
Fonseca et al. BMC Genomics          (2023) 24:511  
https://doi.org/10.1186/s12864-023-09611-y

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom‑
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Genomics

Epigenetic regulation of functional 
candidate genes for milk production traits 
in dairy sheep subjected to protein restriction 
in the prepubertal stage
P. A. S. Fonseca1, A. Suárez‑Vega1, C. Esteban‑Blanco1, R. Pelayo1, H. Marina1, B. Gutiérrez‑Gil1 and J. J. Arranz1* 

Abstract 

Background As the prepubertal stage is a crucial point for the proper development of the mammary gland and milk 
production, this study aims to evaluate how protein restriction at this stage can affect methylation marks in milk 
somatic cells. Here, 28 Assaf ewes were subjected to 42.3% nutritional protein restriction (14 animals, NPR) or fed 
standard diets (14 animals, C) during the prepubertal stage. During the second lactation, the milk somatic cells 
of these ewes were sampled, and the extracted DNA was subjected to whole‑genome bisulfite sequencing.

Results A total of 1154 differentially methylated regions (DMRs) were identified between the NPR and C groups. 
Indeed, the results of functional enrichment analyses of the genes harboring these DMRs suggested their relevant 
effects on the development of the mammary gland and lipid metabolism in sheep. The additional analysis of the cor‑
relations of the mean methylation levels within these DMRs with fat, protein, and dry extract percentages in the milk 
and milk somatic cell counts suggested associations between several DMRs and milk production traits. However, 
there were no phenotypic differences in these traits between the NPR and C groups.

Conclusion In light of the above, the results obtained in the current study might suggest potential candidate genes 
for the regulation of milk production traits in the sheep mammary gland. Further studies focusing on elucidating 
the genetic mechanisms affected by the identified DMRs may help to better understand the biological mechanisms 
modified in the mammary gland of dairy sheep as a response to nutritional challenges and their potential effects 
on milk production.
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Introduction
The world population is constantly increasing, and the 
population size is expected to reach 10.9 billion by 2100 
[1]. Consequently, a demand for increased production of 

food with high nutritional value is expected to emerge. 
However, sustainability and animal welfare standards 
must be maintained with this increase in production, 
which is a challenge for producers [2]. In animal produc-
tion systems, management decisions related to feeding 
strategies can account for up to 75% of all variable costs 
in a herd, and protein accounts for a high proportion of 
these costs [3–5]. Several additional issues are associ-
ated with protein intake in livestock species. For example, 
in Europe, a disturbance of the nutrient cycle related to 
the supply of protein for animal feed is observed due to 
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geographical separation, mainly concerning the import 
of soybeans from subtropical regions [6]. Consequently, 
the protein intake in flocks must be reviewed as a crucial 
component in controlling the sustainability of the whole 
production chain. Equally important, protein prices and 
availability in the market have recently been highly vola-
tile. Therefore, feeding strategies in livestock herds are 
under constant pressure to change and adapt.

In general, nutrition is a major component affecting 
sheep milk composition, and appropriate nutritional 
management is directly related to improvements in the 
nutritional value of the milk [7]. In ruminants, postna-
tal mammary growth occurs at an allometric rate before 
puberty and returns to an isometric rate after puberty [8]. 
In general, sheep reach puberty at 6–8 months old, and 
there is a consensus that the ovine mammary allometric 
growth occurs between 3 and 4 months of age [9, 10]. It is 
well documented that elevated nutrient intake during this 
allometric growth phase results in reduced parenchymal 
mass and DNA [11]. The amplification of genomic DNA 
during lactation is hypothesized to be associated with 
increasing gene copies to support a high rate of RNA 
and protein synthesis [12]. Therefore, the nutrient supply 
during the critical developmental window and the diet 
composition are important factors affecting proper ani-
mal development and production to obtain high-quality 
products that meet consumer demands. Generally, farm-
ers avoid reducing nutrition costs during lactation, try-
ing to maintain the ewe’s productive potential. On the 
other hand, the effects of restricted feeding (reduction in 
concentrate) during the prepubertal stage of Dorset ewes 
were shown to improve mammary gland development 
without affecting growth performance [13]. In addition, 
in dairy cows, supplementation with protein during the 
prepubertal stage did not seem to affect milk production 
later in the lives of these animals [14, 15]. Interestingly, a 
previous study by our group revealed the absence of an 
effect of a 42.3% nutritional protein restriction (NPR) in 
the prepubertal growth stage on economically important 
traits in Spanish Assaf ewe lambs, such as milk somatic 
cell counts (SCC) [16]. This reinforces the notion that 
reducing protein intake in the diet of replacement ewe 
lambs may be performed without negatively impact-
ing their milk production as adult ewes. The absence of 
phenotypic differences between groups of animals fed 
under regimes with substantial differences in protein 
intake during prepuberty might be due to compensa-
tory biological mechanisms. Indeed, among the potential 
biological alterations associated with NPR, DNA meth-
ylation stand out as relevant candidates due to previ-
ously reported effects caused by protein restriction [17, 
18]. Modifications in nutritional status can directly affect 
enzymes related to epigenetic processes or even change 

the availability of substrates for those enzymes [19]. Con-
sequently, these alterations might affect the later expres-
sion of genes related to alterations in the mammary gland 
of ewes subjected to NPR in the prepubertal stage.

In light of the above, the main objectives of this study 
were 1) to evaluate the impact on the genome meth-
ylation state of the milk somatic cells during the second 
lactation of Assaf ewes subjected to NPR during the pre-
pubertal stage and 2) to identify DNA methylation in 
functional candidate genes that are associated with reg-
ulatory mechanisms related to milk production traits in 
dairy sheep.

Material and methods
Sampling and nutritional challenge
Initially, 40 lamb ewes from a single flock in the north-
west region of Castilla y León (Spain) that were trans-
ported to the facilities of the IGM in León were fed 
ad  libitum with a standard diet for replacement ewe 
lambs providing 16% crude protein until three months 
of age and were subsequently divided into two groups. 
The two experimental groups were composed of 20 NPR 
and 20 C animals. To evaluate the impact of the protein 
restriction challenge due to a trade market problem and 
a shortage of concentrate inputs, the C ewes received the 
standard diet mentioned above for 64 d; during the same 
period, the NPR ewes received the same diet but replac-
ing soybean meal with maize and barley grains. The diet 
composition offered to each group is shown in Supple-
mentary Table 1. The NPR diet was planned to produce 
an intense reduction in dietary crude protein (42.3%) 
but has other notable qualitative changes, such as a 16% 
reduction in acid detergent fiber (ADF), a nearly 29% 
increase in acid detergent lignin (ADL) and ether extract. 
The diets were offered ad  libitum for both groups. The 
64-d NPR period in the prepubertal stage was coinci-
dent with the allometric growth of the mammary gland 
[11]. After the experimental period, the animals were 
fed ad  libitum with the standard diet for replacement 
ewe lambs till milk sampling. The ewes passed through 
two gestational and lactation periods, where in the sec-
ond lactation, the milk samples were collected for DNA 
extraction. Only 28 (out of the initial 40 challenged ewes) 
were pregnant in the second lactation. Therefore, these 
ewes constituted the sample used for the methylation 
marks analysis.

DNA extraction and whole‑genome bisulfite sequencing
The milk samples (100 mL, 50 from each teat) obtained 
from 28 animals out of the 40 initially used in the nutri-
tional challenge were collected once before the morning 
milking. Milk somatic cells were obtained using the fol-
lowing protocol: 1) addition of 50 µL of EDTA 0.5 mol/L 
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to each sample; 2) centrifugation at 6000 × g for 10  min 
at 4 °C; 3) transfer of the pellet to a 2 µL microtube and 
centrifugation at 7000  g for 10  min at 4  °C; 4) removal 
of the supernatant and addition of 1 mL of wash buffer 
(15  mmol/L Tris–HCl (pH 7.4–7.6), 25  mmol/L NaCl, 
5  mmol/L  MgCl2, 15  mmol/L  Na2HPO4, 2.5  mmol/L 
EDTA, 1% sucrose); 5) centrifugation at 3000  g for 
3 min at 4  °C; 6) removal of the supernatant and disso-
lution of the pellet in 1  mL of wash buffer; 7) centrifu-
gation at 3,000  g for 3  min at 4  °C (the last two steps 
can be repeated if the supernatant is not clear); finally, 
removal of the supernatant and DNA extraction. DNA 
extraction was performed using the MasterPure™ Com-
plete DNA and RNA Purification Kit. The SCC and the 
DNA concentration (ng/mL) obtained for each sam-
ple are available on Supplementary Fig.  1. The samples 
were used for paired-end (150  bp) library construction 
on the Novogene platform (Milton, Cambridge, United 
Kingdom), and libraries were sequenced on an Illumina 
NovaSeq 6000 system, with a minimum coverage depth 
of 20X for each sample. Detailed information regarding 
library preparation and whole genome bisulfite sequenc-
ing (WGBS) is available from Fonseca et al. (2022) [20]. 
The raw datasets derived from sequencing are available 
in the European Nucleotide Archive (ENA) repository 
under accession number PRJEB56589 (https:// www. ebi. 
ac. uk/ ena/ brows er/ view/ PRJEB 56589).

Differential methylation between nutritionally challenged 
and control sheep
The quality control of the 28 raw samples obtained from 
the aforementioned milk samples was performed using 
FastQC [21]. Subsequently, the reads were trimmed 
based on quality scores, adapters were removed, and 
short reads were filtered using the default options of 
Trim Galore software (version 0.6.5) [22]. Initially, the 
ovine reference genome, Oar_Ram_v2.0, was indexed 
by BowTie2 [23]. Subsequently, the Python script bs_
seeker2-align.py from Bsseeker2 [24] was used to align 
the trimmed reads against the reference genome with the 
default options. The alignment output files were sorted by 
position using SAMtools software (version 1.15.1) [25], 
and duplicate reads were removed using Picard software 
(version 2.25) (https:// broad insti tute. github. io/ picard/). 
Finally, the methylation calling procedure was performed 
using the Python script bs_seeker2-call_methylation.
py from Bsseeker2 using the default options. Addition-
ally, methylated sites with fewer than ten reads mapped 
within the region were filtered out.

Differentially methylated loci (DMLs) and differ-
entially methylated regions (DMRs) were identified 
using the R package DSS [26]. First, a simple average 
algorithm for smoothing was used to estimate mean 

methylation levels. The DMLs were identified by com-
paring the mean methylation levels in the NPR and C 
groups for each methylated site. The DMRs were identi-
fied based on regions harboring statistically significant 
methylated sites based on the following criteria: FDR-
adjusted P value <  10–5 for methylated sites, minimum 
length of 50  bp, minimum number of 50 methylated 
sites, significant percentage of methylated sites being 
in the region (0.5), and a methylation difference greater 
than 0.1. Additionally, the DMRs mapped within 
regions located less than 50  bp from each other were 
merged into a single DMR. The DMRs were assigned 
to candidate genes and annotated for genomic context 
(promoter, intron, exon, and intergenic) with the R 
package genomation [27] using the gene annotation file 
from the ovine reference genome Oar_Ram_v2.0 (anno-
tation release 104). For DMRs that were not mapped 
within a gene coordinate (intergenic regions), the clos-
est gene was assigned to the DMR.

Gene Ontology and metabolic pathway enrichment 
analysis and quantitative trait locus annotation
The R package gprofiler2 was used for GO term and 
KEGG [28, 29] and Reactome pathway enrichment 
analysis. Enriched status was defined based on a false 
discovery rate (FDR) < 0.05. Only GO terms with more 
than 2 and fewer than 1000 assigned genes were con-
sidered for enrichment status. A redundancy reduction 
analysis was performed using the rutils package in R. 
The go_reduce() function was used to estimate seman-
tic similarities between the GO terms via the Wang 
method, where a graph-based strategy for computing 
semantic similarity using the topology of the GO graph 
structure is applied. Subsequently, terms with a similar-
ity threshold higher than 0.7 were grouped. The small-
est adjusted P value was assigned for the different GO 
terms grouped under the same parental GO term, and 
duplicates were removed. The enrichment analysis was 
performed individually for DMRs with higher methyla-
tion means in each group (NPR and C). Additionally, 
the GALLO R package [30] was used to annotate the 
colocalization of the genes harboring DMRs with quan-
titative trait loci (QTL) using SheepQTLdb from Ani-
mal QTLdb [31]. An interval of 250 kb downstream and 
upstream (500 kb in total) from the start and end coor-
dinates of each DMR was considered for QTL annota-
tion. The gff file from SheepQTLdb (Oar_Ram_v2.0) 
was edited to remove QTLs with lengths greater than 
1  Mb. This approach was chosen to avoid the annota-
tion of QTLs covering large regions of chromosomes, 
usually identified by linkage methods and using low-
density microsatellite marker maps.

https://www.ebi.ac.uk/ena/browser/view/PRJEB56589
https://www.ebi.ac.uk/ena/browser/view/PRJEB56589
https://broadinstitute.github.io/picard/
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Statistical analyses
The milk composition of the 28 ewes subjected to WGBS 
was recorded at 11 time points. The sampling points, rep-
resented as the mean (± standard deviation) days in milk 
were: 26.39 (± 8.02), 32.39 (± 8.02), 40.39 (± 8.02), 46.39 
(± 8.02), 52.39 (± 8.02), 53.39 (± 8.02), 57.39 (± 8.02), 58.39 
(± 8.02), 59.39 (± 8.02), 65.39 (± 8.02), 66.39 (± 8.02).

In all these points, the fat percentage (FP), protein 
percentage (PP), dry extract percentage (DE), SCC, and 
milk yield (MY) were assessed. Milk yield was measured 
by weighing the total milk produced by each animal dur-
ing morning and evening milking. Milk FP, PP, and DE 
were determined by infrared spectrophotometry (ISO 
9622:1999) using a MilkoScan FT6000 (Foss), combined 
with a fluoro-opto-electronic counter (Fossomatic 5000, 
Foss) for SCC (ISO 13366–2:2006). The average values of 
FP, PP, DE, and SCC were log-transformed and compared 
between the NPR and C groups using a generalized linear 
model, where the number of lambs born during the cur-
rent lactation was included as a fixed effect. The MY val-
ues were maintained in the original scale and compared 
between NPR and C using the same model. The statistical 
analyses were performed using the statistical software R 
(R version 4.2.0) [32].

The Pearson correlation between the raw values of FP, 
PP, DE, SCC, and MY and the mean methylation level of 
each DMR was estimated using the cor.test function in R. 
The correlations were estimated for each milk trait (FP, 
PP, DE, SCC, and MY) individually for the samples of the 
NPR and C groups. Significant correlations were defined 
using the threshold of a P value < 0.05.

Results
Whole‑genome bisulfite sequencing statistics
The mapping statistics for the reads obtained via WGBS 
are shown in Supplementary Table  2. An average map-
ping rate of 66.40 ± 3.32% was obtained, with values 
ranging from 59.70% to 69.10%. In eukaryotes, meth-
ylation can occur in three different contexts: CG, CHG, 
and CHH, where H is adenine (A), cytosine (C), or thy-
mine (T). The mean percentages (± standard deviation) 
of methylated sites in CG, CHG and CHH contexts were 
71.33 ± 1.15%, 1.34 ± 0.02%, and 1.42 ± 0.02%, respectively, 
in the NPR group. The means for the CG, CHG and CHH 
contexts for the control (C) group were 71.56 ± 0.97%, 
1.34 ± 0.02%, and 1.41 ± 0.02%, respectively. Therefore, 
similar methylation patterns were observed in the NPR 
and C groups.

Identification of DMLs and DMRs between NPR and control 
ewes
In total, 32,247 DMLs were identified between the NPR 
and C groups. A circular Manhattan plot showing the 

distribution of the adjusted p values of the DMLs and a 
density plot showing the distribution of the significant 
DMLs across the genome is presented in Fig. 1. The most 
prominent association peaks were observed on chromo-
somes 1, 7, 11, 20, and 24. The calling of DMRs among 
these DMLs resulted in the identification of 1,154 DMRs 
(Supplementary Table 3). The distribution of these DMRs 
across chromosomes, their lengths and the correspond-
ing mean methylation distribution are shown in Fig. 2A 
and B. The largest number of DMRs was observed on 
chromosome 1 (97 DMRs), and the smallest number of 
DMRs was identified on chromosome X (14 DMRs). The 
comparison of the lengths and mean methylation levels 
of the DMRs did not show substantial general differences 
between the NPR and C groups. Additionally, it is impor-
tant to highlight that the mean methylation level was 
compared with the methylation level of hypermethylated 
DMRs in the NPR and C groups (Fig. 2C). Consequently, 
despite the general similarity between the distribution of 
the mean methylation level, all of these DMRs presented 
differential methylation patterns between the NPR and 
C groups. The percentage of DMRs annotated in each 
gene context (promoter, exon, intron, and intergenic) and 
the number of genes assigned exclusively or simultane-
ously to DMRs that were hypermethylated in the NPR 
or C group are shown in Fig.  2 D and E, respectively. 
The majority of DMRs were mapped to introns or inter-
genic regions, with promoters and exons correspond-
ing to 8.64% and 15.86% of the DMR genomic context, 
respectively. Only 36 genes were simultaneously assigned 
to DMRs that were hypermethylated in the NPR and C 
groups. In total, 540 genes were exclusively assigned to 
DMRs that were hypermethylated in the NPR group, 
while 441 genes were exclusively assigned to DMRs that 
were hypermethylated in the C group.

Candidate genes and functions associated with DMRs 
identified between NPR and control ewes
The ten DMRs with the largest absolute AreaStat (the 
sum of the test statistics of all CpG sites within the DMR) 
are shown in Table  1. The regions harboring the most 
prominent peaks of DMLs (located on chromosomes 
1, 11, 20, and 7) were scrutinized to identify the DMRs 
and the candidate genes in those regions. These regions 
were identified by a constant pattern of decreasing p val-
ues and false discovery rates (FDRs) < 1 ×  10–100. Figure 3 
shows the genomic context of the two regions harboring 
the largest number of DMRs on chromosomes 1 (5 DMRs 
in a 45.5 Kb interval from 112,851,283–112,896,784) and 
20 (6 DMRs in a 1,155.25 Kb interval from 50,206,967–
51,362,216). All DMRs in the abovementioned region of 
chromosome 1 were hypermethylated in the NPR group 
(Supplementary Fig. 2A). On the other hand, among the 
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Fig. 1 Circular Manhattan plot and genomic density distribution of differentially methylated loci (DMLs) identified in the comparison 
between the nutritional protein restriction (NPR) and Control group. In the circular Manhattan plot, the associated values for each DML is in a ‑log10 
scale. In the density plot, the darker the red shade on the bar plots, the highest the density of the DMLs within the 1 Mb windows comprising 
the DMLs. The legend of the density plot represents the number of DMLs associated with each color scale
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6 DMRs called in the analyzed region of chromosome 20, 
four were hypermethylated, and 2 were hypomethylated 
in the NPR group (Supplementary Fig.  2B). The DMRs 
mapped on chromosome 1 are located in a region com-
posed of several tRNAs and two LOCs (mRNA-basic 
proline-rich protein-like and mRNA-collagen alpha-1(I) 
chain-like). Additionally, a second region on chromo-
some 1 harbored one of the DMRs with the ten high-
est AreaStat values. The DMR mapped in this region 
(1:3,049,876–3050313) was also hypermethylated in 
the NPR group and mapped to exonic/intronic regions 
of PER2. From the DMRs mapped on chromosome 20, 
the two hypomethylated DMRs in the NPR group were 

assigned to the GMDS gene. Regarding the hypermeth-
ylated DMRs in the NPR group mapped on chromo-
some 20, two were assigned to the FOXC1 gene, one 
was assigned to the LOC114109593 gene, and one was 
assigned to the LOC121817372 gene. Additionally, two 
DMRs were called in the analyzed region of chromo-
some 7, one hypomethylated in the NPR group and one 
hypermethylated in the NPR group. Both DMRs were 
mapped to intronic regions of the TTC7B gene. On chro-
mosome 11, only one DMR was called in the regions 
harboring prominent peaks of DMLs. This DMR was 
mapped to 11:42,240,935–42,241,421, which corresponds 
to the exonic region of the CAVIN1 gene. This DMR 

Fig. 2 Distribution of differentially methylated regions (DMRs) per chromosome (A), per length in base pairs, bp (B) and by mean methylation 
(C). The percentage of DMRs per each gene context (promoter in purple, exon in red, intron in green, and intergenic in blue) is shown in the pie 
plot (D). The number of genes shared between the DMRs hypermethylated for the nutritional protein restriction (NPR) or control group is shown 
in the Venn Diagram (E). For the violin plots and Venn Diagram, the mean methylation level for DMRs hypermethylated in the control group 
is displayed in green, and the mean methylation for those DMRs hypermethylated in the NPR group is indicated in red
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was hypomethylated in the NPR group (mean methyla-
tion = 0.518) compared to the C group (0.754).

In total, 40 Gene Ontology (GO) terms and 2 KEGG 
pathways were enriched (FDR < 0.05) in genes assigned to 
the identified DMRs. One GO term was shared between 
the genes harboring DMRs that were hypermethylated or 
hypomethylated in the NPR group (ameboidal-type cell 

migration). The genes assigned to DMRs that were hypo-
methylated in the NPR group were associated with 20 
enriched GO terms (16 biological processes and four cel-
lular component terms). For the genes assigned to DMRs 
that were hypermethylated in the NPR group, 19 GO 
terms (15 biological processes, two molecular functions 
and two cellular components) and two KEGG pathways 

Table 1 Differentially methylated regions (DMRs) with the ten highest absolute AreaStat (sum of the test statistics of all CpG sites 
within the DMR) identified in the comparison between the nutritional protein restriction (NPR) and control group

Coordinate Length (bp) Number mCG Mean 
methylation 
NPR

Mean 
methylation 
Control

AreaStat Gene Gene context

1:112,885,455–112,887,339 1885 397 0.362 0.191 6875.091 TRNAL-CAG_5 Promoter/Exon

20:50,694,985–50695939 955 204 0.531 0.306 3474.655 FOXC1 Intergenic

1:112,896,353–112,896,784 432 122 0.299 0.157 2061.900 TRNAG-UCC_11 Promoter/Exon

1:112,851,283–112,851,733 451 116 0.441 0.184 1883.910 TRNAG-GCC_2 Promoter/Exon

11:42,240,935–42241421 487 95 0.518 0.754 ‑1516.839 CAVIN1 Exon

1:3,049,876–3050313 438 49 0.880 0.436 704.617 PER2 Exon/Intron

1:112,869,229–112,869,556 328 57 0.544 0.193 644.766 TRNAL-CAG_3 Promoter

7:100,234,881–100235250 370 40 0.375 0.821 ‑612.966 LOC121820014 Intron

12:79,002,203–79002581 379 52 0.588 0.220 596.674 KIF21B Intergenic

8:74,623,072–74623442 371 52 0.416 0.209 516.377 LOC114116137 Intergenic

Fig. 3 Bubble plots displaying the enrichment results for Gene Ontology (GO) terms (Biological Processes in black, Molecular Functions in blue, 
and Cellular Components in red) and metabolic pathways (in purple) obtained for the genes harboring hypermethylated DMRs in the control group 
(A) and nutritional protein restriction group (B). The area of the circles in the plot corresponds to the number of associated genes for that term, 
while the shade of red represents the adjusted P value (the darker the red shade, the smaller the P value is). The x‑axis shows the richness factor, 
which corresponds to the ratio between the number of associated genes for a specific and the total number of genes assigned for this trait 
in the database
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were identified as enriched. All enriched terms and path-
ways are shown in Fig.  3, and the complete enrichment 
results are available in Supplementary Table  4. In gen-
eral, the enriched terms for the genes harboring DMRs 
that were hypomethylated in the NPR group (hyper-
methylated in the C group) were related to the regula-
tion of organismal development, morphogenesis, and 
homeostasis. On the other hand, the DMRs that were 
hypermethylated in the NPR group were associated 
with more specialized enriched terms, such as phos-
pholipid binding, fat cell differentiation, epithelial cell 
proliferation, circadian behavior, circadian regulation of 
gene expression, and negative regulation of cold-induced 
thermogenesis.

The milk-related quantitative trait loci (QTL) were the 
most frequent QTL class annotated within the coordi-
nates (± 250 kb) of the DMRs that were hypermethylated 

in the NPR (33.13%), and C (29.87%) groups (Fig.  4). 
Enrichment analysis suggested that the trait assigned 
to each QTL class was enriched within the DMR coor-
dinates evaluated (data not shown). For both NPR and 
C hypermethylated DMRs, the most frequent traits 
assigned to the annotated milk-related QTLs were milk 
fat yield {180d}, milk yield {180d}, milk protein yield 
{180d}, and cheese yield. A total of 68 genes were identi-
fied harboring DMRs mapped within the coordinates of 
milk-related QTLs (Supplementary Table 5).

Correlations between milk production and differentially 
methylated regions
The mean values of FP, PP, DE, SCC, and MY for the 28 
ewes evaluated in the current study are available in Sup-
plementary Table  6. In comparisons between the NPR 
and C groups, one animal was excluded since it was the 

Fig. 4 Percentages of quantitative trait loci (QTL) category (upper part) annotated for the differentially methylated regions in a 250 Kb interval 
(downstream and upstream) hypermethylated in NPR (A) and control groups (B). The bar plots (lower part) show the percentage of each 
milk‑related trait assigned to the milk QTL category



Page 9 of 21Fonseca et al. BMC Genomics          (2023) 24:511  

only ewe with a parity of four lambs and because this ewe 
showed substantially larger numbers of SCC across all 11 
time points sampled. The comparison of the log-trans-
formed values between the NPR and C groups indicated 
no effect of the dietary group on FP, PP, DE, SCC, or MY 
(Table 2).

In total, 120, 128, 115, 151, and 118 DMRs were signifi-
cantly correlated with FP, PP, DE, SCC and MY, respec-
tively (Fig. 5A and Supplementary Table 7). The number 
of genes harboring DMRs correlated with different milk-
related traits is shown in Fig. 5B. SCC was the trait with 
the largest number of unique genes harboring signifi-
cantly correlated DMRs (108 genes). Five genes harbored 
DMRs that were correlated with all four milk traits: 
EPHA2, SHANK2, LOC114117507, LOC101121820, 
and LOC114110015. The enriched GO terms and/or 
metabolic pathways of the genes harboring DMRs that 
were significantly correlated with each trait individually 
are shown in Fig.  6 A-D, respectively. The complete list 

of enriched GO terms and metabolic pathways identi-
fied for the genes harboring DMRs correlated with FP, 
PP, DE, and SCC is available in Supplementary Table  8. 
There were no enriched GO terms or metabolic path-
ways among the genes harboring DMRs that were signifi-
cantly correlated with FP based on the 5% FDR threshold. 
Therefore, in Fig. 6A, a 10% FDR threshold was adopted 
for identifying enriched terms. Additionally, just one 
GO term, “Ruffle membrane” (from the cellular com-
ponent class), was identified as enriched for the genes 
positively correlated with MY even applying a FDR 10% 
threshold. The GO terms associated with the genes har-
boring DMRs that were significantly correlated with FP 
were related to phospholipid binding (among other pro-
cesses). For the genes harboring DMRs correlated signifi-
canty with PP, important GO terms were observed, such 
as Cellular response to vascular endothelial growth factor 
stimulus, Response to muscle stretch, and Regulation of 
protein sumoylation. Regarding the GO terms enriched 

Table 2 Mean (± standard deviation) values for fat, protein and dry extract percentages and number of somatic cells counts in the 
milk between the nutritional protein restriction (NPR) and control (C) groups

* P-value computed for the log-transformed values

Milk production trait Group p‑value*

NPR Control

Fat (%) 5.23 (± 0.57) 5.60 (± 0.34) 0.054

Protein (%) 4.79 (± 0.26) 4.86 (± 0.27) 0.438

Dry extract (%) 15.85 (± 0.79) 16.25 (± 0.51) 0.109

Somatic cell count (×  103 cells/ml) 119.61 (± 57.42) 200.44 (± 315.64) 0.526

Milk yield (Kg) 2.80 (± 0.57) 2.96 (± 0.46) 0.431

Fig. 5 Functional characterization of differentially methylated regions (DMR) significantly correlated with fat (FP), protein (PP), dry extract (DE) 
percentages, somatic cell counts (SCC), and milk yield (MY). A Number of DMRs positively (in red) and negatively (in green) correlated with each 
evaluated trait identified individually using the data comprising the nutritional protein restriction (NPR) and control group. B Venn diagram showing 
the number of genes harboring significantly correlated DMRs, shared between FP (in red), PP (in green), DE (in pink), and SCC (in purple). MY 
was not included in the Venn diagram because just one enriched GO term was identified for the genes harboring significantly correlated DMRs 
with MY
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for the genes harboring DMR correlated with SCC, sev-
eral terms associated with cellular proliferation and 
migration were observed (Regulation of endothelial cell 
migration, Epithelium migration, Epithelial cell prolif-
eration, Regulation of cellular response to growth factor 
stimulus). Table 3 shows 48 DMRs that were significantly 
correlated with at least one of the milk traits (FP, PP, DE, 
and SCC) and were mapped within the genic regions 
(promoter, exon, and intron) of 44 genes associated with 
at least one of the enriched GO terms or metabolic path-
ways. Among these 48 DMRs, 18 significant correlations 
(11 negative and 7 positive) were observed for 17 DMRs 
mapped within 17 genes for FP. For PP, 18 significant 
correlations (5 negative and 13 positive) were observed 
for 18 DMRs mapped within 17 genes. The 14 signifi-
cant correlations observed with DE (2 negatives and 12 
positives) corresponded to 14 DMRs mapped within 

13 genes. For SCC, 18 significant correlations (10 nega-
tives and 8 positives) were observed, which were mapped 
within the genic regions of 17 genes harboring 17 DMRs 
associated with at least one of the enriched GO terms or 
metabolic pathways. Finally, for MY three significant cor-
relations were observed between DMRs mapped in three 
different genes: FAM107A (0.543), PSD2 (-0.674), and 
TESC2 (-0.648).

In general, DMRs that were hypermethylated in the 
NPR group were associated with enriched terms involved 
in biological processes that are functionally relevant to 
mammary gland production, such as phospholipid bind-
ing, fat cell differentiation, epithelial cell proliferation, the 
response to growth factors, and the regulation of circa-
dian behavior. On the other hand, the hypermethylated 
DMRs in the C group (or hypomethylated DMRs in the 
NPR group) were associated with enriched GO terms 

Fig. 6 Bubble plots displaying the enrichment results for Gene Ontology (GO) terms (Biological Processes in black, Molecular Functions in blue, 
and Cellular Components in red) and metabolic pathways (in purple) obtained for the genes harboring significantly correlated DMRs with FP (A), 
PP (B), DE (C), and SCC (D). The area of the circles in the plot corresponds to the number of associated genes for that term, while the shade of red 
represents the adjusted p‑value (the darker the red shade, the smallest the p‑value). The x‑axis shows the richness factor, which corresponds 
to the ratio between the number of associated genes for a specific and the total number of genes assigned for this trait in the database



Page 11 of 21Fonseca et al. BMC Genomics          (2023) 24:511  

Ta
bl

e 
3 

D
iff

er
en

tia
lly

 m
et

hy
la

te
d 

re
gi

on
s 

(D
M

Rs
) 

id
en

tifi
ed

 i
n 

th
e 

co
m

pa
ris

on
 b

et
w

ee
n 

th
e 

nu
tr

iti
on

al
 p

ro
te

in
 r

es
tr

ic
tio

n 
(N

PR
) 

an
d 

co
nt

ro
l 

gr
ou

p 
m

ap
pe

d 
w

ith
in

 g
en

e 
co

or
di

na
te

s 
(p

ro
m

ot
er

, e
xo

n,
 a

nd
 in

tr
on

s)
 id

en
tifi

ed
 in

 t
he

 c
om

pa
ris

on
 b

et
w

ee
n 

N
PR

 a
nd

 c
on

tr
ol

 g
ro

up
 a

nd
 s

ig
ni

fic
an

tly
 c

or
re

la
te

d 
w

ith
 fa

t 
(F

P)
, p

ro
te

in
 (

PP
), 

dr
y 

ex
tr

ac
t 

(D
E)

 
pe

rc
en

ta
ge

s, 
so

m
at

ic
 c

el
ls

 c
ou

nt
 (S

CC
), 

an
d 

m
ilk

 y
ie

ld
 (M

Y
)

G
en

e
Tr

ai
t

r2
p‑

va
lu

e
G

ro
up

Co
or

di
na

te
Le

ng
th

 (b
p)

nC
G

M
ea

n 
m

et
hy

la
tio

n 
N

PR

M
ea

n 
m

et
hy

la
tio

n 
Co

nt
ro

l

G
en

e 
re

gi
on

A
ss

oc
ia

te
d 

en
ri

ch
ed

 te
rm

AN
XA

11
D

E
‑0

.6
84

0.
00

9
N

PR
25

:3
4,

32
3,

91
6–

34
,3

23
,9

82
67

9
0.

71
3

0.
51

7
In

tr
on

Ph
os

ph
ol

ip
id

 b
in

di
ng

AN
XA

11
FP

0.
67

0
0.

01
1

C
25

:3
4,

32
3,

91
6–

34
,3

23
,9

82
67

9
0.

71
3

0.
51

7
In

tr
on

AN
XA

11
FP

‑0
.5

87
0.

03
0

N
PR

25
:3

4,
32

3,
91

6–
34

,3
23

,9
82

67
9

0.
71

3
0.

51
7

In
tr

on

AP
2A
2

D
E

0.
67

0
0.

01
1

C
21

:4
6,

83
7,

76
2–

46
,8

37
,8

54
93

6
0.

29
2

0.
95

5
In

tr
on

W
N

T5
A

‑d
ep

en
de

nt
 in

te
rn

al
iz

at
io

n 
of

 F
ZD

4

AP
2A
2

PP
0.

64
4

0.
01

5
C

21
:4

6,
83

7,
76

2–
46

,8
37

,8
54

93
6

0.
29

2
0.

95
5

In
tr

on

AS
AP

1
PP

‑0
.7

10
0.

00
6

C
9:

23
,4

58
,8

39
–2

3,
45

9,
05

1
21

3
25

0.
53

7
0.

21
2

In
tr

on
Re

gu
la

tio
n 

of
 p

od
os

om
e 

as
se

m
bl

y,
 P

os
iti

ve
 re

gu
la

tio
n 

of
 o

rg
an

el
le

 o
rg

an
iz

at
io

n

CC
BE
1

SC
C

0.
53

8
0.

05
0

C
23

:5
8,

87
9,

91
2–

58
,8

79
,9

95
84

11
0.

41
2

0.
64

1
In

tr
on

Re
gu

la
tio

n 
of

 e
nd

ot
he

lia
l c

el
l m

ig
ra

tio
n,

 E
pi

th
el

iu
m

 
m

ig
ra

tio
n,

 B
lo

od
 v

es
se

l d
ev

el
op

m
en

t, 
Tu

be
 m

or
ph

o‑
ge

ne
si

s, 
Re

gu
la

tio
n 

of
 ly

m
ph

an
gi

og
en

es
is

, R
eg

ul
at

io
n 

of
 c

el
lu

la
r r

es
po

ns
e 

to
 g

ro
w

th
 fa

ct
or

 s
tim

ul
us

CD
KN

1C
FP

‑0
.5

96
0.

02
8

N
PR

21
:4

5,
16

8,
35

8–
45

,1
68

,5
04

14
7

13
0.

46
0

0.
76

7
In

tr
on

Pr
ot

ei
n 

ki
na

se
 in

hi
bi

to
r a

ct
iv

ity
, E

pi
th

el
ia

l c
el

l p
ro

lif
er

a‑
tio

n,
 R

eg
ul

at
io

n 
of

 c
el

lu
la

r r
es

po
ns

e 
to

 g
ro

w
th

 fa
ct

or
 

st
im

ul
us

CD
KN

1C
SC

C
0.

61
3

0.
02

2
N

PR
21

:4
5,

16
8,

35
8–

45
,1

68
,5

04
14

7
13

0.
46

0
0.

76
7

In
tr

on

CH
D
8

PP
‑0

.6
18

0.
02

1
C

7:
24

,0
79

,6
37

–2
40

79
71

8
82

4
0.

71
4

0.
91

9
Ex

on
/I

nt
ro

n
C

ho
rd

at
e 

em
br

yo
ni

c 
de

ve
lo

pm
en

t, 
N

eg
at

iv
e 

re
gu

la
‑

tio
n 

of
 tr

an
sc

rip
tio

n 
by

 R
N

A
 p

ol
ym

er
as

e 
II

CH
D
8

SC
C

0.
56

0
0.

04
0

C
7:

24
,0

79
,6

37
–2

40
79

71
8

82
4

0.
71

4
0.

91
9

Ex
on

/I
nt

ro
n

CO
L5
A1

SC
C

‑0
.6

48
0.

01
5

C
3:

1,
63

3,
93

2–
1,

63
4,

02
0

89
7

0.
23

5
0.

90
2

In
tr

on
Bl

oo
d 

ve
ss

el
 d

ev
el

op
m

en
t

CT
BP
2

D
E

0.
60

9
0.

02
4

C
22

:4
4,

17
6,

75
8–

44
,1

76
,9

42
18

5
7

0.
73

5
0.

42
1

In
tr

on
Ki

na
se

 b
in

di
ng

, S
tr

uc
tu

ra
l c

on
st

itu
en

t o
f s

yn
ap

se
, 

N
eg

at
iv

e 
re

gu
la

tio
n 

of
 tr

an
sc

rip
tio

n 
by

 R
N

A
 p

ol
ym

er
‑

as
e 

II,
 T

ra
ns

cr
ip

tio
n 

re
pr

es
so

r c
om

pl
ex

, C
el

l c
or

te
x 

re
gi

on
, M

ai
nt

en
an

ce
 o

f s
yn

ap
se

 s
tr

uc
tu

re

CT
BP
2

D
E

0.
55

2
0.

04
4

C
22

:4
4,

08
5,

60
1–

44
08

57
31

13
1

11
0.

38
6

0.
71

5
In

tr
on

CT
BP
2

FP
0.

69
2

0.
00

8
C

22
:4

4,
08

5,
60

1–
44

08
57

31
13

1
11

0.
38

6
0.

71
5

In
tr

on

CT
BP
2

PP
0.

54
7

0.
04

6
C

22
:4

4,
11

4,
59

7–
44

,1
14

,7
26

13
0

10
0.

44
3

0.
76

0
In

tr
on

CT
BP
2

PP
‑0

.6
09

0.
02

1
N

PR
22

:4
4,

19
3,

71
8–

44
,1

93
,8

09
92

9
0.

77
2

0.
50

4
In

tr
on



Page 12 of 21Fonseca et al. BMC Genomics          (2023) 24:511 

Ta
bl

e 
3 

(c
on

tin
ue

d)

G
en

e
Tr

ai
t

r2
p‑

va
lu

e
G

ro
up

Co
or

di
na

te
Le

ng
th

 (b
p)

nC
G

M
ea

n 
m

et
hy

la
tio

n 
N

PR

M
ea

n 
m

et
hy

la
tio

n 
Co

nt
ro

l

G
en

e 
re

gi
on

A
ss

oc
ia

te
d 

en
ri

ch
ed

 te
rm

CT
N
N
B1

D
E

0.
64

8
0.

01
5

N
PR

19
:1

3,
88

7,
46

9–
13

,8
87

,5
76

10
8

4
0.

35
4

0.
69

1
In

tr
on

C
ho

rd
at

e 
em

br
yo

ni
c 

de
ve

lo
pm

en
t, 

Po
si

tiv
e 

re
gu

la
tio

n 
of

 p
ro

te
og

ly
ca

n 
bi

os
yn

th
et

ic
 p

ro
ce

ss
, P

os
iti

ve
 re

gu
la

‑
tio

n 
of

 c
or

e 
pr

om
ot

er
 b

in
di

ng
, N

eg
at

iv
e 

re
gu

la
tio

n 
of

 tr
an

sc
rip

tio
n 

by
 R

N
A

 p
ol

ym
er

as
e 

II,
 M

es
on

ep
hr

ic
 

ep
ith

el
iu

m
 d

ev
el

op
m

en
t, 

Re
na

l v
es

ic
le

 fo
rm

at
io

n,
 

Po
si

tiv
e 

re
gu

la
tio

n 
of

 fi
br

ob
la

st
 g

ro
w

th
 fa

ct
or

 re
ce

pt
or

 
si

gn
al

in
g 

pa
th

w
ay

, N
eg

at
iv

e 
re

gu
la

tio
n 

of
 e

pi
th

e‑
lia

l c
el

l d
iff

er
en

tia
tio

n,
 G

lia
l c

el
l f

at
e 

co
m

m
itm

en
t, 

M
es

en
ch

ym
al

 c
el

l d
iff

er
en

tia
tio

n,
 P

os
iti

ve
 re

gu
la

tio
n 

of
 o

rg
an

el
le

 o
rg

an
iz

at
io

n,
 B

ra
nc

hi
ng

 m
or

ph
og

en
es

is
 

of
 a

n 
ep

ith
el

ia
l t

ub
e,

 T
ra

ns
cr

ip
tio

n 
re

pr
es

so
r c

om
pl

ex
, 

Le
ns

 m
or

ph
og

en
es

is
 in

 c
am

er
a‑

ty
pe

 e
ye

, C
el

l c
or

te
x 

re
gi

on
, R

es
po

ns
e 

to
 m

us
cl

e 
st

re
tc

h,
 R

eg
ul

at
io

n 
of

 p
ro

te
in

 s
um

oy
la

tio
n,

 T
el

en
ce

ph
al

on
 g

lia
l c

el
l m

ig
ra

‑
tio

n,
 R

ap
1 

si
gn

al
in

g 
pa

th
w

ay
, R

eg
ul

at
io

n 
of

 p
ro

te
in

 
su

m
oy

la
tio

n

CT
N
N
B1

PP
0.

66
2

0.
01

2
N

PR
19

:1
3,

88
7,

46
9–

13
,8

87
,5

76
10

8
4

0.
35

4
0.

69
1

In
tr

on

D
G
KD

FP
‑0

.5
60

0.
04

0
C

1:
7,

60
7,

20
3–

76
07

31
3

11
1

12
0.

78
4

0.
46

1
Pr

om
ot

er
/I

nt
ro

n
Ki

na
se

 b
in

di
ng

, P
ho

sp
ho

lip
id

 b
in

di
ng

EG
R3

PP
0.

62
2

0.
02

0
C

2:
42

,9
13

,8
72

–4
2,

91
3,

94
4

73
4

0.
30

8
0.

65
8

In
tr

on
A

m
eb

oi
da

l‑t
yp

e 
ce

ll 
m

ig
ra

tio
n,

 E
pi

th
el

iu
m

 m
ig

ra
tio

n,
 

Ce
llu

la
r r

es
po

ns
e 

to
 v

as
cu

la
r e

nd
ot

he
lia

l g
ro

w
th

 fa
ct

or
 

st
im

ul
us

EP
H
B2

SC
C

‑0
.5

36
0.

04
8

C
2:

24
3,

81
1,

72
8–

24
3,

81
1,

96
1

23
4

10
0.

66
2

0.
38

0
In

tr
on

Bl
oo

d 
ve

ss
el

 d
ev

el
op

m
en

t, 
Tu

be
 m

or
ph

og
en

es
is

, 
A

xo
n 

gu
id

an
ce

, P
os

iti
ve

 re
gu

la
tio

n 
of

 p
ro

te
in

 lo
ca

liz
a‑

tio
n 

to
 p

la
sm

a 
m

em
br

an
e

ES
YT
2

D
E

0.
82

4
0.

00
0

N
PR

4:
12

1,
07

6,
54

7–
12

10
76

92
5

37
9

26
0.

48
4

0.
86

8
In

tr
on

Ph
os

ph
ol

ip
id

 b
in

di
ng

ES
YT
2

FP
0.

79
1

0.
00

1
N

PR
4:

12
1,

07
6,

54
7–

12
10

76
92

5
37

9
26

0.
48

4
0.

86
8

In
tr

on

EV
L

D
E

0.
62

2
0.

02
0

C
18

:6
2,

59
0,

35
6–

62
59

04
48

93
10

0.
66

4
0.

41
7

Pr
om

ot
er

A
m

eb
oi

da
l‑t

yp
e 

ce
ll 

m
ig

ra
tio

n,
 E

pi
th

el
iu

m
 m

ig
ra

tio
n,

 
Po

si
tiv

e 
re

gu
la

tio
n 

of
 o

rg
an

el
le

 o
rg

an
iz

at
io

n,
 R

ap
1 

si
gn

al
in

g 
pa

th
w

ay
, A

m
eb

oi
da

l‑t
yp

e 
ce

ll 
m

ig
ra

tio
n,

 
Ep

ith
el

iu
m

 m
ig

ra
tio

n

EV
L

PP
0.

54
4

0.
04

4
N

PR
18

:6
2,

71
3,

45
1–

62
,7

13
,5

11
61

11
0.

83
5

0.
49

4
In

tr
on

EV
L

SC
C

‑0
.5

68
0.

03
4

C
18

:6
2,

71
3,

45
1–

62
,7

13
,5

11
61

11
0.

83
5

0.
49

4
In

tr
on

FA
M
10
7A

M
Y

0.
54

3
0.

04
7

N
PR

19
:4

2,
90

7,
37

0–
42

90
74

24
55

6
0.

70
0

0.
47

6
In

tr
on

Ru
ffl

e 
m

em
br

an
e

G
AT
A3

SC
C

‑0
.6

62
0.

01
2

C
13

:1
2,

39
3,

88
7–

12
,3

93
,9

56
70

9
0.

33
7

0.
56

0
Ex

on
Re

gu
la

tio
n 

of
 e

nd
ot

he
lia

l c
el

l m
ig

ra
tio

n,
 E

pi
th

el
iu

m
 

m
ig

ra
tio

n,
 T

ub
e 

m
or

ph
og

en
es

is
, E

pi
th

el
ia

l c
el

l p
ro

‑
lif

er
at

io
n,

 R
eg

ul
at

io
n 

of
 c

el
lu

la
r r

es
po

ns
e 

to
 g

ro
w

th
 

fa
ct

or
 s

tim
ul

us

G
FI
1

PP
0.

59
4

0.
02

5
C

1:
69

,7
39

,2
82

–6
9,

73
9,

34
7

66
12

0.
45

8
0.

25
7

Pr
om

ot
er

N
eg

at
iv

e 
re

gu
la

tio
n 

of
 tr

an
sc

rip
tio

n 
by

 R
N

A
 p

ol
ym

er
‑

as
e 

II,
 T

ra
ns

cr
ip

tio
n 

re
pr

es
so

r c
om

pl
ex

G
SN

PP
‑0

.5
91

0.
02

9
N

PR
2:

2,
23

0,
78

2–
22

30
86

4
83

5
0.

71
7

0.
39

5
In

tr
on

Re
gu

la
tio

n 
of

 p
od

os
om

e 
as

se
m

bl
y,

 P
os

iti
ve

 re
gu

la
tio

n 
of

 o
rg

an
el

le
 o

rg
an

iz
at

io
n,

 C
ar

di
ac

 m
us

cl
e 

ce
ll 

co
nt

ra
c‑

tio
n,

 R
es

po
ns

e 
to

 m
us

cl
e 

st
re

tc
h



Page 13 of 21Fonseca et al. BMC Genomics          (2023) 24:511  

Ta
bl

e 
3 

(c
on

tin
ue

d)

G
en

e
Tr

ai
t

r2
p‑

va
lu

e
G

ro
up

Co
or

di
na

te
Le

ng
th

 (b
p)

nC
G

M
ea

n 
m

et
hy

la
tio

n 
N

PR

M
ea

n 
m

et
hy

la
tio

n 
Co

nt
ro

l

G
en

e 
re

gi
on

A
ss

oc
ia

te
d 

en
ri

ch
ed

 te
rm

H
M
G
B1

SC
C

0.
56

9
0.

03
7

N
PR

10
:3

0,
61

1,
36

8–
30

61
14

52
85

7
0.

43
4

0.
63

9
In

tr
on

Re
gu

la
tio

n 
of

 e
nd

ot
he

lia
l c

el
l m

ig
ra

tio
n,

 E
pi

th
el

iu
m

 
m

ig
ra

tio
n,

 E
pi

th
el

ia
l c

el
l p

ro
lif

er
at

io
n

IT
G
B2

FP
0.

60
3

0.
02

2
C

1:
26

5,
50

3,
55

6–
26

55
03

66
6

11
1

18
0.

59
1

0.
29

2
In

tr
on

Ki
na

se
 b

in
di

ng

KR
AS

SC
C

0.
55

9
0.

03
8

N
PR

3:
19

0,
37

2,
97

5–
19

03
73

03
1

57
6

0.
46

6
0.

68
5

Pr
om

ot
er

Tu
be

 m
or

ph
og

en
es

is
, A

xo
n 

gu
id

an
ce

M
CF
2L

FP
0.

56
0

0.
03

7
N

PR
10

:8
5,

79
1,

27
3–

85
,7

91
,3

55
83

8
0.

35
1

0.
62

0
In

tr
on

Ph
os

ph
ol

ip
id

 b
in

di
ng

N
ED

D
4L

PP
0.

53
8

0.
05

0
C

23
:5

7,
72

6,
52

8–
57

,7
26

,7
58

23
1

26
0.

86
8

0.
53

3
Ex

on
/I

nt
ro

n
Ca

rd
ia

c 
m

us
cl

e 
ce

ll 
co

nt
ra

ct
io

n,
 L

en
s 

m
or

ph
og

en
es

is
 

in
 c

am
er

a‑
ty

pe
 e

ye

N
KX
6-
3

PP
0.

65
7

0.
01

3
C

26
:3

5,
90

8,
50

5–
35

90
88

12
30

8
21

0.
83

8
0.

42
3

Ex
on

N
eg

at
iv

e 
re

gu
la

tio
n 

of
 tr

an
sc

rip
tio

n 
by

 R
N

A
 p

ol
ym

er
‑

as
e 

II,
 N

eg
at

iv
e 

re
gu

la
tio

n 
of

 e
pi

th
el

ia
l c

el
l d

iff
er

en
tia

‑
tio

n

N
LR
P6

FP
0.

54
7

0.
04

6
N

PR
21

:4
7,

41
7,

07
1–

47
41

72
81

21
1

22
0.

44
9

0.
74

7
Pr

om
ot

er
/I

nt
ro

n
Ph

os
ph

ol
ip

id
 b

in
di

ng

PD
PK
1

SC
C

‑0
.5

52
0.

04
4

C
24

:2
,5

53
,6

87
–2

,5
53

,8
63

17
7

19
0.

81
3

0.
43

0
In

tr
on

Re
gu

la
tio

n 
of

 e
nd

ot
he

lia
l c

el
l m

ig
ra

tio
n,

 E
pi

th
el

iu
m

 
m

ig
ra

tio
n,

 B
lo

od
 v

es
se

l d
ev

el
op

m
en

t, 
Tu

be
 m

or
ph

o‑
ge

ne
si

s, 
Ep

ith
el

ia
l c

el
l p

ro
lif

er
at

io
n,

 R
eg

ul
at

io
n 

of
 c

el
lu

‑
la

r r
es

po
ns

e 
to

 g
ro

w
th

 fa
ct

or
 s

tim
ul

us
, A

xo
n 

gu
id

an
ce

, 
Po

si
tiv

e 
re

gu
la

tio
n 

of
 p

ro
te

in
 lo

ca
liz

at
io

n 
to

 p
la

sm
a 

m
em

br
an

e

PL
XN

A4
SC

C
‑0

.5
38

0.
05

0
N

PR
4:

97
,9

17
,1

24
–9

7,
91

7,
30

1
17

8
15

0.
34

1
0.

61
6

In
tr

on
A

xo
n 

gu
id

an
ce

, S
em

ap
ho

rin
‑p

le
xi

n 
si

gn
al

in
g 

pa
th

w
ay

 
in

vo
lv

ed
 in

 a
xo

n 
gu

id
an

ce

PR
KC

A
D

E
0.

56
5

0.
03

8
N

PR
11

:6
1,

97
0,

93
0–

61
97

11
46

21
7

32
0.

86
7

0.
64

0
In

tr
on

Ra
p1

 s
ig

na
lin

g 
pa

th
w

ay
, W

N
T5

A
‑d

ep
en

de
nt

 in
te

r‑
na

liz
at

io
n 

of
 F

ZD
4,

 D
is

in
hi

bi
tio

n 
of

 S
N

A
RE

 fo
rm

at
io

n,
 

A
m

eb
oi

da
l‑t

yp
e 

ce
ll 

m
ig

ra
tio

n
PR
KC

A
FP

0.
53

8
0.

05
0

N
PR

11
:6

1,
97

0,
93

0–
61

97
11

46
21

7
32

0.
86

7
0.

64
0

In
tr

on

PR
KC
G

D
E

‑0
.5

69
0.

03
7

N
PR

14
:6

2,
28

3,
36

7–
62

,2
83

,4
17

51
5

0.
64

3
0.

93
3

Ex
on

/I
nt

ro
n

Ra
p1

 s
ig

na
lin

g 
pa

th
w

ay
, W

N
T5

A
‑d

ep
en

de
nt

 in
te

rn
al

i‑
za

tio
n 

of
 F

ZD
4,

 D
is

in
hi

bi
tio

n 
of

 S
N

A
RE

 fo
rm

at
io

n

PS
D
2

M
Y

‑0
.6

75
0.

01
0

C
5:

48
,6

28
,0

00
–4

86
28

17
7

17
8

6
0.

90
7

0.
37

6
Pr

om
ot

er
/I

nt
ro

n
Ru

ffl
e 

m
em

br
an

e

RN
H
1

SC
C

0.
57

4
0.

03
2

C
21

:4
7,

18
4,

99
9–

47
,1

85
,0

53
55

10
0.

33
2

0.
70

6
Ex

on
Bl

oo
d 

ve
ss

el
 d

ev
el

op
m

en
t, 

Tu
be

 m
or

ph
og

en
es

is

RP
L7
L1

PP
0.

55
2

0.
04

4
N

PR
20

:1
6,

54
6,

70
2–

16
54

67
74

73
7

0.
40

3
0.

59
8

Ex
on

C
ho

rd
at

e 
em

br
yo

ni
c 

de
ve

lo
pm

en
t

SA
SH

1
SC

C
0.

60
4

0.
02

5
N

PR
8:

72
,9

18
,7

84
–7

2,
91

8,
86

0
77

7
0.

29
8

0.
53

7
Pr

om
ot

er
/E

xo
n/

In
tr

on
Re

gu
la

tio
n 

of
 e

nd
ot

he
lia

l c
el

l m
ig

ra
tio

n,
 E

pi
th

el
iu

m
 

m
ig

ra
tio

n,
 B

lo
od

 v
es

se
l d

ev
el

op
m

en
t, 

Tu
be

 m
or

ph
o‑

ge
ne

si
s

SC
AR

B2
FP

‑0
.5

59
0.

03
8

C
6:

91
,8

33
,5

12
–9

1,
83

3,
63

3
12

2
7

0.
55

3
0.

28
2

In
tr

on
Ph

os
ph

ol
ip

id
 b

in
di

ng

SE
ST
D
1

FP
‑0

.5
51

0.
04

1
C

2:
13

0,
91

1,
12

2–
13

09
11

18
4

63
6

0.
62

7
0.

35
7

In
tr

on
Ph

os
ph

ol
ip

id
 b

in
di

ng

SH
AN

K2
D

E
0.

64
0

0.
01

6
N

PR
21

:4
4,

41
5,

61
4–

44
,4

15
,7

79
16

6
10

0.
66

1
0.

36
5

In
tr

on
St

ru
ct

ur
al

 c
on

st
itu

en
t o

f s
yn

ap
se

, M
ai

nt
en

an
ce

 o
f s

yn
‑

ap
se

 s
tr

uc
tu

re
SH

AN
K2

FP
0.

54
7

0.
04

6
N

PR
21

:4
4,

41
5,

61
4–

44
,4

15
,7

79
16

6
10

0.
66

1
0.

36
5

In
tr

on

SH
AN

K2
PP

0.
56

9
0.

03
7

N
PR

21
:4

4,
41

5,
61

4–
44

,4
15

,7
79

16
6

10
0.

66
1

0.
36

5
In

tr
on

SH
AN

K2
SC

C
‑0

.5
91

0.
02

9
C

21
:4

4,
41

5,
61

4–
44

,4
15

,7
79

16
6

10
0.

66
1

0.
36

5
In

tr
on



Page 14 of 21Fonseca et al. BMC Genomics          (2023) 24:511 

Ta
bl

e 
3 

(c
on

tin
ue

d)

G
en

e
Tr

ai
t

r2
p‑

va
lu

e
G

ro
up

Co
or

di
na

te
Le

ng
th

 (b
p)

nC
G

M
ea

n 
m

et
hy

la
tio

n 
N

PR

M
ea

n 
m

et
hy

la
tio

n 
Co

nt
ro

l

G
en

e 
re

gi
on

A
ss

oc
ia

te
d 

en
ri

ch
ed

 te
rm

SY
D
E1

D
E

0.
61

3
0.

02
2

C
5:

7,
86

1,
39

5–
7,

86
1,

46
7

73
8

0.
70

7
0.

49
0

Ex
on

A
m

eb
oi

da
l‑t

yp
e 

ce
ll 

m
ig

ra
tio

n

SY
N
E3

PP
‑0

.6
47

0.
01

2
N

PR
18

:5
8,

08
3,

71
9–

58
08

37
76

58
5

0.
55

6
0.

34
8

In
tr

on
Le

ns
 m

or
ph

og
en

es
is

 in
 c

am
er

a‑
ty

pe
 e

ye

TE
SC

M
y

‑0
.6

50
0.

01
5

C
17

:5
7,

98
7,

90
4–

57
98

79
79

76
5

0.
40

5
0.

71
4

In
tr

on
Ru

ffl
e 

m
em

br
an

e

TO
M
1L
2

D
E

0.
59

2
0.

02
6

C
11

:3
4,

32
8,

01
7–

34
32

81
06

90
19

0.
45

4
0.

70
6

In
tr

on
Ki

na
se

 b
in

di
ng

, P
ho

sp
ho

lip
id

 b
in

di
ng

TO
M
1L
2

FP
0.

77
0

0.
00

1
C

11
:3

4,
32

8,
01

7–
34

32
81

06
90

19
0.

45
4

0.
70

6
In

tr
on

TR
IM
L1

FP
‑0

.5
96

0.
02

8
C

26
:1

6,
84

5,
52

1–
16

,8
45

,5
93

73
11

0.
84

2
0.

63
3

Ex
on

/I
nt

ro
n

Ki
na

se
 b

in
di

ng

TR
M
T4
4

PP
0.

55
6

0.
03

9
N

PR
6:

11
5,

43
6,

92
3–

11
5,

43
7,

01
3

91
5

0.
73

7
0.

27
6

Pr
om

ot
er

/I
nt

ro
n

tR
N

A
 m

et
hy

la
tio

n,
 T

RN
A

 m
et

hy
ltr

an
sf

er
as

e 
ac

tiv
ity

XD
H

FP
‑0

.5
63

0.
03

6
C

3:
92

,2
63

,1
84

–9
2,

26
3,

24
0

57
5

0.
38

2
0.

67
9

In
tr

on
2 

iro
n,

 2
 s

ul
fu

r c
lu

st
er

 b
in

di
ng

, B
lo

od
 v

es
se

l d
ev

el
op

‑
m

en
t, 

Tu
be

 m
or

ph
og

en
es

is
, E

pi
th

el
ia

l c
el

l p
ro

lif
er

a‑
tio

n,
 R

eg
ul

at
io

n 
of

 c
el

lu
la

r r
es

po
ns

e 
to

 g
ro

w
th

 fa
ct

or
 

st
im

ul
us

XD
H

SC
C

0.
66

9
0.

00
9

N
PR

3:
92

,2
63

,1
84

–9
2,

26
3,

24
0

57
5

0.
38

2
0.

67
9

In
tr

on

XD
H

SC
C

‑0
.5

69
0.

03
4

C
3:

92
,2

63
,1

84
–9

2,
26

3,
24

0
57

5
0.

38
2

0.
67

9
In

tr
on

ZF
P3
6

SC
C

‑0
.5

91
0.

02
9

N
PR

14
:4

8,
46

0,
37

4–
48

46
04

44
71

4
0.

49
6

0.
19

2
Ex

on
Ep

ith
el

ia
l c

el
l p

ro
lif

er
at

io
n

ZM
IZ
1

D
E

0.
70

1
0.

00
7

N
PR

25
:3

4,
08

6,
59

6–
34

08
68

29
23

4
6

0.
41

4
0.

81
5

In
tr

on
C

ho
rd

at
e 

em
br

yo
ni

c 
de

ve
lo

pm
en

t, 
Re

gu
la

tio
n 

of
 p

ro
‑

te
in

 s
um

oy
la

tio
n,

 T
el

en
ce

ph
al

on
 g

lia
l c

el
l m

ig
ra

tio
n,

 
Re

gu
la

tio
n 

of
 p

ro
te

in
 s

um
oy

la
tio

n
ZM

IZ
1

FP
0.

71
4

0.
00

6
N

PR
25

:3
4,

08
6,

59
6–

34
08

68
29

23
4

6
0.

41
4

0.
81

5
In

tr
on

ZM
IZ
1

PP
0.

68
8

0.
00

8
N

PR
25

:3
4,

08
6,

59
6–

34
08

68
29

23
4

6
0.

41
4

0.
81

5
In

tr
on

ZN
F4
23

SC
C

‑0
.7

63
0.

00
2

N
PR

14
:1

7,
67

0,
19

7–
17

67
02

72
76

8
0.

81
3

0.
44

5
In

tr
on

Re
gu

la
tio

n 
of

 c
el

lu
la

r r
es

po
ns

e 
to

 g
ro

w
th

 fa
ct

or
 

st
im

ul
us

ZN
F5
36

D
E

0.
56

0
0.

04
0

N
PR

14
:4

0,
46

0,
90

2–
40

46
11

50
24

9
14

0.
80

3
0.

52
1

Ex
on

N
eg

at
iv

e 
re

gu
la

tio
n 

of
 tr

an
sc

rip
tio

n 
by

 R
N

A
 p

ol
ym

er
‑

as
e 

II
ZN

F5
36

FP
0.

70
5

0.
00

6
N

PR
14

:4
0,

46
0,

90
2–

40
46

11
50

24
9

14
0.

80
3

0.
52

1
Ex

on

ZN
F5
36

PP
0.

54
3

0.
04

8
N

PR
14

:4
0,

46
0,

90
2–

40
46

11
50

24
9

14
0.

80
3

0.
52

1
Ex

on

Bp
 B

as
e 

pa
ir,

 n
CG

 N
um

be
r o

f m
et

hy
la

te
d 

cy
to

si
ne

s 
w

ith
in

 th
e 

D
M

R



Page 15 of 21Fonseca et al. BMC Genomics          (2023) 24:511  

related to organism homeostasis, the regulation of cell 
development, export from the cell, tissue development 
and synapsis-related processes. These processes may be 
related to the general homeostasis, development and 
activity of the mammary gland.

It is important to highlight that the number of signifi-
cant correlations presented is larger than the number of 
DMRs because each DMR was tested for correlation with 
each of the considered milk production traits, and these 
correlations were also tested separately in the NPR and 
C groups.

Discussion
Epigenetic marks are relevant functional targets of nutri-
tional stress conditions with important effects on the 
metabolic status of the organism [33–35]. Nutritional 
status is an important factor affecting milk production 
and quality in dairy sheep, in which fat-related charac-
teristics tend to be more easily affected than milk protein 
levels [36]. Indeed, the supplementation of protein and 
amino acids only marginally affects milk protein levels 
[36]. Recently, our research group reported the absence 
of an effect of NPR on milk production traits such as SCC 
during the first lactation of Assaf ewes [16]. This analy-
sis was performed in the same dataset of animals evalu-
ated in the current study, where the absence of an effect 
of NPR in the prepubertal stage on FP, PP, DE, and SCC 
was also observed during the second lactation. Despite 
the absence of an effect on milk-related production traits, 
a relatively large number of DMRs (1154) were observed 
between the milk somatic cells of animals subjected 
to NPR or not. An important aspect to consider is that 
the substitution of soybean meal from the diet implies a 
modification in the qualitative composition of the NPR 
diet beyond the reduction of crude protein (42.3% in NPR 
animals). Therefore, observed effects on DNA methyla-
tion might not be solely attributed to protein restriction 
but also to (potential) differences in metabolizable energy 
intake and/or modified intake of other nutrients such as 
ADF, ADL or lipids.

On chromosome 1, two regions showed a pattern of 
increased significance for DMLs. Indeed, the DMRs 
mapped within these regions were among the top 10 
DMRs with the highest absolute AreaStat values. The 
first region comprised 5 DMRs in a 45.5 Kb interval from 
112,851,283–112,896,784, and it was mapped within a 
region with several annotated tRNAs. In lactating rats, 
perinatal protein restriction affects the free amino acid 
and fatty acid profile of the milk [37]. Pulina et al. (2006) 
[36] described divergent effects of diets with different 
protein contents on milk composition. The authors sug-
gested that these contrasting results might be related to 
the milk production level achieved in those animals. The 

epigenetic regulation of genomic tRNA loci is described 
in the literature as an important mechanism regulating 
a plethora of biological processes, including metabolic 
regulation and age-related adaptations, and patterns of 
differential methylation in regions with clusters of sev-
eral tRNAs have previously been described [38–41]. 
The other region on chromosome 1 harbored one DMR 
(1:3,049,876–3050313), which was mapped within exonic 
and intronic regions (depending on the transcript) of the 
PER2 gene. This DMR was more than twice as hyper-
methylated in the NPR group as in the C group. The PER2 
gene is associated with the control of circadian rhythm 
in the central nervous system and peripheral organs 
[42]. An important function of PER2 is the regulation of 
PPARγ, a nuclear receptor that plays crucial roles in adi-
pogenesis, the inflammatory response and insulin sensi-
tivity [43–45]. In mice, PER2 deficiency results in drastic 
reductions in total triacylglycerol and nonesterified fatty 
acid levels in white adipocytes [46]. In sheep, the dietetic 
suppression of melatonin alongside constant exposure 
to light increases basal lipolysis and induces the overex-
pression of PER2 and PPARγ, among other adipogenic/
thermogenic and circadian clock genes [47]. In addition, 
in cattle, the silencing of PER2 results in the suppres-
sion of lipid synthesis in the mammary gland through 
the regulation of SREBF1 and PPARγ [48]. The results 
obtained in the comparison between NPR and C animals 
for FP suggest potential differences between the groups 
that could not be observed here due to sample size limi-
tations. The PER2 region is hypomethylated in the NPR 
animals in the current experiment, and it might be acting 
in the inhibition of its expression in the mammary gland 
of these animals, consequently affecting the FP in the 
milk samples. Among other functional candidate genes 
harboring DMRs in the most prominent regions analyzed 
in the current study, FOXC1 and CAVIN1 stand out. A 
DMR mapped in an intergenic region close to FOXC1 
(20:50,694,985–50,695,939) was hypermethylated in the 
NPR group. In mice, the overexpression of FOXC1 results 
in the suppression of lobuloalveologenesis and lactation 
associated with higher percentages of estrogen recep-
tor-, progesterone receptor-, or ki67-positive mammary 
epithelial cells during the lactation stage [49]. The epige-
netic control of FOXC1 during mammary gland devel-
opment was previously described in humans [50]. In the 
current study, one of the exons of the CAVIN1 gene was 
found to harbor a DMR (11:42,240,935–42,241,421) that 
was hypermethylated in the C group compared with the 
NPR group. This gene encodes Caveolae Associated Pro-
tein 1, which acts alongside caveolin-1 to create a unique 
lipid environment in caveolae [51]. Caveolae are domains 
localized on the cell surface in vertebrates that play 
important roles in cell migration and mechanoprotection 
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[52, 53]. The activity and function of caveolin-1 are mod-
ulated by CAVIN1 in different processes, as observed 
for the oncogenic activity of caveolin-1 [54]. In addition, 
caveolin-1 is downregulated during lactation through the 
action of prolactin, and caveolin-1-deficient mice show 
accelerated mammary gland development and premature 
lactation [55, 56]. The same authors demonstrated that 
the recombinant overexpression of caveolin in HC11 cells 
could inhibit the prolactin-induced activation of β-casein 
promoter activity and synthesis [55]. Therefore, FOXC1 
and CAVIN1 have the potential to emerge as functional 
candidate genes involved in the epigenetic control of 
mammary gland production in sheep.

The analysis of QTLs previously described in the 
regions harboring the DMRs in the NPR and C groups 
demonstrated that most annotated QTLs were related 
to milk traits. Among all milk-related QTLs, the regions 
harboring DMRs in the current study were more fre-
quently associated with DE yield (protein and fat, 
mainly), MY and cheese yield. These results suggest a 
potential role of these DMRs in regulating biological pro-
cesses associated with milk-related production traits.

To identify DMRs resulting from nutrient protein 
restriction with the potential to regulate milk-related 
production traits, we tested the correlations between the 
mean methylation levels within the 1154 DMRs and FP, 
PP, DE, SCC, and MY within the NPR and C groups indi-
vidually. In total, DMRs mapped within 424 genes were 
significantly correlated with at least one of the milk traits 
evaluated. The phospholipid-binding molecular func-
tion was the most enriched GO term associated with 
the genes harboring DMRs correlated with FP. Phospho-
lipids are crucial molecules that depend on coordinated 
flux and availability for the proper secretion of milk fat 
and other components [57]. The genes harboring DMRs 
correlated with PP resulted in the largest number of 
enriched GO terms. Among these terms, the large num-
ber of terms associated with the development of different 
structures, such as the differentiation of mesenchymal 
cells and epithelium migration, can be highlighted. The 
interactions between mesenchymal and epithelial cells 
are crucial for the proper development of the mammary 
gland [58]. The Rap1 metabolic signaling pathway was 
the most enriched for those genes harboring DMRs cor-
related with DE. Recently, Rap1 signaling was identified 
as being enriched in coexpressed gene networks from 
bovine mammary epithelial cells contrasted by high- 
and low-fat rates [59]. Additionally, the Rap1 signaling 
pathway is an important component of the proliferation 
and differentiation of mammary epithelial cells with the 
potential to increase milk production [60–62]. The num-
ber of enriched terms linked to endothelial and epithelial 
cell proliferation and migration associated with the genes 

harboring DMRs correlated with SCC stands out. The 
epithelial cells that are shed into milk during lactation 
have cellular characteristics of terminally differentiated 
luminal cells, and the analysis of immunohistochemical 
markers for proliferation indicated an increase in epithe-
lial cell proliferation from early lactation to late lactation 
in cows [63]. This finding is corroborated by the intense 
renewal of epithelial cells during lactation, where most 
mammary cells present in the mammary gland at the end 
of lactation are formed after calving in dairy cows [64]. 
The involvement of the genes harboring DMRs corre-
lated with milk production traits in biological processes 
crucial for mammary gland development and production 
reinforces the possibility that these epigenetic markers 
act in a compensatory mechanism related to the protein 
restriction to which the animals were subjected. Only 
five genes harbored DMRs correlated with all four milk 
traits, among which three were uncharacterized loci: 
LOC114117507, LOC101121820, and LOC114110015, 
while the other two genes were EPHA2 and SHANK2. 
SHANK2 encodes one of the major scaffold proteins of 
excitatory synapses [65]. The establishment of epithelial 
cell polarity is controlled by the formation of tight junc-
tions with the participation of the Rap1 signaling path-
way through the binding of SHANK2 to atypical protein 
kinase C [66]. The DMR mapped in the intronic region 
of SHANK2 (21:44,415,614–44,415,779) was hypermeth-
ylated under NPR and was positively correlated with FP, 
PP, and DE, while it was negatively correlated with SCC. 
EPHA2 has been demonstrated to act as an important 
component of mammary gland development, with roles 
in epithelial proliferation and branching morphogen-
esis, a process that is more active during puberty [67]. 
A DMR mapped to an intergenic region close to EPHA2 
(2:249,637,801–249,638,050) was hypermethylated in 
the NPR group compared with the C group and showed 
negative correlations with FP, PP, and DE. In contrast, a 
positive correlation was observed with SCC. The highest 
absolute correlations were observed between the DMR 
(4:121,076,547–121,076,925) mapped to the intronic 
region of the ESYT2 gene and DE and FP. ESYT2 encodes 
Extended Synaptotagmin 2, a member of the Synaptotag-
min complex, which acts together with SNARE (Soluble 
N-Ethylmaleimide-Sensitive Factor Attachment Protein 
Receptor) proteins as a mediator of the specific fusion 
of transport vesicles and exocytosis with potential func-
tions in mammary epithelial cells [68]. Additionally, 
ESYT2 controls the dynamics of  Ca2+ in different types of 
cells [69], and it is suggested to play a direct role in lipid 
transport [70]. The DMR mapped in the intronic region 
of ESYT2 (4:121,076,547–121,076,925) was hypermethyl-
ated in the C group compared with the NPR group, and it 
was positively correlated with DE and FP.
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Among the other genes harboring DMRs that were 
significantly correlated with milk traits, the functional 
impact of GATA3, HMGB1, CTBP2, and TOM1L2 can 
be highlighted. GATA3 encodes a transcription factor 
expressed in luminal breast epithelial cells that regu-
lates cell proliferation in this tissue [71]. In the current 
study, a DMR in GATA3 (13:12,393,887–12,393,956) was 
hypermethylated in the C group and negatively associ-
ated with SCC according to the values from the animals 
of the C group. In mice, changes in the expression of 
HMGB1, encoding the high mobility group box  1 pro-
tein, are observed during mammary gland development, 
with lower values occurring during lactation and involu-
tion [72]. Here, a hypermethylated DMR in the C group 
(10:30,611,368–30611452), mapped within HMGB1, was 
positively correlated with SCC. CTBP2 genes have previ-
ously been linked with transcriptional corepressor activ-
ity in the liver, acting as metabolic sensors responsible 
for regulating glucose and lipid homeostasis [73]. Three 
different DMRs in CTBP2 were positively correlated 
with DE (22:44,176,758–44,176,942 and 22:44,085,601–
44,085,731), FP (22:44,085,601–44,085,731) and PP 
(22:44,114,597–44,114,726). All of these positive corre-
lations were observed in relation to the values obtained 
for these traits in the C group samples. Additionally, one 
DMR in CTBP2 (22:44,193,718–44,193,809) was nega-
tively correlated with the PP values of the samples in 
the NPR group. TOM1L2 encodes a protein involved in 
membrane trafficking and endocytosis [74, 75]. In goats, 
hypomethylated DMR on TOM1L2 was previously iden-
tified by comparing mammary gland samples from dry 
and lactation periods [76]. Here, a DMR in the intronic 
region of TOM1L2 (11:34,328,017–34,328,106), which 
was hypermethylated in the C group, was positively cor-
related with DE and FP. We also highlight that SREBF1 
is a major regulator of lipid metabolism in the mam-
mary gland, and a putative regulatory effect of this DMR 
on SREBF1 cannot be disregarded [77–79]. Despite the 
absence of functionally relevant enriched terms for the 
DMRs correlated with MY, it is interesting to highlight 
an intronic DMR (9:21,489,061.21489139) mapped in 
the Thyroglobulin (TG) gene which was negatively corre-
lated with FP (-0.538) and positively correlated with MY 
(0.622). Polymorphims in the TG were previously associ-
ated with 305-day milk fat percent and otal lactation fat 
percentage in dairy cows and buffalo [80, 81].

The results obtained here pinpoint putative functional 
candidate genes for milk production traits in sheep based 
on differential methylation patterns. Future studies can 
leverage the results obtained here to better evaluate 
the regulatory elements within the DMRs described in 

the current study. The analysis of active promoters and 
enhancers for these functional candidate genes has the 
potential to better characterize the regulatory mecha-
nisms enrolled with the expression of those genes and the 
phenotypic variance observed among individuals [82]. 
Additionally, analysis comprising the methylation level of 
the candidate DMRs reported here for each cellular type 
available in milk samples might help to understand the 
contribution of each cell type to production traits. It is 
important to mention that the methylation status can be 
a dynamic process and change across time and develop-
ment. For example, in sheep, the analysis of differential 
methylation profiles between fetal and adult muscular 
tissue was useful in providing new insights regarding 
the development of these tissues and the identifica-
tion of potential functional candidate genes that might 
be associated with meat quality and production-related 
traits [83]. Therefore, a longitudinal analysis of DMRs 
in the milk somatic cells across lactations would help to 
identify time-specific methylation marks and candidate 
genes associated with milk components and productions 
in sheep. Despite the absence of significant differences 
between the NPR and C groups for the milk-related traits 
evaluated here, it is important to mention that these ani-
mals showed a significant difference in the body weight 
at the end of the nutritional protein restriction trial as 
shown in Pelayo et al. (2023) [84]. The data evaluated here 
is composed by a limited set of phenotypes at the second 
lactation of these animals. Therefore, a longitudinal study 
evaluating the association of the DMRs described here 
with the same phenotypes (and additional milk-related 
traits) is crucial to better understand the functionality of 
these methylation marks.

The mammary gland is a complex organ that provides 
a combination of immune and epithelial cells. The milk 
somatic cells are mainly cells from the immune system, 
such as lymphocytes, macrophages, and polynuclear 
cells. The reasons for using milk somatic cells in the cur-
rent studies can be classified into practical, evidence-
based, and animal welfare. The animal welfare aspect is 
related to the global demands for animal research, which 
are based, among other aspects, on the 3Rs (Replace-
ment, Reduction, and Refinement) principle. These prin-
ciples are considered a systematic approach to animal 
experimentation that puts the well-being of the animals 
front and center. Based on the 3Rs recommendations, 
an invasive approach (mammary-gland biopsy) should 
be replaced when an efficient proxy is available (Milk 
somatic cells analysis). The evaluation of mammary epi-
thelial cells requires the application of invasive method-
ologies, such as mammary biopsies. From the practical 
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point of view, mammary biopsies are not viable in com-
mercial flocks, which is the case of the animals used in 
the current study, due to potential mammary tissue dam-
age and disruptions in the lactation process. One of the 
main goals of the current study is to identify potential 
biomarkers that could be evaluated in commercial herds. 
Therefore, the use of milk somatic cells is a viable alterna-
tive for the evaluation of such biomarkers. Indeed, from 
an evidence-based point of view, despite the majority of 
the milk somatic cells being immune cells, in goats and 
sheep, several studies described an association between 
milk somatic cells and different milk production traits, 
such as milk yield, protein, mineral, and fat contents, 
and cheese making [85]. The use of WGBS for the inves-
tigation of genetic mechanisms associated with milk 
production is a relatively new approach in all livestock 
species, especially in sheep. Therefore, there are not stud-
ies showing the actual correlation between epigenetic 
markers in milk somatic cells and mammary gland tis-
sues. However, together with the correlations between 
milk somatic cells and milk production traits described 
above, some additional information reinforces the viabil-
ity of using milk somatic cells for the functional evalua-
tion of the mammary gland. For example, studies in other 
species showed that using the transcriptome from milk 
somatic cells is a good representation of the mammary 
gland transcriptome obtained from biopsies [86–89]. 
Furthermore, in a study conducted in our research group 
[90], we proved that transcriptome analysis of somatic 
cells in milk from healthy animals is an excellent proxy 
to analyze specific functional changes in mammary gland 
epithelial cells (changes in the expression profile of genes 
related to the de novo synthesis of milk fat and protein) 
in response to specific feeding strategies or challenges 
such as milk fat depression. Additionally, the evaluation 
of specific biomarkers for mammary gland activity, such 
as the stearoyl‐CoA desaturase (SCD1) expression, sug-
gested milk somatic cells of lactating cows as an indica-
tor of SCD1 activity within the mammary gland [90]. 
This conclusion was reached due to the high correlation 
between the expression values of SCD1 between the 
tissues and also because the SCD1 expression in milk 
somatic cells was significantly related to Δ9-desaturase 
indices in milk, which are commonly used as an indicator 
of SCD1 activity within the mammary gland [87]. Despite 
the absence of a study evaluating the different methyla-
tion levels between the different cell types present in the 
milk somatic cells, some interesting comparisons can be 
made from results obtained from human blood samples. 
Similarly to the milk somatic cells, whole blood samples 
are also composed by different cellular types (in different 
proportions). Talens et al. (2010) [91] analyzed the vari-
ations of DNA methylation in different human tissues, 

with an exciting focus on the correlations between the 
methylation profile of different whole blood cellular 
types. The results obtained suggested that the majority 
of variation observed in the methylation pattern was not 
explained by the cellular heterogeneity, and when some 
variation in DNA methylation that could be explained 
by variation in cellular heterogeneity was observed, this 
variation was generally small, and associations were of 
borderline significance. Therefore, based on the above-
mentioned evidences, we consider the use of milk 
somatic cells an interesting alternative for the epigenetic 
evaluation of the sheep mammary gland.

Conclusion
The results presented here suggest a relevant effect of 
DMRs on the expression of genes associated with milk 
production and lipid metabolism in sheep. The DMRs 
were identified using a strict statistical threshold, and 
the experimental groups were distinguished from each 
other by protein restriction in the diet during the pre-
pubertal stage. Although it is impossible to disregard 
effects on other milk characteristics, such as fatty acid 
and free amino acid profiles, there were no longer-term 
effects (on the second lactation) of protein restriction 
on FP, PP, DE, and SCC. Consequently, the abovemen-
tioned results might suggest a potential impact of the 
DMRs mapped within these candidate genes responsi-
ble for regulating key components of mammary gland 
development and production. It is important to highlight 
that the absence of a significant correlation of some of 
the DMRs with the evaluated milk traits did not exclude 
the possibility of a functional impact of these epigenetic 
markers in the mammary gland. In light of the above, the 
results obtained from the current study help to better 
understand the epigenetic mechanisms associated with 
milk production in the mammary gland of dairy sheep. 
The functionality of these epigenetic markers could be 
validated in further studies applying techniques such 
as ATAC-seq and the identification of expression QTLs 
(eQTLs) associated with the DMRs identified herein and 
other milk-related production traits.
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