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Green forage impacts on the DNA
methylation in the ruminal wall
of Italian mediterranean dairy
buffaloes

Salvatore Fioriniello%%5, Angela Salzano?®, Giovanna Bifulco?, Riccardo Aiese Cigliano*,
Floriana Della Ragione>*“ & Giuseppe Campanile3

Nutrition impacts the epigenetic signature, including DNA methylation. The aim of this study was

to identify genomic regions differentially methylated in the rumen of Italian Mediterranean dairy
buffaloes fed green forage [Total Mixed Ration (TMR) + ryegrass green feed (30% of diet)] compared

to those receiving a standard TMR diet, through Reduced Representation Bisulfite Sequencing.

We found 6571 differentially methylated genomic regions (DMRs), 51.73% hypomethylated and
48.27% hypermethylated. DMRs were uniformly dispersed in genes and intergenic regions and along
chromosomes. Genes-associated DMRs were mainly hypomethylated, while intergenic DMRs were
mostly hypermethylated. We highlighted 4648 genes associated with DMRs (differentially methylated
genes, DMGs), mostly protein-coding genes. Gene Ontology study performed with hypermethylated
or hypomethylated DMGs highlighted categories related to response to oxidative stress and
inflammation, as well as rumen functionality. The integration of our results with differential expression
data identified genes whose expression varies as a function of DNA methylation. This subset of genes
included those involved in immune system functioning, inflammation, fatty acid metabolism, and
stress response. Our findings highlighted the impact of green forage on rumen DNA methylation,
which potentially influences molecular mechanisms relevant to rumen functionality and, then, animal
welfare and production, through the modulation of gene expression.
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Buffalo is a globally important livestock specie since it provides economic value from milk, meat, leather, and
draft power in both developed and developing countries'. Buffaloes are known worldwide for their higher
resistance to hot and humid climate?, parasites®, and to have better adaptability to low-quality and less-digestible
roughage?.

Recent research on diverse feeding practices has shifted consumer preferences towards quality more than
quantity. There is now a growing consumer interest in products sourced from grass-fed animals, raising
questions about the quality distinctions between grass-fed and grain-fed animals. Over the past few decades,
it has become evident that different feeding practices can alter the nutritional composition of animal-derived
products>®. In particular, it has been demonstrated that a rich and balanced diet plays a pivotal role in milk and
dairy production, although there are some features concerning rumen physiology that should be considered
when preparing the feed ration”.

The metabolic processes of rumen can influence the composition of milk nutrients. The byproducts of rumen
fermentation, including short-chain fatty acids (SCFAs) generated in the forestomachs, are primarily absorbed
through the epithelium of both the rumen and omasum®. Alongside other beneficial molecules, they are then
transferred into the bloodstream, metabolized by the liver, and ultimately transported to the mammary gland'°.
Notably, SCFAs fulfill roughly 80% of the energy requirements for these animals, hence playing crucial roles
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in maintaining energy balance in ruminants'!. Therefore, the effect of diet on the rumen physiology should be
considered when preparing the feed ration”®. In these regard, green forage addition in the diet of ruminants
increases the content of nutraceutical molecules'? such as vaccenic and rumenic acids!®, and betaines and
carnitines®.

It is known that nutrition might impact on the epigenetic signature, such as DNA methylation. In vertebrate
DNA methylation is an important epigenetic feature involved in the regulation of many biological processes,
including embryonic development, chromosome stability, chromatin structure, and transcription'*17.
Nutrients, such as choline, folate, and betaine have a significant effect on DNA methylation, which act as
methyl-group donors'®!°. Furthermore, it has been demonstrated that nutrient quality and quantity modulate
epigenetic landscape in livestock?’. However, to date, few studies have been performed on DNA methylation in
ruminants®!, and only one study has correlated the effect of different diets with changes of DNA methylation and
gene expression in cattle??.

Recently, we demonstrated that green forage, in Italian Mediterranean dairy buffaloes, modulates the
expression of genes involved in biological processes relevant for rumen functionality and physiology?’. Given the
crucial role of DNA methylation in gene regulation, and its susceptibility to diet, it is important to understand
if green forage might impact on ruminal transcriptional program through the modulation of DNA methylation
profiles.

With this study, we aimed to identify genomic regions differentially methylated in the ruminal wall of Italian
Mediterranean dairy buffaloes fed green forage [Total Mixed Ration (TMR) + ryegrass green feed (30% of diet)],
in comparison with animals that received a standard TMR diet, through Reduced Representation Bisulfite
Sequencing (RRBS). Moreover, we investigated the correlations between changes in DNA methylation and gene
expression, by integrating DNA methylation data with transcriptomic profiles previously obtained from the same
rumen samples?®. Our findings shed light on the impact of green forage on one of the most studied epigenetic
modifications at the ruminal level, which might influence molecular mechanisms relevant for animal welfare.

Results

Reduced representation bisulfite sequencing and Methylomic analysis in the ruminal wall of
dairy buffaloes

We obtained methylomic profiles from the ruminal wall of Italian Mediterranean dairy buffaloes fed green
forage (8 animals, Treated group) or standard TMR diet (6 animals, Control group), through RRBS. RRBS
yielded an average of 21,524,186 high quality 100 bp reads per sample. Approximately, the 70% of the reads were
mapped to the reference genome sequence of Bubalus bubalis (version UOA_WB_1 from NCBI) and, more
than 50% of them were uniquely mapped. After deduplication processing for the correction of amplification
bias using Unique Molecular Identifiers (UMIs), the uniquely mapped reads percentage was, on average, 40%
(Supplementary Table S1). Overall, the average of CpG sites identified per sample was 6,195,365 (Supplementary
Table S2), of which, 3,456,649 were shared between all the samples and represent the 2.52% of the CpG content
in the Bubalus bubalis genome (data not shown). All samples showed a similar distribution of CpG coverage that
spans between 1 and 25 reads, with a large number of CpGs covered by less than 10 reads (Supplementary Figure
S1). The average number of methylated CpG sites per sample, obtained assuming that the CpG site with the
sequence corresponding to the methylated state was covered by at least one read, was 3,581,857 (Supplementary
Table S2). Among the CpG sites shared between all the samples analyzed (3,456,649, see above), 1,815,690 CpGs
(52,5%) were methylated in all the samples of the Control group, while 1,614,748 CpGs (46,7%) were methylated
in all the samples of the Treated group (data not shown).

Subsequently, the genomic methylation has been compared between the Treated and Control groups. Principal
component analysis revealed a significant clustering (p =0.0156) of the Treated samples, which is less pronounced
in the Control group (Fig. 1a). The differential methylation analysis between Treated and Control groups allowed
to detect 6571 statistically significant differentially methylated genomic regions (DMRs), containing at least two
CpG sites and showing a coverage > 5 reads. Among them, 3399 DMRs showed hypomethylation (51.73%) and
3172 DMRs (48.27%) were hypermethylated in the Treated versus the Control group (Fig. 1b and c, left panel;
Supplementary Table S3). The CpG sites included in the DMRs are more than 0.045% of the total number of CpG
sites in the Bubalus bubalis genome; 0.03% of these CpGs are included in the hypo-DMRs, while the 0.015% are
included in hyper-DMRs (Fig. 1c, right panel).

Green forage impacts at the genome-wide level on DNA methylation in the ruminal wall of
dairy buffaloes

Next, we investigated the chromosomal distribution of the DMRs, to understand whether a preferential
distribution of the DMRs on specific chromosomes and/or chromosomal regions occurs. This analysis revealed
a uniform distribution of DMRs along all chromosomes, without any preference for chromosomal features
(Fig. 2a). Moreover, the number of DMRs per chromosome positively correlates with both the number of genes
in each chromosome (Fig. 2b) and the chromosome size (Fig. 2¢), as expected.

We, further, analyzed the genomic distribution of the DMRs with respect to genes and intergenic regions. We
found that DMRs are distributed similarly between genic (55%) and intergenic (45%) regions. Among DMRs
located in genic regions, 22% were located at the promoter regions (up to 2 kb upstream of the transcriptional
start site), 18% at the introns, and 15% at the exons (Fig. 2d, left). Moreover, intergenic DMRs are predominantly
hypermethylated, as opposed to what has been observed for genic DMRs (Fig. 2d, right).

Genes associated with DMRs
Subsequently, we identified genes located in the proximity (distance <10 kb) of, at least, one DMR, which we
named Differentially Methylated Genes (DMGs) (Supplementary Table S4). Overall, we identified 4648 DMGs,
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Fig. 1. Effect of green forage on genomic DNA methylation in the rumen of dairy buffaloes. (a) Principal
component analysis that illustrates the methylation status of the CpG sites in all the samples. The blue and
yellow dots represent samples of the Treated and Control groups, respectively. (b) MA plot showing differential
methylation of all DMRs, reported as mean differential methylation versus the mean methylation between the
two experimental groups. Red and green dots indicate the DMRs that are significantly hypermethylated and
hypomethylated, respectively, in the Treated versus Control groups. Black dots are the DMRs whose differential
methylation did not reach the statistical significance between the two experimental groups. (c) Left: Number of
total DMRs, hypo-DMRs and hyper-DMRs identified in Treated versus Control animals. Right: Percentage of
CpG sites included in total DMRs, hypo-DMRs and hyper-DMRs with respect to the total number of CpG sites
in the Bubalus bubalis genome.

3830 (82.4%) of which are protein-coding genes, 509 (10.95%) are long non-coding genes, 181 (3.89%) are
pseudogenes, and 128 (2.75%) belong to other biotypes (Fig. 2e). Several DMGs are associated with more than
one DMR, and the same DMR can be associated with more than one gene (Supplementary Table S4).

Using the list of identified DMGs (Supplementary Table S4), we focused the attention on genes associated with
significant hyper-DMRs (Table 1) and hypo-DMRs (Table 2) that showed the highest differential methylation (top
hyper- and hypo-DMRs). The list of genes associated with the top hyper-DMRs (Table 1), includes Mitochondrial
Calcium Uptake 2 (MICU2), Potassium Channel Tetramerization Domain Containing 1 (KCTD1), Nucleolar
Protein 4 Like (NOL4L), Protein Kinase D1 (PRKD1), RuvB Like AAA ATPase 1 (RUVBLI), SEC61 Translocon
Subunit Alpha 1 (SEC61A1), TBCI Domain Family Member 14 (TBC1D14), Sprouty RTK Signaling Antagonist
2 (SPRY2), and Translocase Of Outer Mitochondrial Membrane 20 (TOMM20). MICU2 encodes a key regulator
of the mitochondrial calcium uniporter; KCTDI encodes a factor containing a POxvirus and Zinc finger (POZ)
protein-protein interaction domain, which is involved in the regulation of the Wnt signaling pathway; PRKD1
encodes an enzyme involved in several biological processes, such as cell migration and differentiation, cell
survival and many signaling pathways; RUVBLI encodes an ATPase that interacts with complexes with a role
in the epigenetic regulation of pro-inflammatory factors; SEC61A1 encodes a factor involved in the calcium
homeostasis; TBCI1D14 encodes a factor that negatively regulates autophagy; SPRY2 encodes a factor belonging
to the sprouty family that modulates the tyrosine kinase receptor signaling; TOMM20 encodes a subunit of a
translocase important for the recognition and translocation of mitochondrial proteins from the cytosol into the
mitochondria.

Among genes associated with the top hypo-DMRs (Table 2), we identified Transmembrane Protein 245
(TMEM245), Catenin Alpha Like 1 (CTNNALI), Cryptochrome Circadian Regulator 2 (CRY2), Mitogen-Activated
Protein Kinase 8 Interacting Protein (MAPKS8IP1), Fibronectin Leucine Rich Transmembrane Protein 2 (FLRT2),
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Cyclin Y (CCNY), Cholinergic Receptor Muscarinic 3 (CHRM3), Proprotein Convertase Subtilisin/Kexin Type 5
(PCSK5), Ring Finger Protein 217 (RNF217), Sestrin 3 (SESN3), Calcium Binding Protein 1 (CABPI1), and HECT
Domain E3 Ubiquitin Protein Ligase 3 (HECTD3). TMEM245 encodes a factor hypothesized to be an integral
component of membrane; CTNNALI encodes a factor that shows similarities to vinculin and a-catenin and is
predicted to act as a cytoskeletal linker protein; CRY2 encodes a key component of the circadian clock complex;
MAPKSIPI encodes a negative regulator of MAPK8; FLRT2 encodes a cell adhesion molecule implicated in
the regulation of embryonic vascular and neural development; CCNY encodes a factor that regulates cyclin-
dependent kinases and controls cell cycle through the regulation of wnt signaling pathway; CHRM3 encodes
a muscarinic cholinergic receptor controlling the smooth muscle contraction; PCSK5 encodes a convertase
involved in the processing of precursors of other proteins into their biologically active products; RNF217
encodes a member of the RINGI1-IBR-RING24 (RBR) ubiquitin protein ligase family, proposed to have a role
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«Fig. 2. Genomic distribution of DMRs in the rumen of dairy buffaloes fed green forage or standard diet.
(a) Chromosomal distribution of the DMRs identified in the Treated as compared with the Control group.
Chromosomal length is displayed on the x axis (Mb). Chromosomes are sorted by size. Red bars indicate
hypermethylated DMRs, while green bars show hypomethylated DMRs. The presence of multiple DMRs in the
same genomic region is indicated by longer bars. The percentage of DMRs in each chromosome is reported
on the right of the figure. (b) and (c) Scatterplots that show the correlation of the number of DMRs with the
number of genes on the different chromosomes (b) or with the chromosome size (c). The Pearson’s correlation
coeflicients and the statistical significance are displayed. (d) Left: Percentage of DMRs localized in intergenic
and genic (exons, introns and promoters) regions. Right: Number of hypomethylated and hypermethylated
DMRs included in intergenic regions, exons, introns and promoters. For promoters, DMRs located up to 2 kb
upstream of the transcriptional start site is considered. (e) Pie chart showing the distribution of the DMGs
according to their biotype.

DMR

Chromosome | Start End Methylation status | Mean differential methylation | Gene Name Biotype

22 17,879,158 | 17,879,365 | hyper 0.665006828 LOC112581458 | IncRNA

22 17,879,158 | 17,879,365 | hyper 0.665006828 SETBP1 protein_coding
13 55,313,723 | 55,313,759 | hyper 0.567538424 MICU2 protein_coding
22 31,854,596 31,854,911 hyper 0.536708638 KCTDI proteinfcoding
14 21,565,877 21,565,972 hyper 0.53380143 NOL4L protein_coding
15 82,043,403 | 82,043,480 | hyper 0.484622869 LOCI102411003 | protein_coding
15 82,043,403 | 82,043,480 | hyper 0.484622869 LOC102411327 | protein_coding
15 82,043,403 | 82,043,480 | hyper 0.484622869 LOC102411003 | protein_coding
15 82,043,403 82,043,480 | hyper 0.484622869 LOCI102411327 | protein_coding
14 23,183,832 | 23,184,003 | hyper 0.441427238 SCRT2 protein_coding
20 29,096,514 29,096,684 hyper 0.406636144 PRKDI protein_coding
21 59,640,040 | 59,640,113 | hyper 0.393045958 RUVBLI protein_coding
21 59,640,040 | 59,640,113 | hyper 0.393045958 SEC61A1 protein_coding
3 113,772,948 | 113,772,991 | hyper 0.359098821 TRPM6 protein_coding
3 113,772,948 | 113,772,991 | hyper 0.359098821 LOC112584136 | other

3 113,772,948 | 113,772,991 | hyper 0.359098821 LOC112584135 | pseudogene

15 20,230,662 20,230,752 hyper 0.350463974 UBR5 protein_coding
7 4,353,005 4,353,095 | hyper 0.342781359 TBCID14 protein_coding
13 35,372,800 | 35,372,843 | hyper 0.336628127 LOCI102409495 | protein_coding
13 35,372,800 35,372,843 hyper 0.336628127 SPRY2 protein_coding
17 7,984,154 7,984,244 | hyper 0.334639296 SGSM1 protein_coding
17 7,984,154 7,984,244 | hyper 0.334639296 LOC112579908 | IncRNA

9 30,169,469 30,169,527 hyper 0.33294785 ZFYVEI6 proteinfcoding
5 8,956,849 8,956,938 | hyper 0.332614676 TRAF5 protein_coding
20 28,061,802 | 28,062,041 | hyper 0.331348983 COCH protein_coding
4 127,392,384 | 127,392,479 | hyper 0.322642114 TOMM20 protein_coding

Table 1. Genes associated with top hypermethylated DMRs in the rumen of Treated vs. Control dairy
buffaloes.

in apoptosis signaling; SESN3 encodes a stress-induced factor with an anti-oxidant function, involved also in
the glucose homeostasis and lipid storage; CABPI encodes a calcium binding protein similar to calmodulin,
implicated in the regulation of voltage-gated calcium ion channels; HECTD3 encodes an enzyme involved in the
ubiquitination of target proteins, thus controlling their degradation.

Afterwards, we investigated DMGs associated with more than three DMRs (Supplementary Table S5). This
inspection highlighted, among others, Retinoic Acid Induced 1 (RAI1), Calcineurin Binding Protein 1 (CABINI),
Ubiquitin Conjugating Enzyme E2 Q2 (UBE2Q2), Ras Homolog Family Member F, Filopodia Associated (RHOF),
Myotubularin Related Protein 4 (MTMR4), CXXC Finger Protein 5 (CXXC5), Bone Morphogenetic Protein 6
(BMP6), and Sulfatase 2 (SULF2) genes. RAII, associated with one hypomethylated and two hypermethylated
DMRs, encodes a transcription factor implicated in the regulation of the circadian clock. CABIN1I, associated
with three hypomethylated DMRs, encodes a factor involved in the T-cell receptor-mediated signal transduction
pathway and in the negative regulation of P53. The enzyme encoded by UBE2Q2, which is associated with
one hypomethylated and two hypermethylated DMRs, plays a role in the protein turnover and stability. The
RAS homolog factor encoded by RHOF gene, associated with four hypermethylated DMRSs, is a GTP-binding
protein, recently associated with a pro-inflammatory activity. MTMR4, linked to three hypermethylated DMRs,
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DMR

Chromosome | Start End Methylation status | Mean differential methylation | Gene Name Biotype

3 161,236,126 | 161,236,217 | hypo -0.704155475 TMEM?245 protein_coding
3 161,236,126 | 161,236,217 | hypo -0.704155475 CTNNAL1 protein_coding
3 161,235,399 | 161,235,514 | hypo -0.639379502 TMEM?245 protein_coding
3 161,235,399 | 161,235,514 | hypo -0.639379502 CTNNALI protein_coding
16 8,804,065 8,804,185 hypo -0.484772123 CRY2 protein_coding
16 8,804,065 8,804,185 hypo -0.484772123 MAPKSIPI1 protein_coding
16 8,804,065 8,804,185 hypo -0.484772123 CRY2 protein_coding
16 8,804,065 8,804,185 hypo -0.484772123 MAPKS8IP1 protein_coding
11 6,118,713 6,118,802 hypo -0.45534161 FLRT2 protein_coding
14 65,795,601 | 65,795,822 | hypo -0.453098865 CCNY protein_coding
4 41,449,005 | 41,449,091 | hypo -0.444736089 CAPRIN2 protein_coding
4 131,596,590 | 131,597,158 | hypo -0.403635937 CHRM3 protein_coding
18 24,346,317 | 24,346,495 | hypo -0.391406227 NUP93 protein_coding
11 6,117,272 6,117,273 hypo -0.385417295 FLRT2 proteinfcoding
3 114,699,491 | 114,699,816 | hypo -0.37488476 PCSK5 protein_coding
10 78,127,548 | 78,127,604 | hypo -0.370835837 RNF217 protein_coding
16 69,747,460 | 69,747,503 | hypo -0.367030935 SESN3 protein_coding
17 10,133,858 | 10,133,919 | hypo -0.364655096 CABP1 protein_coding
17 10,133,858 | 10,133,919 | hypo -0.364655096 LOC102392827 | IncRNA

4 165,280,373 | 165,280,435 | hypo -0.336240426 LOC112584719 | protein_coding
4 165,280,373 | 165,280,435 | hypo -0.336240426 LOC112584722 | IncRNA

6 100,526,522 | 100,526,723 | hypo -0.334208673 ZSWIM5 protein_coding
6 100,526,522 | 100,526,723 | hypo -0.334208673 UROD protein_coding
6 100,526,522 | 100,526,723 hypo -0.334208673 HECTD3 protein_coding
X 137,198,514 | 137,198,774 | hypo -0.33347673 MTMI protein_coding
22 36,553,330 | 36,553,365 | hypo -0.332047312 LOC112581388 | IncRNA

Table 2. Genes associated with top hypomethylated DMRs in rumen of Treated vs. control dairy buffaloes.

encodes a phosphatase that negatively regulate innate immune responses. The zinc finger protein encoded by
the CXXC5 gene, associated with two hypomethylated and three hypermethylated DMRs, is an epigenetic factor
with a function in several signal transduction pathways. BMP6, associated with one hypermethylated and three
hypomethylated DMRs, encodes a secreted ligand of the TGF-beta involved in several processes including iron
homeostasis. The arylsulphatase encoded by the SULF2 gene, associated with one hypermethylated and three
hypomethylated DMRs, mediates many signal transduction pathways by removing the 6-O-sulfate groups from
heparan sulfate, thus modulating its activity. Among DMGs associated with two DMRs, we found Pyruvate
Carboxylase (PC) (one hypermethylated and one hypomethylated DMRs), encoding a mitochondrial enzyme
that catalyzes the initial step of gluconeogenesis.

Gene ontology analysis of genes associated with DMRs

In order to identify Gene Ontology (GO) terms enriched in genes associated with at least one DMR
(Supplementary Table S4), we performed GO Enrichment Analysis (GOEA) using DMGs previously identified
(Supplementary Table S4). Genes associated with hypermethylated or hypomethylated DMRs (hyper-DMGs
and hypo-DMGs) were functionally associated with 170 or 128 significantly enriched GO terms (FDR-adjusted
p-value <0.05), respectively (Supplementary Tables S6 and S7).

The 17.65% (30) of GO terms enriched in hyper-DMGs were categorized as a molecular function, 10% (17),
as a cellular component, and 72.36% (123) as a biological process. The 21.88% (28) of GO terms enriched in
hypo-DMGs were classified as a molecular function, 14.84% (19) as a cellular component, and 63.28% (81) as a
biological process. Selected GO terms enriched in hyper-DMGs and hypo-DMGs are illustrated in Fig. 3a and b.
Among GO terms enriched in hyper-DMGs, we found many terms related to energy metabolism, mitochondrial
respiratory function, oxidative phosphorylation, circadian rhythm, muscular function and development, fatty
acid metabolism, response to hydrogen peroxide, and inflammation (response to chemokine) (Fig. 3a). Moreover,
GO terms enriched in hypo-DMGs are linked to energy metabolism, mitochondrial function, respiration, and
ion transport, most of which, are suggestively, related to ATP function. Furthermore, we found enrichment in
categories linked to L-methionine biosynthetic process, cellular response to hormone stimuli, and to response
to fungi (Fig. 3b).
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Fig. 3. Gene ontology enrichment analysis (GOEA) of genes associated with DMRs. Selected GO-terms,
enriched in genes associated with hyper-DMRs (a) and hypo-DMRs (b) in the ruminal wall of dairy buffaloes
fed green forage (Treated) in comparison with animals fed TMR standard diet (Control), are shown. GO
categories were classified as molecular function (yellow bars), cellular component (burgundy bars) and
biological process (blue bars). Bar graphs indicate the statistical significance of the enrichment, as -log10

(adj p-value). Vertical yellow bars indicate the cut-off level for significance (p < 0.05, adjusted by Benjamini-
Hochberg correction). For graphical reasons, for GO terms that display an FDR-adj p-value =0, an arbitrary
value of -log10 (adj p-value) higher than all the other GO terms showed in the same graph has been used (see
also Supplementary Table S6 and S7).

Relationship between DNA methylation and gene expression

Overall, our study revealed a remarkable impact of the green forage-based diet on genomic DNA methylation.
In order to investigate the potential effect of the observed DNA methylation changes on the transcriptional
program in dairy buffaloes fed green forage, we compared data of genomic methylation with the previously
obtained data of gene expression®® in the ruminal wall of Treated buffaloes. For studies of correlation between
DNA methylation and gene expression, we used only the data obtained with the ruminal samples of the same
animals used for the two experiments (five samples from buffaloes fed TMR standard diet and six samples
from animals fed green forage). Overall, we did not find a significant correlation between the global gene
expression and the DNA methylation in the DMRs neither within the promoter regions (up to 2 kb upstream the
transcriptional start site) nor within the gene bodies in rumen of the Treated buffaloes (Fig. 4a e b). However, the
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Fig. 4. Integration of transcriptomic and methylomic results. (a) and (b) Scatterplots that display the mean
gene expression, reported as log, of normalized counts (FPKM), plotted against the mean DNA methylation,
displayed as percentage, in the differentially methylated regions (DMRs) in the promoter (up to 2 kb upstream
the transcriptional start site) or in the gene body (b), in rumen of the Treated animals. In each plot, the
Pearson’s correlation coefficients and the statistical significance are displayed. (c) and (d) Scatterplots that show
the impact of green forage on the transcriptional program and the DNA methylation in the Treated animals in
comparison with the Control group. Changes in the gene expression, displayed as log, Fold Change, are plotted
against changes in the DNA methylation, expressed as percentage, in the promoters (c) or the gene bodies (d)
of the DMGs. Yellow dots: hypermethylated and up-regulated genes; blue dots: hypermethylated and down-
regulated genes; green dots: hypomethylated and up-regulated genes; red dots: hypomethylated and down-
regulated genes.

comparison of the previously highlighted differential expression?> with changes of DNA methylation in DMGs
within their promoter or their gene body allowed to identify a discrete number of genes for which changes in
the expression upon green forage administration are associated with changes in DNA methylation (Fig. 4c and
d; Tables 3 and 4).

Among DEGs for which a significant differential expression is associated with changed DNA methylation,
we found Growth Factor Receptor Bound Protein 10 (GRB10), GREBI Like Retinoic Acid Receptor Coactivator
(GREBIL), SIM BHLH Transcription Factor 2 (SIM2), and Tryptophanyl tRNA Synthetase (WARS), which
display differential gene expression and changes in DNA methylation within their promoter (Table 3). Moreover,
BMP6, CDC42 Effector Protein 5 (CDC42EP5), Dual Oxidase 1 (DUOX1), Potassium Two Pore Domain Channel
Subfamily K Member 10 (KCNK10), Kinesin Family Member 21 A (KIF21A), LOC102409914 (or Zinc Finger
Protein 786, ZNF786), Peptidase M20 Domain Containing 2 (PM20D2), Sterile Alpha Motif Domain Containing 11
(SAMD11), Teneurin Transmembrane Protein 3 (TENM3), Transcription Factor AP-2 Epsilon (TFAP2E), Tenascin
XB (TNXB), Tripartite Motif Containing 7 (TRIM?), and Zinc Finger FYVE-Type Containing 16 (ZFYVE16) show
differential gene expression and changes in DNA methylation within their gene body (Table 4). In addition,
LOC102400339 (or Mitotic Arrest Deficient 2 Like 1, MAD2LI1) and Uridine Phosphorylase 1 (UPPI) are genes
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DMR location
Gene name Expression status | Methylation status | Chromosome Start End Number of CpG sites in the DMR
GRB10 Down-regulated hypo Chromosome 8 | 4,908,386 4,908,594 19
GREBIL Up-regulated hypo Chromosome 22 | 27,270,726 | 27,270,817 |11
LOC102400339 | Down-regulated | hypo Chromosome 7 | 113,908 113,941 6
LOC102400339 | Down-regulated | hyper Chromosome 7 | 113,768 113,836 7
LOC112581380 | Up-regulated hypo Chromosome 22 | 16,666,903 16,666,998 | 6
LOC112587105 | Up-regulated hypo Chromosome 9 | 110,231,710 | 110,235,478 | 733
LOCI112587105 | Up-regulated hypo Chromosome 9 | 110,235,675 | 110,236,813 | 299
SIM2 Up-regulated hypo Chromosome 1 193,529,783 | 193,529,854 | 4
SIM2 Up-regulated hypo Chromosome 1 193,530,638 | 193,530,933 | 11
UPP1 Up-regulated hypo Chromosome 8 | 7,411,895 7,412,011 3
WARS Down-regulated | hyper Chromosome 20 | 4,267,078 4,267,159 2

Table 3. Genes differentially expressed and differentially methylated within the promoter.

DMR location
Gene name Expression status | Methylation status | Chromosome Start End Number of CpG sites in the DMR
BMP6 Up-regulated hypo Chromosome 2 | 4,795,200 4,795,277 8
BMP6 Up-regulated hypo Chromosome 2 | 4,796,779 4,796,822 4
BMP6 Up-regulated hypo Chromosome 2 | 4,936,244 4,936,283 8
BMP6 Up-regulated hyper Chromosome 2 | 4,795,180 4,795,186 4
CDC42EP5 Down-regulated hypo Chromosome 18 | 62,894,672 | 62,894,768 |2
DUOX1 Up-regulated hypo Chromosome 11 | 38,112,889 | 38,113,308 | 14
KCNK10 Up-regulated hyper Chromosome 11 | 3,337,310 3,337,311 2
KCNK10 Up-regulated hyper Chromosome 11 | 3,337,960 3,338,082 4
KIF21A Down-regulated hypo Chromosome 4 | 78,489,208 78,489,255 | 6
LOC102399222 | Down-regulated hypo Chromosome 13 | 18,274,386 | 18,274,414 |4
LOC102400339 | Down-regulated | hypo Chromosome 7 | 114,989 115,061 14
LOC102400339 | Down-regulated | hypo Chromosome 7 | 122,848 122,976 30
LOC102400339 | Down-regulated | hyper Chromosome 7 | 122,495 122,560 11
LOC102409914 | Up-regulated hypo Chromosome 8 | 112,247,303 | 112,247,374 | 12
LOC112581380 | Up-regulated hypo Chromosome 22 | 16,666,903 | 16,666,998 | 6
LOC112582971 | Up-regulated hypo Chromosome 2 | 180,937,603 | 180,937,685 | 2
LOC112587105 | Up-regulated hypo Chromosome 9 | 110,231,710 | 110,235,478 | 733
PM20D2 Down-regulated hyper Chromosome 10 | 43,295,255 | 43,295,472 |7
SAMDI1 Up-regulated hyper Chromosome 5 | 29,576,044 | 29,576,108 |9
SAMDI11 Up-regulated hyper Chromosome 5 | 29,576,677 | 29,576,846 |3
TENM3 Down-regulated hyper Chromosome 1 | 32,440,181 | 32,440,276 | 10
TFAP2E Up-regulated hyper Chromosome 6 | 109,684,947 | 109,684,999 | 6
TNXB Up-regulated hypo Chromosome 2 | 25,695,932 | 25,696,892 12
TRIM7 Up-regulated hypo Chromosome 9 | 70,885,010 | 70,885,193 |3
UPP1 Up-regulated hypo Chromosome 8 | 7,411,895 7,412,011 3
ZFYVEl6 Down-regulated hyper Chromosome 9 | 30,169,469 | 30,169,527 10

Table 4. Genes differentially expressed and differentially methylated within the gene body.

differentially expressed and differentially methylated in DMRs located in both promoter and gene body (Tables 3
and 4). GRBI10 is a down-regulated gene associated with one hypo-DMR (19 CpG sites) located in its promoter,
which encodes a growth factor receptor-binding protein belonging to the family of adapter proteins that bind
receptor tyrosine kinases and signaling molecules, known to interact with insulin-like growth-factor receptors
and insulin receptors. GREBIL is an up-regulated gene associated with one hypo-DMR (11 CpG sites) located
in its promoter, encoding a poorly characterized protein which displays high similarity with the growth factor
Growth Regulating Estrogen Receptor Binding 1, which has, in turn, a role in cell proliferation and in the response
to estrogen stimuli. SIM2 is an up-regulated gene associated with two hypo-DMRs in its promoter (4 and 11
CpG sites), encoding a transcription factor that is implicated in the regulation of neurogenesis and the immune
response. WARS is a down-regulated gene associated with one hyper-DMR in the promoter region (2 CpG sites),

Scientific Reports |

(2025) 15:8074

| https://doi.org/10.1038/s41598-025-91969-y

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

encoding a tryptophanyl-tRNA synthetase that catalyzes the aminoacylation of tRNA with tryptophan, involved
in the innate immune response and inflammation. BMP6 gene, encoding a ligand of the TGF-beta (see above),
is up-regulated and associated with three hypo-DMRs (8, 4 and 8 CpG sites) and one hyper-DMR (4 CpG sites)
in the gene body; two of these hypo-DMRs and the hyper-DMRs are included in an annotated CpG island
containing 307 CpG sites that spans the exon 1 of the gene. CDC42EP5 is a down-regulated gene encoding a
Rho GTP-ase involved in the polymerization of the actin cytoskeleton, influencing the cellular shape, associated
with one hypo-DMR in the gene body (2 CpG sites), which is included in an annotated CpG island containing
681 CpG sites, spanning the 3’-end of the gene. DUOX1 is an up-regulated gene associated with one hypo-DMR
in the gene body (14 CpG sites), encoding a member of the NADPH oxidase family known to mediate Reactive
Oxygen Species (ROS) production, involved in innate immune defense and anti-microbial function. KCNK10
is an up-regulated gene associated with two hyper-DMRs in the gene body (2 and 4 CpG sites), encoding a
factor that regulates calcium homeostasis. KIF2IA is a down-regulated gene associated with one hypo-DMR
in the gene body (6 CpG sites), encoding a member of the KIF4 sub-family of kinesin-like motor proteins
with a possible role in the microtubule-dependent transport. LOC102409914 (or ZNF786) is an up-regulated
gene associated with one hypo-DMR (12 CpG sites), encoding a zinc finger protein possibly involved in the
transcriptional regulation. PM20D2 is a down-regulated gene associated with one hyper-DMR in the gene body
(7 CpG sites), which encodes a peptidase that hydrolyzes dipeptides having basic amino acids lysine, ornithine
or arginine, with a possible role in the elimination of dipeptide products of carnosine biosynthesis. SAMDI11
is an up-regulated gene associated with two hypo-DMRs in the gene body (9 and 3 CpG sites), encoding a
factor predicted to negatively regulate the transcription. TENM3 is a down-regulated gene associated with
one hyper-DMR in the gene body (10 CpG sites), which encodes a member of the teneurin transmembrane
protein family, with a possible role in the regulation of neuronal development. TEAP2E gene is an up-regulated
gene associated with one hyper-DMR in its gene body (6 CpG sites), encoding a transcription factor that binds
promoters and enhancers and regulates the expression of genes implicated in the cell cycle, development and
differentiation. TNXB is an up-regulated gene associated with one hypo-DMR in its gene body (12 CpG sites),
encoding a member of the tenascin family of extracellular matrix glycoproteins, implicated in the expression
and deposition of collagen into the extracellular matrix. TRIM7 is an up-regulated gene associated with one
hypo-DMR in its gene body (3 CpG sites), which encodes a member of the tripartite motif (TRIM) family with
a possible role in the initiation of glycogen biosynthesis. ZFYVEIG6 is a down-regulated gene associated with
a hyper-DMR in its gene body (10 CpG sites), which encodes an endosomal protein belonging to the FYVE
zinc finger proteins, which regulate the endosomal membrane trafficking and are involved in the TGF-beta
signaling pathway. LOC102400339 (or MAD2L1) is a down-regulated gene associated with five DMRs, two of
which are located within its promoter (one hypo-DMR, 6 CpGs, and one hyper-DMR, 7 CpGs) and three of
which within gene body (two hypo-DMRs, 14 and 30 CpGs, and one hyper-DMRs, 11 CpGs). LOC102400339
encodes a component of the mitotic spindle involved in the assembly checkpoint. UPP]I is an up-regulated gene
associated with one hypo-DMR spanning its promoter and gene body (3 CpG sites), which encodes a uridine
phosphorylase with a role in the degradation and salvage of pyrimidine ribonucleosides.

LOC112581380, LOC112587105, LOC102399222, LOC112582971, are still uncharacterized loci and no
reliable information is available.

Discussion

The present study aimed to assess the influence of a green forage diet on genomic DNA methylation in the
ruminal wall of Italian Mediterranean dairy buffaloes through a genome-wide approach, represented by
Reduced Representation Bisulfite Sequencing (RRBS). The latter is a powerful yet cost-efficient method for
studying DNA methylation on a genomic scale combining restriction enzymes and bisulfite sequencing to
obtain information on DNA methylation in regions of the genome with a high CpG content?*. Additionally, we
explored the relationship between changes in DNA methylation and gene expression upon administration of a
green forage diet, by combining DNA methylation data, here reported, with transcriptomic profiles, published in
our previous study obtained from rumen samples of the same animals*. Although several studies conducted in
ruminants highlighted that different diet regimens impact DNA methylation?!"?%, to the best of our knowledge, we
underlined for the first time that green forage diet has an impact at the genome-wide level on DNA methylation
signature in buffaloes ruminal wall, and to some extent, this has an effect on gene expression.

We found that green forage modulates globally DNA methylation, without a specific genomic preference, with
more than 6500 DMRs uniformly distributed along chromosomes. The slight prevalence of hypo-DMRs, with
respect to hyper-DMRs, allows to hypothesize a trend of green forage diet to induce DNA hypomethylation. DNA
methylation changed in both genes and intergenic regions. However, DMRs localized in genes (in promoters,
exons and introns) are mainly hypomethylated, whereas intergenic DMRs are mostly hypermethylated, which
suggests a preferential functional effect of green forage on DNA methylation, based on DMR specific genomic
location. Among the DMRs associated with genic regions, we highlighted a slight prevalence of DMRs at
regulatory regions upstream genes, with respect to exon and introns, according to the enrichment of CpG sites
within the promoters?® and their known functional role in these genomic regions.

Our study identified 4648 genes closely associated with one or more DMRs (DMGs), the majority of which
are classified as protein-coding genes. These genes encode factors implicated in the regulation of biological
processes important for buffalo health and welfare, such as those related to response to oxidative stress, circadian
rhythms, fungal infections and inflammation, as well as factors involved in rumen functionality, such as muscle
structure/function, and energy, lipid, and amino acid metabolism. Of note, green forage administration resulted
to impact similar GO categories in buffalo rumen also when its effect on transcriptional program has been
investigated?’, reinforcing the idea of a stepwise process by which the administration of green forage might lead
to changes in the epigenetic landscape, such as DNA methylation, which, in turn, modulates gene expression.
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Moreover, our data suggested that green forage administration increases rumen activity, and this evidence allows
to hypothesize that this diet might have a role in the production of nutraceutical molecules, the levels of which
might be enhanced also in milk. Accordingly, it was previously reported that 30% green forage enhances the
concentration of beneficial biomolecules, including betaine and carnitine, in milk and other dairy products in
buffaloes [17, 26].

The integration of rumen DNA methylation profiles with transcriptomic data, previously obtained in the
ruminal wall of the same animals?’, did not show a global correlation between DNA methylation status in
the DMRs and gene expression in Treated buffaloes. This result is not entirely unexpected, considering that
methylation is not the only epigenetic factor that regulates gene expression, which is known to be influenced also
by other epigenetic features, such as histone methylation and/or acetylation, and microRNAs contribution?”%%,
Furthermore, it should be pointed out that RRBS analysis allows the study of the methylation status of
DNA regions enriched in CpG sites, which are not the only regions directly responsible for transcriptional
regulation?. We may suppose that genes for which the expression do not correlates with the methylation status
are regulated by DNA methylation of other DNA regions that have not been investigated with this study. On the
other hand, when we integrated the previously identified differential expression data?® with changes of DNA
methylation in genes associated with DMRs upon green forage administration, we identified a discrete number
of genes the expression of which varies as a function of methylation in their promoter and/or gene body, this
latter DNA regions known to be functionally implicated in the regulation of gene expression, in dependence
on their methylation status. Indeed, in mammals, DNA methylation of gene promoter is usually associated
with transcriptional repression, whereas promoter hypomethylation leads to enhanced gene expression. On the
contrary, DNA methylation of gene body, generally, associates with gene transcription®’. However, it should be
noted that not all previously identified green forage-modulated genes are coherently associated with changed
DNA methylation status in their promoter or gene body and vice-versa. We might speculate that, for these genes,
DNA methylation is not the leading event that regulates their transcription. In addition, it is known that even the
methylation of a single CpG within a binding site of transcription factors, that could have escaped our analysis
due to the technical limitation, theoretically, could influence gene regulation®!*2. Likewise, regarding genes
associated with changed DNA methylation but not with differential expression, one might speculate that the
observed methylation changes in their DMRs are not sufficient to trigger a differential expression, as observed
also in other biological contexts?2.

Our study underlined that the expression of several genes potentially important for buffalo welfare
and rumen functionality, is modulated by green forage administration, probably through changes in DNA
methylation. In this frame, we decided to examine the role of a sub-set of them more extensively. SIM2 is one
of the most significantly up-regulated genes upon green forage administration in our datasets, associated with
two hypomethylated DMRSs in its promoter, according to its over-expression. This gene encodes the X1 isoform
of the single-minded homolog 2 protein, involved in the antimicrobial response in the gastro-intestinal tract
through the regulation of the expression of antimicrobial peptides and defensins®>. We might suppose that SIM2
enhanced expression induced by green forage diet strengthens the antimicrobial response in the buffalo ruminal
wall. Conversely, WARS gene is down-regulated and associated with a hypermethylated DMR located in the
promoter. WARSI encodes a cytoplasmatic aminoacyl-tRNA synthetase known to have roles in innate immune
system and inflammatory responses®!~*°. In a Genome-Wide Association Study (GWAS), genetic variants of
WARS2, encoding the mitochondrial form of aminoacyl-tRNA synthetases, were associated with fatty acid
composition in beef”’. DUOXI, is up-regulated in Treated animals and coherently associated with increased
DNA methylation in its gene body. This gene encodes a member of the NADPH oxidase family involved in
the production of hydrogen peroxide. Notably, increased expression of DUOX1 in goat rumen was negatively
correlated with the microbial metabolism of starch and sucrose, evidence that suggests a role of this factor in
rumen immunity and the control of microbial colonization®. Accordingly, DUOX1-mediated ROS production
has been proposed to have an antimicrobial effect®®. As for DUOX1, also KCNK10 gene is up-regulated upon green
forage administration and coherently associated with two hypermethylated DMRs in the gene body. This gene
encodes a potassium transport channel activated by arachidonic acid and other naturally occurring unsaturated
free fatty acids*’, with a function for muscle contraction and differentiation. This evidence suggests a role of
green forage in stimulating the ruminal muscular function. The TFAP2E is an up-regulated gene consistently
associated with a hypermethylated DMR located in the gene body. The product of this gene is a transcription
factor that regulates numerous genes involved in multiple biological processes, such as development, cell cycle
and differentiation, through the binding of their promoters and enhancers*!. In a recent GWAS study, genetic
variants of TFAP2E were associated with ketosis in cattle*2. Furthermore, TFAP2E has been indicated among
the candidate genes involved in the determination of the genetic trait of fat yield in buffalo based on single-
step genomic best linear unbiased prediction and random regression models*>. TNXB gene, which encodes a
glycoprotein of extracellular matrix with a role in fatty acid metabolism, is down-regulated upon green forage
administration and associated with a hypomethylated DMR in the gene body. TNXB down-regulation was
observed in Brazilian bull thoracic muscle in association with high levels of fatty acids in the muscle*. It is
reasonable to hypothesize that the down-regulation of this gene, observed following a green forage diet, could
have an impact on the quality of the meat. Recently, it was reported that different expression levels of TNXB are
associated with variations in adipose tissue deposition in different sheep breeds*. These data are in agreement
with the role of the extracellular matrix in the regulation of adipogenesis, through the formation of a structural
support for adipocytes.

We found changes in both DNA methylation status and in the expression levels of genes encoding factors
related to energy metabolism and, hence, rumen fermentability due to the composition of green forage, enriched
in simple sugars. Indeed, different genes the product of which participates in the regulation of systemic glucose
homeostasis, such as BMP6 and UPP1, have been highlighted in this study. The BMP6 gene, which encodes a key
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regulator of iron metabolism*® and glucose homeostasis?’, is up-regulated in Treated animals and associated with
four DMRs located in two annotated CpG islands in the gene body, three of which are hypomethylated and one is
hypermethylated. Three of the four DMRs are included in an annotated CpG island that spans the exon 1 and the
promoter of the gene. It is interesting to note that the up-regulation of BMP6 in the rumen epithelium had been
reported in cattle fed a high grain content diet*®, and in Japanese Black cattle during weaning, this latter a period
in which rumen papillae start to increase their density and length*’. UPPI gene is up-regulated in treated animals
and associated with two hypomethylated DMRs, one located in the promoter and the other one in the gene body.
UPPI encodes an enzyme with a role in the degradation and salvage of pyrimidine ribonucleosides that catalyzes
the reversible phosphorylation of uridine to uracil and ribose-1-phosphate. The latter is converted into fructose-
6-phosphate and glyceraldehyde-3-phosphate by the non-oxidative branch of the pentose phosphate pathway.
According to this, uridine has been reported to be a meaningful source of energy in specific tissues (blood,
lung, brain and kidney) serving as an alternative energy source®. Since it has already been reported that fresh
forage and hay-based feeding systems resulted in a greater content of uridine in ruminants®!, probably due to
the activity of the Christensenellaceae_R-7_group®* we may speculate an UPP]I transcriptional up-regulation in
response to the higher levels of uridine in Treated animals. UPPI expression, seems to be also correlated with
ruminant health status. Indeed, this gene is down-regulated in rumen tissue under acidotic conditions®?, and its
lower expression has been reported in peripheral blood of cattle showing high levels of stress®*.

The inconsistency between gene expression and methylation status of gene body observed for BMP6,
TENM3 and UPPI genes is not completely unexpected. Although the methylation of the gene body seems to
be a feature of active genes, indeed, its role is poorly understood; it was proposed that this phenomenon does
not impede transcription, but whether it promotes gene expression is still not clear. Of note, in breast cancer
cells, hypomethylation of the gene body has been associated with gene down-regulation®®. Moreover, additional
functions have been proposed for this epigenetic feature, such as the regulation of the splicing®.

Conclusions

To the best of our knowledge, our study provides, for the first time, a broad overview of DNA methylation
changes that occur in buffaloes following green forage feeding, and suggests that green forage modulates, at least
in part, the ruminal wall transcription through changes in this epigenetic signature.

We found that green forage diet has a genome-wide impact on DNA methylation, leading mainly to DNA
hypomethylation with respect to hypermethylation. Furthermore, the inspection of DNA methylation changes
in the proximity of genes highlighted that these changes regard principally protein-coding genes, many of which
encode factors implicated in the regulation of biological processes important for buffalo welfare and rumen
functionality.

The integration of changes in rumen DNA methylation profiles with the previously obtained differential gene
expression data upon green forage administration deepened our understanding of the response of metabolism,
activity, and physiology of rumen to this diet regimen, and pinpoints DNA methylation as a key player in the
diet-dependent transcriptional modulation, adding a further piece of knowledge on the potential effects of the
diet on molecular mechanisms linked to the animal welfare and production of nutraceutical molecules.

Our results will open new perspectives for the setting of innovative precision feeding-based strategies,
taking into account both animal welfare and the production of animal derived food rich in health promoting
biomolecules.

Materials and methods

Animals, dietary treatment, and ruminal tissue collection

Animals, dietary treatment, and ruminal tissue collection

All experimental procedures were performed according to the European Directive 2010/63/EU and the Italian
Legislative Decree No. 26 dated 4th March 2014 and received institutional approval from the Ethical Animal Care
and Use Committee of the University of Naples “Federico II” (Protocol No. 25532 —2022). The animals involved
in this study were the same used for the transcriptomic analyses previously published [23]. The study was carried
out over 60 days at a commercial buffalo dairy farm located in southern Italy, by using Italian Mediterranean
dairy buffaloes (n 14), for which the slaughter was already scheduled. Buffaloes were reared in pens with a
concrete floor and milked twice daily and had undergone an adaptation period of 14 days before beginning the
experiment. Animals were randomly assigned to two homogeneous groups (Control and Treated) according to
parity (5.6+0.6 vs. 5.7 £ 0.5 in Treated vs. Control group), age (8.2 +0.9 vs. 9.2+ 0.4 in Treated vs. Control group),
days in milk (191+37.5 vs. 208 +43.0 in Treated vs. Control group), and average milk production (6.5+0.5 vs.
6.0£0.8 kg/day in Treated vs. Control group), whose values were recorded in the ten days before the beginning
of the trial. The diet of Control buffaloes was a Total Mixed Ration (TMR) whilst Treated buffaloes received
TMR + green forage which comprised ryegrass (approximately 30% of the diet). The forage was re-blossoming
stage ryegrass cut twice a day to avoid any fermentation, without storage and administered to animals through
mixing wagon. The forage: concentrate ratio was 56:44 and 69:31 respectively in Control and Treated animals.
The two diets were created isonitrogenous and isoenergetic and differed only in the inclusion of ryegrass in
treated animals (Table 5). Animals were fed in the morning and in the evening. At the conclusion of the trial
the animals, which were at the end of their reproductive and productive careers, were euthanized all together by
penetrating captive bolt, according to the AVMA Guidelines for the Humane Slaughter of Animals, following
procedures approved by the Ethical Animal Care and Use Committee of the University of Naples “Federico II”.
After the slaughter, samples of rumen were collected for molecular studies. Each sample was labeled and stored
at -80 °C until analysis.
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Item Control buffaloes | Treated buffaloes
Component Amount (kg of feed)
Ryegrass - 25
Corn silage 18 13
Alfalfa hay 5 1
Soybean meal (48%) | 1.6

Concentrate 4.4 4
Corn meal 1 1.8
Hydrogenated fats 0.3 0.3
Calcium carbonate | 0.1

Salt 1:3 0.1 0.1
Vitamins 0.1

Composition (% on dry matter intake)

Dry matter 16.5 16.6
Crude protein 14.7 14.7
Fat 6.0 7.0
NDF 36.8 36.8
ADF 21.2 19.5
NSC 33.8 34.7
Starch 18.8 18.8
Ash 8.8 6.8
Calcium 0.9 1
Phosphorus 0.4 0.4
MFU 0.93 0.93

Table 5. Feed and chemical composition of the Buffalo diets without (Control) or with (Treated) 30% green
ryegrass. NDF neutral detergent fiber, ADF acid detergent fiber, NSC non-structural carbohydrates, MFU milk
forage units.

Isolation of genomic DNA from ruminal wall

Genomic DNA was extracted from 100 mg of frozen ruminal wall tissue of 14 dairy buffaloes, of which 6 received
TMR (Control group) and 8 were fed a TMR + green forage (Treated group). Genomic DNA was extracted
using Wizard Genomic DNA Purification Kit (Promega, Madison, W1, USA), according to the manufacturer’s
instructions. As a further purification step, 10 pg of extracted DNA were subjected to an additional proteinase
K digestion in 200 mM Tris HCI pH 7.5, 0.5 mM EDTA, 0.5% SDS and 15 pg proteinase K (Roche Basel,
Switzerland) for 2 h at 55 °C. The quality and the concentration of DNA samples were determined using
NanoDrop (NanoDrop Technologies, Wilmington, DE, USA) and agarose gel electrophoresis. For all samples,
the ratios of the absorbance at 260 nm and 280 nm (A260/280) and at 260 nm and 230 nm (A260/230) were
between 1.8 and 2.0 and 1.9-2.2, respectively. Five pg of each DNA sample was sent to IGA Technology Services
(Udine, Italy) for library generation and sequencing.

RRBS library Preparation and sequencing

After quantification of DNA samples with Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA), 100 ng of high-
quality DNA from each sample was used as input for library generation using the Ovation RRBS Methyl-Seq
System (NuGEN, Redwood City, CA), following the manufacturer’s instructions. Briefly, DNA was digested with
the methylation insensitive restriction enzyme Mspl, which recognizes CCGG, ligated to sequencing adaptors,
repaired, converted with bisulfite, and amplified by PCR (7 cycles of PCR). Unmethylated lambda phage DNA
was spiked-in to estimate the bisulfite conversion rate. The concentration of the final libraries was measured with
both Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) and Caliper GX DNA Assay (PerkinElmer, Waltham,
MA). Libraries were then sequenced in paired-end mode of 100 bp, 20 M reads per sample, using a NovaSeq6000
(Illumina, San Diego, CA). The processing of raw data for both format conversion and de-multiplexing was
performed by Bcl2Fastq 2.20 version of the Illumina pipeline.

RRBS reads processing and mapping

Bioinformatic analysis were carried out by Sequentia Biotech (Barcelona, Spain). Raw reads were first processed
with UMI-tools®® to extract the UMI sequences. After that, trimming was performed to remove low quality bases
(minimum Phred =15), adapter sequences and short reads (minimum length=35 bp) using Trimmomatic®
Filtered reads were then aligned to the buffalo reference genome sequence (NCBI: GCF_003121395.1, <‘UOA
WB_1") using Bismark®. After mapping, UMI-tools dedup was used to remove duplicates based on UMI
information. CpGs methylation levels were then extracted from the deduplicated BAM files using MethylDackel
[https://github.com/dpryan79/MethylDackel].
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Identification of differentially methylated regions (DMRs)

The CpG methylation values obtained from MethylDackel were used as input for the statistical analyses, which
were performed with the R programming language. The package bsseq ¢! was used to obtain normalized
smoothed methylation values with the following options: ns=20, h=150, maxGap =10,000,000. Only CpGs
with a coverage of at least 5 reads across all the samples were analyzed. Differentially methylated regions between
the two groups were detected using the dmrFinder function from bsseq. Significant DMRs were those having an
areaStat <-3.2 and >+ 3.2 and a quantile-based cutoff of 5%.

Gene ontology analysis

The gene annotations available in NCBI (NCBI: GCF_003121395.1, “UOA_WB_1") were used to associated the
DMRSs to the genomic features of B. bubalis. For operations between BED and GFF files, bedtools was used®.
Gene ontology (GO) enrichment analysis of DMR-associated genes (DMGs) was performed using an in-house
developed script based on the hypergeometric test of GO distribution, setting an FDR <0.05 as the threshold for
statistical significance. All annotated genes in the genome were used as background for the GO analysis.

Methylome and RNA-seq data integration

The FPKM values from the RNA-seq data produced from the same samples described in this study [23] were
downloaded and converted to log2 FPKM. The genes associated to differentially methylated regions (DMG)
were split between those having a DMR in the promoter region and those in the gene body. Pearson correlation
values were then calculated between the percentage of methylation of the DMRs and the log2 FPKM of the
corresponding genes. In addition, the list of DMG and DEGs, from [23], were intersected and a scatter plot was
generated to show the relationship between the log2 fold change values from the RNA-seq and the difference
in methylation. Only the significantly differentially expressed genes associated with a significantly differentially
methylated region were highlighted in the plot. Plots and data analysis were carried out with R using ggplot2
(https://ggplot2.tidyverse.org/) for visualization and the corr.test function from the psych package (https://rdrr.i
o/cran/psych/), for the correlation analysis.

Data availability
The RRBS dataset supporting the conclusions of this article is available in the NCBI repository (BioProject:
PRJNA1107499).
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