted
using custom software described previously (36) and the Black
Box Chimera Check software B2C2 (described and freely
available at http://www.researchandtesting.com/B2C2.html).
This process provided 4303–8871 filtered sequences in the
individual mucosal DNA samples, which were queried using
a distributed BLASTn .NET algorithm (37) against a database
of high-quality 16S rRNA bacterial sequences derived
from NCBI. Database sequences were characterized as high-
quality based upon similar criteria as described for RDP ver
9 (http://rdp.cme.msu.edu/) (38). Using a .NET and C# analy-
sis pipeline, the resulting BLASTn outputs were validated
using taxonomic distance methods, and compiled as described
previously (36). Sequences with identity scores .97% (,3%
divergence) were resolved at the species level, between 95 and
97% at the genus level, between 90 and 95% at the family
level, between 85 and 90% at the order level, between 80
and 85% at the class level and below this to the phylum (77
and 80%). Statistical tests including principle component
analysis using Unifrac-based distances, ANOVA with
Tukey–Kramer post hoc and hierarchal clustering (Wards
minimum variance clustering with Manhattan distances) to
evaluate microbiome results were evaluated using NCSS
2007 (Kaysville, UT, USA).

Statistical and bioinformatic analysis

For the bioinformatic analysis of the microbiome data, please
see the paragraphs above. Unpaired, two-tailed t-tests, corre-
lation and odds ratio calculations were utilized in the group
comparisons where statistical significance was declared at
P , 0.05. Error bars represent standard error of the
mean (SEM). Fatigo functional enrichment analysis (http://
babelomics3.bioinfo.cipf.es/) was used to identify GO classifi-
cations significantly over- or underrepresented (adjusted P ,
0.05 in this case) among the gene lists.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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