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Whole blood transcriptome
analysis of lactating Murrah
buffaloes divergent to
contrasting genetic merits
for milk yield

Poonam Sikka1*, Kunwar Pal Singh1, Inderjeet Singh1,
Dwijesh Chandra Mishra2, Shyam Sundar Paul1, Ashok K. Balhara1,
Jerome Andonissamy1, Krishna Kumar Chaturvedi2,
Atmakuri Ramakrishna Rao2 and Anil Rai2

1Central Institute for Research on Buffaloes, Indian Council of Agricultural Research (ICAR), Hisar,
Haryana, India, 2Indian Agricultural Statistics Research Institute, Indian Council of Agricultural
Research (ICAR), New Delhi, India
Functional genome profiling of Murrah buffaloes (Bubalus bubalis) was

performed for milk-production trait by whole blood transcriptome analysis

comparing RNA-seq data assembled from high and low milk producing

multiparous (5 -6 parity) animals. These buffaloes reflected the genetic merit

inherited as daughters born to extremely high- and low-end bulls evaluated

under a progeny testing scheme and ranked by the estimated breeding value.

The average standard milk yield (SMY) over the 305 d during the parity was

recorded as 2909.50L ± 492.63 and 1869.57 ± 189.36L in high- and low-

performance buffaloes, respectively. The “reference” assembly data was

assembled from transcriptome libraries of a group of buffaloes (n=16),

comprising of animals in different physiological states. Replicates selected

within each category of the high and low genetic merit animals showed a

correlation coefficient of high order (R2=0.98) while comparing with the

`reference' assembly. The sequence data of selected buffaloes, mapped over

the Mediterranean water buffalo genome, revealed differentially expressed genes

(DEGs) distinctly depicted via heat maps and volcano plots obtained for two

categories of animals, determining more than 25,000 genes via the Cufflink

analysis. DEGs included 83 down-regulating and 142 up-regulating genes

(p<0.05, FDR<0.05). Functional classification of the DEGs revealed a fine

networking of biological processes, primarily cell signaling, cell proliferation,

cell differentiation, RNA splicing, fat metabolism, and inflammasome generation.

These processes are regulated by transcription factors and binding proteins

covered under the network of TNF alpha signaling, NF-kappa B signaling and

MAPK PI3K-AKT signaling pathways/ cascade emerged as main biological

pathways. Emerged pathways revealed remarkably intricate tuning of

metabolic and cell development processes converging into milk production in

buffaloes. Segregated patterns of gene expression obtained for high and lowmilk

producing buffaloes using the non-invasive method of whole blood

transcriptome analysis has emerged as a promising resource comprising gene

network and protein -protein interactions, primarily involved in lactation.
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Synergism of transcription factors and binding proteins promoting epigenetic

regulation at all development stages of mammary tissue induce mammogenic

and lactogenic responses for subsequent milk secretion under optimum feeding

management. These findings may help improve breeding strategies to achieve

the desired milk yield in Murrah buffaloes.
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1 Introduction

Milk yield efficiency reflects the integrated functional ability of

multi-organ systems to biosynthesize fat, protein, and lactose to

increase the milk volume by utilizing blood constituents (Bauman

et al., 2006). The synthesis and secretion of 1L of milk is estimated

to require a flow of 400–500L blood through the mammary gland

(Xue et al., 2016). Milk fat and protein yield can be improved by

selective breeding of mates with high estimated breeding values

(EBVs), favoring higher milk yield; however, the contribution of

paternal inheritance towards female progeny performance has been

determined to be greater than that of maternal inheritance

(Schaeffer, 2006) in Murrah buffaloes (Bubalus bubalis). This

warrants further understanding of genomic differences underlying

the metabolic changes translating into high or low milk yield to

identify genomic determinants for efficient milk production that are

less known in buffaloes (B. bubalis). Energy flow to the mammary

tissue is of paramount importance as milk protein synthesis utilizes

approximately 35% of the total energy (Osorio et al., 2016),

supported by circulating insulin (Gan et al., 2013) and glucose in

mammary, liver, adipose, muscle, and immunity cells. Compared

with non-lactating animals, lactating animals exhibit five-fold

higher energy utilization (Schingoethe et al., 1988) and four to

seven-fold greater mRNA translation (Kühn et al., 1999) in the

mammary tissue alone during milk protein synthesis. Nevertheless,

milk fat is secreted by mammary epithelial cells (MECs) as the result

of an energy-driven metabolic shift within the mammary layer

through a synergistic control of cell homeostasis and integrated

functionality of multiple tissues mediated through blood. Therefore,

the blood may exhibit differential expression of genes associated

with milk synthesis, and whole-blood transcriptomics may be used

as a non-invasive method to identify gene variants, unraveling the

complex physiological interactions between various tissues

during lactation.
2 Materials and methods

2.1 Animals and study design

We evaluated two groups of divergent animals, with high and

low genetic value based on the respective sire’s EBV estimated over

150 bulls and phenotype records on the standard milk yield (SMY)
02
of multi-parous (6 to 7 parities) animals at the government farm of

ICAR-Central Institute for Research on Buffaloes, Hisar, India. The

EBV for the SMY for each bull comprised the first lactation records

of 100 daughters of the respective bull, thus comprising 4.575

million milk records compared with available records for

contemporary daughters at the farm. Parental inheritance

contribution from bulls is more than 35% toward their daughter

buffaloes as per progeny testing, thus expressing high and/or low

genetic merits of production as per the inherited potential from

their respective sires. All the animals were in mid-lactation

physiologically and were kept on a uniform feeding system.

Conclusive inference is based on the functional expression of

milk yield trait with respect to high and low genetic merit (sire’s

EBV and phenotypic records for milk production) in buffaloes. The

average SMY over parities was 1869.57 ± 189.36 and 1893.00 ±

275.45 in low milk yielding animals, i.e. MY1 and MY2,

respectively. The SMY for high milk yielding individuals was

2909.50 ± 492.63 and 2419.83 ± 361.49 in MY3 and MY4,

respectively, as replicates in the two study groups were compared

for their RNA-seq data to identify differentially expressed genes

(DEGs). RNA-seq data were obtained selectively, considering high

and low performance extremes with respect to four economically

important traits: residual feed intake, age at first calving, inter-

calving period between the first two calvings, and milk volume for

growth to develop the “reference” assembly.
2.2 RNA isolation and complementary DNA
library preparation for sequencing

RNA extraction was performed using whole blood from B.

bubalis. RNA quality was assessed using an Agilent 2100

Bioanalyzer. mRNA was purified using oligo-dT beads (TruSeq

RNA Kit, Illumina) with 1 mg of RNA (RIN = 8.0). The pure RNA

was fragmented at 90°C and reverse transcribed using random

hexamers and Superscript II Reverse Transcriptase (Life

Technologies). Complementary DNA (cDNA) was synthesized

using RNaseH and DNA polymerase I and was cleaned for SPRI

cleanup using Beckman Coulter Agencourt Ampure XP SPRI beads.

The cDNA molecules were ligated with Illumina adapters after end

repair and were subsequently polyadenylated. The cDNA library

was further amplified using PCR to enrich the adapter-ligated

fragments. Nucleic acid quantification was performed for
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individual libraries using a NanoDrop spectrophotometer, and the

quality was validated using a Bioanalyzer (Agilent Technologies).

Sequencing was performed on an IlluminaHiSeq 2500 platform.

Paired-end FASTQ files with Phred scores >20 were used to obtain

high-quality (HQ)-filtered reads.
2.3 Reference-based transcriptome
assembly, annotation, and global
expression profiling

Considering the vast natural diversity with respect to major

physiological criteria of genetic merit indicating the economic

significance of buffaloes, the “reference” assembly was generated

for animals exhibiting extremely low and high performances with

respect to early maturity, those achieving first calving at a younger

age with the ability to further produce a calf per year, and those

taking optimum time for establishing subsequent pregnancy during

the reproductive life span as a result of efficient feed utilization

selectively to achieve better growth and milk production status.

Therefore, the reference assembly was prepared using paired-

end RNA-seq library, as per the protocol recommended by

Illumina, (GenBank NCBI databases under SRA ID SUB5692555

and the Bio Project ID: PRJNA546485) including 16 test animals of

B.bubalis selected from both low- and high-performance extremes

with respect to the following criteria of physiological merit to

achieve true assembly covering vast diversity: milk production,

age at first calving, inter-calving period, and feed efficiency.

Replicates in each of the high- and low-performing groups in

each physiological category were sequenced using 100 bp paired

end module sequencing and re-assembled into 40–60 million reads

for each library. The reads were subjected to quality control using

the NGSQC tool kit (Patel and Jain, 2012). Paired end sequence

reads with Phred score >Q30 were selected for further analysis.

The HQ-filtered reads obtained from each group were provided

as input to a Trinity assembly with an auto-kmer setting with default

parameters. The output of the Trinity assembly was subjected to an

improved amelioration pipeline to filter putative false positive

transcripts using coverage and depth criteria in each library. This

resulted in true positive transcripts in each library, which were

subjected to CD-HIT EST clustering pipeline for eliminating

redundant transcripts, thereby creating a reference unigene

transcriptome for each library of B.bubalis. This reference unigene

transcriptome was further clustered into a single non-redundant

transcriptome assembly used as a “reference” assembly. HQ reads

obtained from individual libraries generated from low milk yield

performers (MY1 & MY2) and high performers (MY3 & MY4) were

a l igned with the reference buffa lo genome (https : / /

www.ncbi.nlm.nih.gov/assembly/GCF_003121395.1/UOA_WB_1)

using the Bowtie tool for quantification of expressed transcripts.

Transcripts with RPKM ≥1 were considered as expressed in each of

the sequenced library.

The resultant “reference” transcriptome assembly was used as

reference, and reads from each individual libraries were aligned to

the reference using the Bowtie tool for quantification of expressed

transcripts to validate sequencing. Replicate reproducibility was
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assessed using a correlation matrix (R2). Distribution of inter and

intra stages of physiology specifically expressing transcripts (in

replicates) were checked via the Venn diagram approach. Read

count for each transcript was normalized to obtain RPKM≥1, which

qualified it as an expressed transcript in each sequenced library. The

final transcriptome was subjected to SNP calling using SAM tools

and VarScan and filtered (Depth≥30). SNPs were divided based on

the four physiological-stage-specific groups. Milk production

specific transcripts and SNPs in the genes were annotated with

Gene Ontology (GO) and Pathways to perform biological

enrichment analysis.
2.4 RNA-seq data analysis

The reference genome of the Mediterranean water buffalo (B.

buba l i s ) ( h t t p s : / /www . n c b i . n lm . n i h . g o v / a s s emb l y /

GCF_003121395.1/) was used for read alignment of transcripts,

identification of coding regions, and annotation of transcripts using

Kallisto (Nicolas et al., 2016). Replicate transcripts obtained from

the low- and high-merit subgroups were used for differential

expression analysis using DESEQ2 (Love et al., 2014). Transcript

log2ratio ≥2.0 was the limit to select differentially expressed

transcripts. Volcano plots were generated using the R package

“Enhanced Volcano” to identify the differential gene clusters.

Gene ontology (GO) and pathways involved in high or low levels

of milk production were elucidated using the DAVID Functional

Annotation Tool (DAVID Bioinformatics Resources 6.8, NIAID/

NIH) (Da et al., 2007). Differentially expressed transcripts obtained

from individuals of low and high merit for milk production

were identified.
2.5 Gene Ontology and KEGG pathways

GO and KEGG pathways were identified using the DAVID

Functional Annotation Tool. Integrated networks were deduced

using the Cytoscape software (Shannon, 2003).
3 Results and discussion

3.1 Next-generation sequencing

Deep sequencing of RNA obtained from HiSeq platform

resulted in an average of approximately 55 million raw reads of

210bp average insert size per sample library (Table 1). The raw

FASTQ sequences were filtered using NGSQC tool kit to obtain HQ

reads, an average of approximately 50 million HQ reads per sample

(~90%). Each library datapoint had an SD of <30% within and

across indicating uniformity in data generation, which is critical for

estimating transcript coverage and normalization, while the

minimum transcript length cutoff of the assembled transcriptome

was 500 bases and the maximum transcript length observed was 27

kbp. N50 of the assembled transcriptome was approximately 1.97

kbp, indicating good integrity of the transcriptome available for
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expression profiling, resulting in identification of an average of

approximately 57,000 transcripts expressed in one sample.
3.2 Global expression profiling

Transcript distribution provided the expression dynamics

specific to high and low milk yield. Furthermore, the transcripts

obtained with respect to differentials between and within high and

low milk yield subgroups were annotated using GO and KEGG

pathways for biological enrichment analysis. Transcripts obtained

from RNA-seq were subjected to differential expression analysis.

Data retrieval from the HiSeq platform with respect to the replicates

between the high and low milk production subgroups yielded

0.2044 billion reads. An average of 51.1 million raw paired-end

reads (Table 1) with an average insert size of 210bp was used to

determine DEGs.
3.3 Reference-based assembly, validation,
and annotation

The transcriptome assembly comprised 83,783 sequences with

an average sequence length of 1518.46 and G + C% of 48.93, based

on which replicates were compared. HQ reads obtained from the

individual library were mapped over the B. bubalis reference

genome, and around 88.7% of the HQ reads were mapped to the

human reference genome using KALLISTO pipeline, suggesting an

acceptable alignment (Figure 1). Approximately 20% difference in
Frontiers in Animal Science 04
alignment of reads with reference genome indicated underlying

diversity in the genetic merit of individual animals under study, as

the ratio of HQ reads to total reads obtained in each compared

sample library was uniform (0.91–0.93). A high degree of

correlation between biological replicates within the performance

subgroup, with an average R2 value of 0.98 among all the profiled

replicates, indicated acceptable phenotype selection of replicates

and reliable quality of experimentation and sequencing.
3.4 Differential gene expression

Notable differences were observed among the transcripts of

animals of diverse genetic merit referred through the de-regulated

genes (Figure 2). Distinct gene patterns obtained from the RNAseq

data of low and high milk yield subgroups’ animals depicted through

heat maps (Figure 3) covered 30,551 transcripts, representing over

25,000 genes, among which 887 were differentially expressed

transcripts (fold-change value <-2 and padj value <0.05).
TABLE 1 QC Statistics of RNA Seq data obtained for high and low milk yield merit.

Sample Names Raw Reads HIGH QUALITY Reads % HIGH QUALITY Reads (G+C)%

3191 62496240 58625828 93.81% 47.27%

3525 46453774 42677120 91.87% 47.04%

3500 36961982 33773298 91.37% 47.26%

3633 58521632 53629492 91.64% 50.63%

Total 204433628
fron
FIGURE 2

Differentially expressed genes (DEGs) emerged from comparing low
and high yielding buffaloes. The y-axis corresponds to the mean
expression value of log10 (q-value), and the x-axis displays the log2
fold change value. Differential expression of transcripts (padj value <
0.05) is shown in red dots circled in the frame. Blue dots represent
the non-significant differential expression of transcripts between the
two study groups.
FIGURE 1

Alignment percentage of Reference Bubalus bubalis divergent to
high and low SMY (MY) performance.
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Significantly differentiated transcripts were ascribed to the functional

expression of low and high merit in lactating buffaloes.

The downregulated expression of genes was apparently less,

including for 373 genes, than the upregulated expression of 514

genes (Figure 4); 83 and 147 genes were significantly(p<0.05)

downregulated (Table 2) and upregulated (Table 3), respectively.

3.4.1 Downregulated genes and pathways
Poly (ADP-ribose) polymerase member 9 (PARP9), also known as

BAL/BAL1/ARTD9/MGC, was the most significantly downregulated

(padj=5.09486035306163E-10), and phosphodiesterase was the least

significantly (padj=0.776373155513801) downregulated among the 373

differentially transcribed genes in this study. The top 35 significantly
Frontiers in Animal Science 05
(padj.<0.05) downregulated genes (Table 2) identified in this study

were generally associated with various functional processes, such as

DNA repair during cell cycle, mammary cell development, lactogenesis,

apoptosis, and oxidative stress, as discussed in following sub-sections.

3.4.1.1 Downregulation of genes for DNA repair and
mammary cell development

Downregulated activity of poly(ADP-ribose) polymerase (PARP)

II saves energy in mammary cells, sustaining its survival against

different metabolic or chemical agents to propagate milk synthesis

(Desvergne et al., 2005). Downregulated PARP9 propagates synthesis of

casein and alpha lactalbumin by employing the ubiquitination of

transcription repressor protein/downregulation of ribosomal proteins

L17, which inhibits RNA polymerase binding (Askarian-Amiri et al.,

2011), involving downregulation of the zinc finger and BTB domain

containing 37 genes. Downregulation of the transcription repressor

chromodomain helicase D0 binding protein 8 may reduce chromatin

re-modeling activity, favoring milk protein synthesis. Downregulation

of E4F transcription factor 1 (p120E4F, p50E4F) (Moison et al., 2021),

concomitant with PARP1 gene, is involved in DNA repair for cell

cycling during lactation (Bauman et al., 2006),mediating through

energy (ATP) saving activity. DNA repair maintains genomic

integrity and cell survival. Downregulation of NCOA6 in this study

may limit milk fat synthesis, consequently allowing high milk

production (Desvergne et al., 2005) by regulating the binding of

transcription factors to peroxisome proliferator-activator receptor.

The tetra methyl cytosine dioxygenase1 gene, zinc finger NFX1-type

long chain (lnc) RNA, and exportin may support mammary cell

proliferation and lactogenesis when downregulated via DNA de-

methylation through acetylation, i.e., binding of histone H2B GlcN

to CpG-rich sequences at promoters of either transcriptionally active

(Wu et al., 2017) or Polycomb-repressed genes. Thus, they play a role
FIGURE 4

Gene Network and protein interactions in response to Milk volume production in Murrah Buffaloes.
FIGURE 3

HeatMap of RNA Seq reads comparing High and Low genetic merit
buffalo Blood transcriptomes for Milk Volume.
frontiersin.org

https://doi.org/10.3389/fanim.2023.1135429
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org


Sikka et al. 10.3389/fanim.2023.1135429
TABLE 2 Top downregulated (padj<0.05) genes.

id SYMBOL GENENAME log2FoldChange Padj PATH

XM_025285144.1 PARP9 poly(ADP-ribose)
polymerase family
member 9

-8.29677 5.09E-10

XM_025263310.1 ZNFX1 zinc finger NFX1-type
containing 1

-8.57705 5.11E-09

XM_006068498.2 MGC139164 uncharacterized
LOC509649

-6.05026 4.51E-07

XM_006048348.2 MTSS1 MTSS I-BAR domain
containing 1

-7.25544 6.80E-07

XM_006078588.2 USPL1 ubiquitin specific
peptidase like 1

-6.12975 1.28E-06

XM_006070557.2 XPO6 exportin 6 -4.35053 2.65E-06

XM_006054398.2 CBL Cbl proto-oncogene -6.88873 6.05E-06 bta04012, bta04120, bta04144, bta04630, bta04660, bta04910,
bta05100, bta05200, bta05220

XM_006041308.2 ZKSCAN5 zinc finger with
KRAB and SCAN
domains 5

-7.60352 1.06E-05

XM_025296314.1 DPP8 dipeptidyl peptidase 8 -4.25578 2.24E-05

XM_025294951.1 PHF3 PHD finger protein 3 -5.36817 7.76E-05

XM_025287947.1 HIST1H2AK histone cluster 1,
H2ak

-5.70936 0.000123 bta05322

XM_025291635.1 HIPK2 Bubalus bubalis
homeodomain
interacting protein
kinase 2

-7.77973 0.000175

XM_025267011.1 BIRC3 baculoviral IAP repeat
containing 3

-3.47858 0.000273 bta04120, bta04210, bta04510, bta04621, bta05145, bta05200,
bta05222

XM_006075241.2 RPL17 ribosomal protein L17 -3.83091 0.000275 bta03010

XM_025284629.1 TET1 tet methylcytosine
dioxygenase 1

-7.339 0.000308

XM_025289602.1 GRK4 Bubalus bubalis G
protein-coupled
receptor kinase 4

-6.93333 0.000337

XM_025265269.1 NCOA2 nuclear receptor
coactivator 2

-7.47531 0.000357

XM_025268628.1 TENT4B terminal
nucleotidyltransferase
4B

-6.40606 0.001157

XM_025261245.1 MARCH7 membrane associated
ring-CH-type finger 7

-4.23336 0.001177

XM_006073225.2 ZDHHC20 zinc finger DHHC-
type containing 20

-3.65125 0.001291

XM_025296045.1 CHD8 chromodomain
helicase DNA binding
protein 8

-6.68745 0.001375 bta0431

XM_025272280.1 UBP1 upstream binding
protein 1

-7.18584 0.00143

XM_025278399.1 TRIP12 thyroid hormone
receptor interactor 12

-6.55485 0.001503 bta04120

(Continued)
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in post-puberty mammary gland development (Liu et al., 2017),

indicating that tetra methyl cytosine dioxygenase1 serves as a potent

epigenetic enhancer for milk gene expression. Furthermore, exportin

protein regulates mitosis, mediating the nuclear export of actin and

profilin-actin complexes to somatic cells (Stüven et al., 2003) and

inhibiting several mitotic assembly events (Nord et al., 2020). Thus, its

downregulation enhances cell proliferation and differentiation in

mammary tissues and facilitates milk production in high-yielding

buffaloes. Downregulated zinc finger with KRAB protein gene
Frontiers in Animal Science 07
maintains the nucleolus, cell differentiation, and proliferation by

reducing the expression of a repressor protein to facilitate lactation.

Downregulation of the growth inversing (Smolock et al., 2012) RpL17

may aid in cell proliferation and milk synthesis. Additionally, it

stabilizes the cellular proteins as a subunit of the poly(A) tail

complex (Wu et al., 2020).

The expression of some genes associated with cell proliferation

in the mammary gland of high-yielding buffaloes may depend on

the lactation stage (Sorensen et al., 2006). They may be
TABLE 2 Continued

id SYMBOL GENENAME log2FoldChange Padj PATH

XM_025289369.1 ASH1L ASH1 like histone
lysine
methyltransferase

-3.82427 0.001579 bta00310, bta04530

XM_025284538.1 LYST lysosomal trafficking
regulator

-2.71522 0.001949

XM_025267654.1 KDM2B lysine demethylase 2B -4.73974 0.002369

XM_025269014.1 CLIC5 chloride intracellular
channel 5

-6.29362 0.002705

XM_006063661.2 ZBTB37 zinc finger and BTB
domain containing 37

-3.76248 0.003266

XM_006062143.2 ZFC3H1 zinc finger C3H1-type
containing

-2.82614 0.004047

XM_006074863.2 LOC512486 interferon-induced
guanylate-binding
protein 1

-2.63236 0.004047

XM_025266840.1 RNF214 ring finger protein
214

-7.44184 0.004091

XM_025290965.1 FAM126A family with sequence
similarity 126
member A

-5.025 0.004635

XM_025261629.1 RC3H2 ring finger and
CCCH-type domains
2

-2.45709 0.005331

XM_006079345.2 PHF20L1 PHD finger protein
20 like 1

-7.39795 0.005602

XM_025285903.1 MFN2 mitofusin 2 -5.49094 0.006096

XM_006066222.2 MGA MAX dimerization
protein MGA

-6.62633 0.006255

XR_003106818.1 LOC507696 G-protein coupled
receptor-associated
sorting protein 2

-4.66993 0.006746

XM_006072392.2 ZC3H11A zinc finger CCCH-
type containing 11A

-3.96962 0.006907

XM_006060195.2 USP28 ubiquitin specific
peptidase 28

-5.09224 0.007079

XM_006066667.2 DYSF dysferlin -7.20952 0.007207

XM_006052119.2 RIF1 replication timing
regulatory factor 1

-3.7406 0.007211

XM_025291661.1 BRAF B-Raf proto-
oncogene, serine/
threonine kinase

-4.66013 0.008653 bta04010, bta04012, bta04062, bta04150, bta04270, bta04510,
bta04650, bta04720, bta04722, bta04730, bta04810, bta04910,
bta04914, bta05160, bta05200, bta05210, bta05211, bta05212,
bta05213, bta05214, bta05215, bta05216, bta05218, bta05219,
bta05220, bta05221, bta05223
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TABLE 3 Top Upregulated (padj<0.05) genes.

id SYMBOL GENE0ME log2FoldD Padj PATH

XM_006047001.2 RPS15A ribosomal protein S15a 5.418596 2.84E-10 bta03010

XM_025271016.1 LOC505326 mast cell protease 1A 6.493815 5.91E-10

XM_006060462.2 RPLP1 ribosomal protein lateral
stalk subunit P1

6.115861 7.18E-10 bta03010

XM_006052197.2 AMPD2 adenosine monophosphate
deami0se 2

9.07525 7.74E-09 bta00230, bta01100

XM_025287140.1 IFITM3 interferon induced
transmembrane protein 3

4.612358 2.62E-07

XM_025286660.1 PCNX3 pecanex 3 8.713189 2.30E-06

XM_025281338.1 CTSB cathepsin B 3.745449 5.20E-06 bta04142, bta04612

XM_025292384.1 SLC36A1 solute carrier family 36
member 1

7.387619 1.52E-05 bta04974

XM_025280225.1 ARL5C ADP ribosylation factor like
GTPase 5C

8.071596 2.04E-05

XM_025296315.1 DPP8 dipeptidyl peptidase 8 4.45803 2.29E-05

XM_006050750.2 RASGEF1A RasGEF domain family
member 1A

6.215502 2.37E-05

XM_025268707.1 RSPRY1 ring finger and SPRY
domain containing 1

5.201328 2.83E-05

XM_006055871.2 MITF melanocyte inducing
transcription factor

5.085204 3.07E-05 bta04380, bta04916, bta05200, bta05218

XM_025265090.1 PABPC1 poly(A) binding protein
cytoplasmic 1

3.797911 4.31E-05 bta03013, bta03015, bta03018

XM_025261525.1 PUM2 pumilio R0 binding family
member 2

4.625644 4.38E-05

XR_003109989.1 LOC102397510 Bubalus bubalis
uncharacterized
LOC102397510

3.480784 4.50E-05

XM_025267674.1 RHOF ras homolog family member
F, filopodia associated

6.414481 6.38E-05

XM_025268241.1 IGLL1 Bubalus bubalis
immunoglobulin lambda like
polypeptide 1

3.229837 0.000125

XM_006078590.2 USPL1 ubiquitin specific peptidase
like 1

6.322014 0.000171

XM_025280569.1 PIK3R5 phosphoinositide-3-ki0se
regulatory subunit 5

3.820778 0.000175 bta04012, bta04062, bta04070, bta04150 bta04210, bta04370,
bta04380, bta04666, bta04670, bta04722, bta04810,
bta04910bta04510, bta04620, bta04630, bta04650, bta04660,
bta04662, bta04664 bta04914, bta04930, bta04960, bta04973,
bta05100,

XM_025291339.1 MYO1G myosin IG 3.889235 0.000175

XM_025285313.1 NEK7 NIMA related ki0se 7 5.039831 0.000216

XM_025293691.1 D0JB1 D0J heat shock protein
family (Hsp40) member B1

4.376406 0.000232 bta04141

XM_025268362.1 LOC102405260 Bubalus bubalis
uncharacterized
LOC102405260

3.252134 0.000324
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downregulated at the onset of lactation and their activity may

plateau during the pre-lactation stage, as a consequence of their

higher expression during late pregnancy to support higher milk

production during lactation.

3.4.1.2 Genes involved in lactogenesis

Down-regulated MTSS I-BAR domain-containing 1 (MTSS1)

(Table 2) plays a role in the proliferation and development of MECs

and promotion of milk production through glucose uptake from

blood, in association with catenin, promoting lactose synthesis and

increasing milk volume (Wu et al., 2022). Downregulation of ASH1,

a histone lysine methyltransferase gene and negative regulator of

chromatin activation, enhances expression by reducing H3K36

methylation of chromatin in the nucleoplasm, including

homeobox genes (Okamoto et al., 2016).

High rates of demethylation of H3K4me2 at the promoter

region of milk-synthesis-related genes support lactation, and this

effect is inversed in late lactation (Bionaz et al., 2012).This

highlights the important role of epigenetic regulation of

lactogenesis in cell transcription sites, which regulates the

functionality of the mammary gland (Rijnkels et al., 2013).

Downregulated zinc finger C3H1-type protein, ring finger protein

214, and ring finger CCCH-type domain 2 protein lower the rate of

protein ubiquitination, thus channelizing energy (ATP) into

processes of cell division, differentiation, and apoptosis, favoring

milk production. Chromatin compression is likely to thus reduce
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and promote milk protein expression through downregulation of

PHD finger protein (transcription regulator) and histone H2A type

1 protein genes carrying epigenetic heredity (Singh et al., 2012).

Phosphorylation pattern of proteins that favor high milk

production is altered by down-regulation of B.bubalis G protein-

coupled receptor kinase 4. Downregulated homeodomain-

interacting protein kinase 2 (HIPK2) regulates snRNA

transcription in response to DNA damage in the nucleus, which

induces apoptosis, activating various intracellular signal pathways

(Kuwano et al., 2016), including p53, transforming growth factor-b,
Notch, Wnt, JNK, Hedgehog, and Hippo. Additionally, HIPK2

governs phosphorylation of downstream transcription factors,

epigenetic regulators, and ubiquitin ligases to regulate cellular

development and differentiation of the neural, muscular, and

circulatory system in addition to the mammary tissue.

Downregulation of B.bubalis HIPK2 indicates low DNA

damage in the nucleus and apoptosis, which is expected to

improve cell development and differentiation of a healthy udder.

Downregulation of membrane-associated protein genes, such as

thyroid hormone receptor interactor 12 and E3 ubiquitin-protein

ligase, delays ubiquitination and reduces milk production, matching

the physiological status of late lactation.

3.4.1.3 Genes regulating apoptosis

Downregulated dipeptidyl peptidase 8 (DPP8) and ubiquitin

specific peptidase 1-like genes inhibit pyroptosis, promoting cell
TABLE 3 Continued

id SYMBOL GENE0ME log2FoldD Padj PATH

XM_025280997.1 SUPT6H SPT6 homolog, histone
chaperone and transcription
elongation factor

3.90589 0.000328

XM_006047616.2 NFAT5 nuclear factor of activated T
cells 5

8.05548 0.000364 bta04310, bta04360, bta04370, bta04650, bta04660, bta04662

XR_003107122.1 LOC100847554 uncharacterized
LOC100847554

6.061371 0.000375

XM_025271946.1 DCAF1 DDB1 and CUL4 associated
factor 1

7.788605 0.000394

XM_006066675.2 DYSF dysferlin 7.148639 0.000463

XM_025261781.1 SPTAN1 spectrin alpha, non-
erythrocytic 1

5.074343 0.000467

XM_025261801.1 MGAT5 alpha-1,6-
mannosylglycoprotein 6-
beta-N-
acetylglucosaminyltransferase

6.269349 0.000499 bta00510, bta01100

XM_006076819.2 E4F1 E4F transcription factor 1 7.236014 0.000519

XM_025290852.1 SAMD9 sterile alpha motif domain
containing 9

3.094553 0.000542

XM_025260566.1 LOC102410916 Bubalus bubalis BOLA class
I histocompatibility antigen,
alpha chain BL3-7

3.209061 0.000561

XM_025275564.1 CARD11 caspase recruitment domain
family member 11

3.949586 0.000955 bta04660, bta04662
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proliferation and lactogenesis. BIRC3 inhibits apoptosis induced by

serum binding to tumor necrosis factor receptor-associated factors,

interfering with the activity of proteases known as caspase(s), thus

promoting lactation by preventing apoptosis.

3.4.1.4 Oxidative stress

Downregulation of GTPase-mitofusin 2 (Mfn2) indicates a state

of low oxidative stress in cells, which attenuates mitochondrial

fragmentation (Gao et al., 2018), thus increasing the energy

available for lactogenesis in MECs. The present study revealed that

downregulation of zinc finger DHHC-type containing 20 proteins

lowered the transport of energy-carrying moieties, such as carnitine

acyl coA, from the cytosol to inter-membrane space of the

mitochondria for oxidation, indicating the onset of an alternate

energy-generation pathway other than the oxidative pathway to

facilitate the energy conservation for building milk volume.

Gluconeogenesis associated with a decrease in oxygen consumption

induced by altered insulin signaling (Gan et al., 2013) has been

reported (Bach et al., 2003) as an alternative pathway to maintain

glucose homeostasis (Yang et al., 2016) in high-yield animals. PHD

finger protein 20 like 1 and MFN2 have been reported to regulate

lipid and glucose metabolism for mitochondrial function propagation

(Pich et al., 2005) in hepatic tissue, which indicates synergistic

functioning of mammary and hepatic tissues toward cell energy

optimization (Wathes et al., 2021), favoring milk synthesis.

3.4.2 Genes emerged as upregulated and
related pathways

The top 35 significantly (p<0.05) upregulated transcripts (Table 3)

of the total 514 upregulated genes related to milk production are

discussed in following subsections. Ribosomal protein S15a emerged

as the most significant (padj=2.84032091633935E-10) gene and C-C

motif chemokine ligand 5 as the least significant (padj =

0.0494934823949582) gene in this study. The top upregulated genes

discussed below are mostly related to the biological processes of

epigenetic regulation of protein synthesis, cell growth, and

pathogenicity in order to optimize mammary functions for

increased milk synthesis (Figure 4).

3.4.2.1 Protein-coding genes

Upregulation of ribosomal protein genes, such as ribosomal

protein S15a (DBA20), a component of the 40S subunit located in

the cytoplasm, enhances cell proliferation. Concomitantly,

ribosomal phosphoprotein lateral stalk subunit P1 gene, a

component of the 60S subunit of the ribosome, promotes milk

protein synthesis in lactating buffaloes. Upregulated adenosine

monophosphate deaminase 2 in this study may enhance ADP

ribosylation via guanine nucleotide biosynthesis (Naiara et al.,

2013), cell signaling, and intracellular protein transport. Up-

regulated poly A binding protein cytoplasmic 1 gene promotes

cellular protein synthesis by binding to the 3’ poly(A) tail of

eukaryotic messenger RNAs. Up-regulation of melanocyte-

inducing transcription factor genes may induce expression and

release of melanocyte hormone (Battagello et al., 2020), thus

increasing milk secretion by the mammary gland.
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3.4.2.2 Mammary cell growth

In the present study, upregulation of the RNA-associated

protein DDB1 and CUL4, an associated factor protein, indicates

enhanced cell proliferation, cell growth (Shan et al., 2022), and

energy metabolism (Pryce et al., 2012) through nuclear

transcription co-activator, leading to high milk production in

buffaloes. Upregulation of NIMA-related kinase 7 gene plays a

critical role in mitotic cell cycle progression via mitotic spindle

formation (Yissachar et al., 2006) and cytokinesis (Adib et al., 2019)

by dissociating RPS6KB1 and EML4 proteins from microtubules for

optimum chromosome compression. Upregulated interferon-

induced trans-membrane protein 3 gene is likely to elevate

mammary cell growth and proliferation; PECANEX 3 promotes

self-renewal of mammary stem cells (Notch signaling) and

optimizes ER assembly; and spectrin alpha non-erythrocytic 1, a

filamentous cytoskeletal protein, stabilizes the plasma membrane

and intracellular organelles, promoting DNA repair and cell cycle

regulation for smooth lactation.

3.4.2.3 Milk synthesis

Upregulated ADP ribosylation factors, i.e., GTP-binding proteins

(Ras superfamily) “might bind to cell-surface GTP receptors, activating

these receptors and modulating downstream effecter pathways, which

in turn promotes membrane transport, favoring milk production. The

upregulation of Pumilio R0 binding family member 2 gene in this study

might affect mitochondrial infrastructure and mitochondrial

homeostasis as a negative regulator, favoring increased milk

production (Davide et al., 2019). Upregulated amino acid transporter

gene, the solute carrier family 36 member 1, may potentiate milk

synthesis by developing the secretary cells and optimizing the energy

homeostasis of MECs for milk secretion.
3.4.2.4 Pathogenic control

Upregulated mast cell protease 1 might increase the activity of

typtase, a pro-inflammatory protease, and impede pathogenesis in

the MEC layer. Up-regulation of the DPP8 protease gene in this

study might have played a role in improving energy metabolism,

homeostasis, and immune function through T-cell activation in

support of milk production. The caspase recruitment domain 15

(CARD15) is a cytosolic protein that develops inflammasomes in

response to microbial infection (Martinon and Tschopp, 2005),

involving NF-kB activation (Ogura et al., 2001). Accordingly, up-

regulation of the CARD15 might be associated with increased

somatic cell count (SCC), which reflects the somatic cell score

phenotype expressed in high-lactating animals (Pant et al., 2007).

Upregulation of sterile alpha motif domain-containing protein 9

gene indicates a high level of cell proliferation in actively lactating

mammary tissue, showing high inflammation under the influence

of interferon (TNF-a signaling) in high milk-producing animals.

Upregulation of caspase 1 recruitment domain family member 11L

gene indicates positive regulation of apoptosis and NF-kB
activation, improving immune expression as generation of an

inflammasome in association with NLRP3 upregulated gene, thus

protecting mammary cells in high-yielding buffaloes. Upregulated

B. bubalis BOLA class I histocompatibility antigen gene confirms
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that immunity and mammary development play a synergistic role

during milk synthesis and its secretion. Upregulated myosin IG

gene corroborates with T cell migration at the expense of ATP to

detect and eliminate pathogens and regulate phagocytosis in B cells

as an immune function during lactation.

Elevated Ras Homolog Family Member F(in filopodia), a Rho

guanosine triphosphatase family protein, indicates an alternate

pathway to glycolysis for ATP generation under glucose deprivation.

Metabolic shift, which occurs because of the elevated function of

glycolytic enzymes (Warburg effect) in cells, might affect the cell

morphology, resulting in epithelial–mesenchymal transition, cell

migration, and invasion, similar to low-potential lactating animals.

3.4.2.5 Ubiquitylation

Upregulated ring finger and SPRY domain 1-containing gene is

likely to enhance post-translational regulation by scavenging

underutilized mRNAs and methylated DNA regions, regulating

overall protein synthesis in mammary cells. Nuclear factor of

activated T cells 5 is a transcription factor that regulates gene

transcription in response to T cell receptor-mediated signals

in lymphocytes.
3.4.2.6 Other genes involved in cellular events

Upregulated DNAJB1 in this study acts as a molecular

chaperone induced by environmental and lactation stress in

mammary tissues by activating HSP70 (dnaK) heat shock protein

viaG protein-coupled receptor signaling and protein degradation in

cells (Kastenhuber et al., 2017). Upregulated phosphoinositide-3-

kinase regulatory subunit 5 of the PI3K complex (Figure 4) is critical

for promoting G protein-mediated functions of cell growth,

proliferation, differentiation, motility, survival, and intracellular

trafficking through insulin signaling, glucose homeostasis, and

neuroendocrine function involved in lactogenesis.
3.4.2.7 Histone modification

Upregulation of the transcription elongation factor SPT6

homolog gene may promote transcription of proteins essential for

lactation, coupled with histone-modifying enzymes for mRNA
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splicing in the nucleoplasm and its subsequent translocation in

cytoplasm. Upregulation of dysferlin and spectrin alpha genes

promotes membrane repair (Leigh et al., 2011), which is required

in proportion to the severity of cell membrane damage during

milk secretion.

Other upregulated (p<0.05) genes that emerged as stress-

combating and immunity-developing entities in this study include

activin A, receptor-like type 1 stress-induced transcription factor,

IKAROS family zinc finger 3, which participates in T and B cell

differentiation, and transforming acidic coiled-coil containing

protein 1 gene,which influences mitosis. Proteins that emerged as

epigenetic regulators were translated from 5-azacytidine-induced

DNA methyltransferase inhibitors, Menin1, a component of the

SET1 histone methyltransferase complex, methylating ‘Lys-4’ of

histone H3 (H3K4), ubiquitin-associated protein 1, and a regulator

of vesicular trafficking processes. Methylase inhibitors do inhibit the

histone methylation, thus blocking the associated silencing and

permitting the onset of vascular trafficking and related processes.

The energy-associated determinant genes for GTPase, IMAP family

member 7, regulators of lymphocyte survival and homeostasis, zinc

finger protein 335, transcriptional regulators in neurogenesis, and

zinc finger protein 665 were identified as enhancers of energy,

immunity, and epigenetic control in milk synthesis. LRP1 is a

transmembrane receptor modulating cell signaling molecules,

including integrins and receptor tyrosine kinases.
3.5 Gene enrichment analysis and
functional classification of DEGs

Gene enrichment analysis was performed using standard

procedures (https://david.ncifcrf.gov/). Significant (p ≤ 0.05)

biological processes, cellular locations, and molecular functions that

are related to the production of milk volume (Table 4) were selected to

plot the networks using System Biology of Milk Yield in Buffaloes. The

gene clusters (p<0.05) identified in this study represented 57 categories

of annotated GO terms and KEGG pathways govern cell functions,

including the cytoplasm, nucleus, nucleolus, and membrane, to

propagate milk production (Figure 5). GO:0005654~nucleoplasm
FIGURE 5

Functional Classification Showing Significant Gene Ontology Terms (p<0.05) emerged from Murrah Buffaloes diversified in milk production.
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TABLE 4 Gene ontology terms and biological pathways identified from differential genes in high and low milk yield buffaloes.

Category Term PValue Significant (p<0.05) Genes –(n=total genes) in Cluster

GOTERM_CC_DIRECT GO:0005654~nucleoplasm 1.88E-07 DAG1,HNRNPF,CPSF6,PTPA,DHX9,NFYA,PCBD1,TMUB1,
CXXC5HCFC1RITRIP12,UGDH,CMTRI,OPEPLD – (82)

KEGG_PATHWAY bta04668:TNF signaling pathway 5.36E-06 TRAF1, CFLAR, TRAF2, MMP9, CXCL2, GRO1, BIRC3, CCL5, ATF2, RPS6KA5,
CREB3L1, PIK3R5, LTA, AKT3– (15)

GOTERM_CC_DIRECT GO:0016020~membrane 5.94E-05 RGS19,PCMTD1,DAG1, ARFRP1,FKBP1A,LRGS19,PCMTD1,DAG1, ARFRP1,
FKBP1A, LTA – (55)

GOTERM_MF_DIRECT GO:0008270~zinc ion binding 4.68E-04 BRCA1, MMP9,RPS29,CA4,MT24,CXXC5,ZDHHC20,ZNF330,OPEPLD (55)

GOTERM_BP_DIRECT GO:2001237~negative regulation of
extrinsic apoptotic signaling pathway

7.06E-04 PHIP, ZMYND11, NRP1, HTT, BIRC6, PSME3, SGMS1– (7)

GOTERM_BP_DIRECT GO:0000122~negative regulation of
transcription from RNA polymerase II
promoter

7.32E-04 ATF3, HOPX,SP2,ZNF668,KANK2,AEBP2,CXXC5,FHL2 (29)

GOTERM_MF_DIRECT GO:0044822~poly(A) RNA binding 9.05E-04 PABPC1. BMS1, SPEN, MARK2, SLTM, NVL, SUPT6H, OTUD4, FIP1L1,
RPS15A, HMGN2, REPIN1, PKM, PNN, PRPF4B, RALY, – (49)

GOTERM_MF_DIRECT GO:0008009~chemokine activity 1.61E-03 CCL11, LOC616364, CXCL2, GRO1, CCL5, CXCL12– (7)

KEGG_PATHWAY bta04062:Chemokine signaling pathway 1.76E-03 FGR, BRAF, ROCK2, CXCL2, GRO1, CXCR3, CCL5, CXCL12, CCL11, CCR8,
LOC616364, RASGRP2, PIK3R5, AKT3– (15)

GOTERM_BP_DIRECT GO:0035904~aorta development 1.86E-03 AP2B1, NDST1, SNX17, PRDM1, LRP2– (5)

GOTERM_BP_DIRECT GO:0070098~chemokine-mediated
signaling pathway

3.87E-03 CCL11, LOC616364, CXCL2, CXCR3, CCL5, CXCL12– (7)

GOTERM_BP_DIRECT GO:0060976~coronary vasculature
development

4.43E-03 AP2B1, NDST1, SNX17, PRDM1, LRP2– (5)

GOTERM_MF_DIRECT GO:0003714~transcription corepressor
activity

5.06E-03 ATF7IP, AEBP2, ZMYND11, HOMEZ, NPAT, TLE4, GON4L, BASP1, DAXX,
NCOR2, TOB2– (11)

GOTERM_MF_DIRECT GO:0003677~DNA binding 5.12E-03 ASH1L, HOPX, MGA, HIST1H2AK, KAT6B, NCOR2, REPIN1, SUPT6H – (37)

GOTERM_BP_DIRECT GO:0042787~protein ubiquitination
involved in ubiquitin-dependent protein
catabolic process

6.20E-03 CUL3, AREL1, CBL, UBE3C, HERC2, RFFL, ASB2, TRIP12, KLHL20, RNF145,
RNF111 – (11)

GOTERM_BP_DIRECT GO:0043484~regulation of RNA splicing 6.34E-03 HNRNPF, PQBP1, CELF1, MBNL3, HNRNPH1– (5)

GOTERM_CC_DIRECT GO:0005791~rough endoplasmic
reticulum

6.36E-03 SPPL3, TRAM2, CA4, SUCO, ITPR2– (5)

GOTERM_BP_DIRECT GO:0033119~negative regulation of RNA
splicing

6.86E-03 RPS13, PTBP3, PTBP2– (5)

KEGG_PATHWAY bta04120:Ubiquitin mediated proteolysis 9.46E-03 CUL3, CBLB, UBE4A, CBL, UBE4B, BIRC6, UBE3C, HERC2, BIRC3, TRIP12,
BRCA1– (11)

GOTERM_MF_DIRECT GO:0004843~thiol-dependent ubiquitin-
specific protease activity

9.96E-03 OTUD4, USP28, USP47, USP37, USP48, ANKZF1, USP25, MYSM1– (8)

GOTERM_MF_DIRECT GO:0004674~protein serine/threonine
kinase activity

1.00E-02 PRPF4B, BRAF, ROCK2, CSNK1G2, PRKCE, STK4, MARK2, RPS6KA3, TTBK2,
CSNK1E, AAK1, CPNE3, TLK2, SIK3, AKT3, NEK7– (16)

GOTERM_BP_DIRECT GO:0008360~regulation of cell shape 1.06E-02 CCL11, PHIP, FMNL3, CDC42EP1, FGR, TTBK2, EPS8, CSNK1G2, WIPF2,
SEMA4D– (10)

GOTERM_BP_DIRECT GO:0006357~regulation of transcription
from RNA polymerase II promoter

1.11E-02 MAFF, TCF7, ELF2, MITF, UBP1, ATF2, SLTM, PHIP, MEN1, ATP2B4, SP2,
ETS1, DMTF1, MED26, SP4, HOPX, MLXIP– (17)

GOTERM_BP_DIRECT GO:0010793~regulation of mRNA export
from nucleus

1.12E-02 AKAP8L, SETD2, SUPT6H– (3)

GOTERM_MF_DIRECT GO:0008234~cysteine-type peptidase
activity

1.24E-02 CTSB, TINAGL1, SENP7, CTSW– (4)

GOTERM_CC_DIRECT GO:0005737~cytoplasm 1.27E-02 AZ12,STK4,DAG1,OA50,CPSF6,BRCA1,HOPX,PI4KA,CCL5,SERPINB1,SEPIN2,
CDK2AP2,ANKZF1, DHX9, BASP1,LYST,HMGN2,OCA,FBXL20 –(130)

(Continued)
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TABLE 4 Continued

Category Term PValue Significant (p<0.05) Genes –(n=total genes) in Cluster

GOTERM_MF_DIRECT GO:0015171~amino acid transmembrane
transporter activity

1.31E-02 SLC38A10, MGC139164, SLC7A11, MGC157082, SLC7A6 – (5)

GOTERM_CC_DIRECT GO:0045121~membrane raft 1.42E-02 TRAF2, CARD11, CBLB, CBL, SLC2A1, ZAP70, DAG1, ARID3A, CD4, FURIN –

(10)

GOTERM_MF_DIRECT GO:0017124~SH3 domain binding 1.49E-02 CBLB, FUT8, CBL, ZNF106, SIRPA– (5)

GOTERM_BP_DIRECT GO:0035455~response to interferon-alpha 1.64E-02 MX2, KLHL20, ADAR – (3)

GOTERM_CC_DIRECT GO:0001772~immunological synapse 1.71E-02 CARD11, SOCS6, ZAP70, CD6, ARHGDIA– (5)

GOTERM_CC_DIRECT GO:0005794~Golgi apparatus 1.72E-02 CL1C5,SYN1, SACM1L,SNX17, PTPRN, AP2B1,OPPLD,HOOK3, CDC42EP1,
CD44, GORASP1, RASGRP1, AKT3, TMC6, CDC6– (29)

GOTERM_CC_DIRECT GO:0015629~actin cytoskeleton 1.74E-02 CTTNBP2NL, SLC16A3, PHC3, MTSS1, CDC42EP1, TCERG1, FGR, CLIC5,
PEAK1, FHL2, DAPK1– (11)

GOTERM_BP_DIRECT GO:0000209~protein polyubiquitination 1.83E-02 CUL3, UBE4A, UBE4B, RC3H2, UBE3C, ASB2, RNF145, RNF111– (8)

GOTERM_BP_DIRECT GO:1902042~negative regulation of
extrinsic apoptotic signaling pathway via
death domain receptors

1.96E-02 CFLAR, RFFL, BRCA1, DAPK1– (4)

KEGG_PATHWAY bta03015:mRNA surveillance pathway 2.01E-02 SYMPK, FIP1L1, HBS1L, CPSF6, PPP2R5E, PABPC1, CPSF2, PNN– (8)

GOTERM_BP_DIRECT GO:0016477~cell migration 2.14E-02 CUL3, FMNL3, FGR, FUT8, PEAK1, RASGEF1A, IL12B, ABL2, USP24, SCRIB–
(10)

KEGG_PATHWAY bta04064:NF-kappa B signaling pathway 2.24E-02 TRAF1, CFLAR, TRAF2, CARD11, ZAP70, BIRC3, CXCL12, LTA– (8)

GOTERM_MF_DIRECT GO:0016922~ligand-dependent nuclear
receptor binding

2.39E-02 NCOA1, NCOA2, NCOR2– (3)

GOTERM_CC_DIRECT GO:0043234~protein complex 2.40E-02 IKZF1, HTT, SNX17, MITF, PCM1, STK4, NAT9, MEN1, USP28, SPATS2L,
SCP2, DTNA, RNF111– (13)

GOTERM_CC_DIRECT GO:0071013~catalytic step 2 spliceosome 2.80E-02 RALY, PRPF4B, HNRNPF, PPIL3, PABPC1, HNRNPH1, XAB2, PNN– (8)

GOTERM_CC_DIRECT GO:0005634~nucleus 2.99E-02 ARHGDIA,STK4,OA50,CPSF6,BRCA1, SEPTIN2, CDK2AP2,REPIN1,DHX9,
RPS27,BASP1, NFYA,THAP5,ARP3, RPP25L,MT2A,PHF20L1,HMGN2,OCA,
CGAS,ROCK2,HPIBP3,CMTRI – (118)

GOTERM_BP_DIRECT GO:0003281~ventricular septum
development

3.04E-02 AP2B1, PRDM1, LRP2, NPRL3– (4)

GOTERM_BP_DIRECT GO:0035556~intracellular signal
transduction

3.11E-02 BRAF, ARHGEF6, SOCS6, AKAP13, ARFGEF2, PRKCE, CISH, DAPK1, MARK2,
RPS6KA5, RPS6KA3, ZAP70, DGKZ, ASB2, TLK2, ASB7, AKT3– (17)

GOTERM_BP_DIRECT GO:0043123~positive regulation of I-
kappaB kinase/NF-kappaB signaling

3.25E-02 CFLAR, CARD11, MTDH, MIER1, UBE2V1, AKAP13, FKBP1A, CXXC5,
PRKCE, S100A13– (10)

KEGG_PATHWAY bta04071:Sphingolipid signaling pathway 3.25E-02 TRAF2, ROCK2, S1PR5, CERS5, PPP2R5E, PIK3R5, SGMS1, PRKCE, AKT3– (9)

GOTERM_CC_DIRECT GO:0005802~trans-Golgi network 3.41E-02 VPS54, ARFRP1, CA4, BIRC6, NBEA, ARFGEF2, PCSK1N, FURIN, KLHL20– (9)

GOTERM_CC_DIRECT GO:0043231~intracellular membrane-
bounded organelle

3.41E-02 AP2B1, CD86, ATP2B4, CLIC5, SAMD9, CNOT1, PPP6R2, ATP13A3, ABCA5,
SPTAN1– (10)

GOTERM_BP_DIRECT GO:0071346~cellular response to
interferon-gamma

3.50E-02 CCL11, LOC616364, IL12B, CCL5, DAPK1– (5)

GOTERM_BP_DIRECT GO:0033147~negative regulation of
intracellular estrogen receptor signaling
pathway

3.67E-02 CNOT1, BRCA1, KANK2– (3)

GOTERM_BP_DIRECT GO:0048703~embryonic viscerocranium
morphogenesis

3.67E-02 NIPBL, NDST1, CHST11– (3)

GOTERM_MF_DIRECT GO:0004842~ubiquitin-protein transferase
activity

3.86E-02 TRAF2, BIRC6, HERC2, UBE3C, BIRC3, BRCA1, CUL3, CBLB, AREL1, RC3H2,
RNF135, KLHL20, TRIP12– (13)

GOTERM_BP_DIRECT GO:0048247~lymphocyte chemotaxis 3.90E-02 CCL11, LOC616364, ADAM8, CCL5– (4)

(Continued)
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(FDR=0.000257993148089497), bta04668: TNF a signaling pathway

(FDR=0.00685236886627249), and GO:0016020~membrane (FDR=

0.0814138896939487) were among the most significant (p <0.05)

functional categories. The number of genes annotated under each

functional category along with the enlisted significant genes are listed

in Table 4. The main biological processes and pathways were zinc ion

binding (GO:0008270), negative regulation of extrinsic apoptotic

signaling pathway(GO:2001237), negative regulation of intracellular

estrogen receptor signaling pathway(GO:0033147), ATP binding

(GO:0005524), ubiquitin-mediated proteolysis, UB4B(bta04120),

TNF asignaling (bta:04668), sphingolipid signaling (bta04071),

amino acid transmembrane transporter activity (GO:0015171), and

RNA splicing regulation (GO:0043484), which are involved in

regulating the milk volume (Figure 5). The gene network and

protein–protein interaction determined via Cytoscape analysis are

depicted in Figure 4; Table 4.
3.6 Emerging pathways

GO:0005654~nucleoplasm emerged as a significant function

location (Table 4) while inferring the differences related to high and

low milk yield in buffaloes. Other significant (padj<0.05) processes

included dystroglycan 1, heterogeneous nuclear ribonucleoprotein

F, cleavage and polyadenylation specific factor 6, protein

phosphatase 2 phosphatase activator, DExH-box helicase 9,

nuclear transcription factor Y subunit alpha, pterin-4 alpha-

carbinolamine dehydratase 1, transmembrane and ubiquitin-like

domain containing 1, CXXC finger protein 5, and host cell factor C1

regulator 1.TNF signaling pathway (bta04668) emerged as a

significant (p< 0.05, FDR<0.05) pathway; the up-regulated genes

involved were TRAF1, TRAF2 (TNF ligand), MMP9 (SCC in milk),

CCL5 (recruiting leukocytes,T-cells, and macrophages to

inflammatory sites), CREB3L1 (homeostasis of the secretary

pathway), PIK3R5 (cell growth, proliferation, differentiation, and

motility), and LTA (innate immunity). Similarly, down-regulated

(p< 0.05) genes were CXCL2 (chemokine antimicrobial protein),

BIRC3, ATF2 (inhibits cellular proliferation and induces cell death),

RPS6KA5, AKT3, CFLAR (apoptosis regulation), and

GRO (Table 4).

TNF a holds significance because it regulates apoptosis, cell

survival, inflammation, and immunity as a cytokine, thus

propagating the onset of lactation and enhancing the prolactin

promoter in the pituitary. The NF-kB signaling pathway (bta04064)
Frontiers in Animal Science 14
corroborates with TNF a signaling (Soünke et al., 2006) in these

animals. Estrogen interacts with TNF-a (GO:0033147), regulating

PRL expression. Active TNF emerged as a marker protein for milk

production in this study. Binding of TRAF2 to TNFR protein

molecules may trigger signal transduction to activate genes of the

NF-kappa B pathway and the MAPK PI3K-AKT signaling cascade,

determining MEC survival and its capacity for milk production.

PIK3R5was differentially up-regulated (p<0.05), supporting PI3K-

AKT signaling cascades regulating the cytoskeleton and cell

organizat ion (GO:0015629)(Figure 4) . Act ivatedPI3K

phosphorylates AKT and regulates apoptosis, protein synthesis,

metabolism, and the cell cycle. PI3K executes actin reorganization

and cellular polarization through G-protein-coupled receptors and

the secretion of chemokines and signaling proteins (GO:0008009

and bta04062).The PI3K-Akt-mTOR-signaling pathway thus

creates a structural link between membrane receptors and the

actin cytoskeleton, harboring signaling molecules (kinases and

phosphatases) to regulate gene functions and cell survival.

Associated pathways initiate the innate immune response against

pathogens via Toll-like receptors (TLRs), producing pro-

inflammatory cytokines using activated NF-kB and MAPK

pathways.TLR ligand binding triggers responses, such as

protein modifiers, helper cofactors, and post-transcriptional/

epigenetic regulators.

Baculoviral IAP repeat-containing gene (BIRC3) emerged as a

significantly downregulated gene in this study. BIRC3 regulates

caspases, apoptosis, inflammatory signaling, immunity, mitogenic

kinase signaling, cell proliferation, and cell invasion. BIRC3 acts as

an E3 ubiquitin-protein ligase, regulating the NF-kappa-B signaling.

The present study confirmed the collaborative role of metabolic and

immune regulatory pathways to establish the genetic merit of milk

production, thus corroborating with a previous hypothesis (Bu

et al., 2017) regarding mutual crosstalk between the liver and

mammary tissue for optimum lactation. Nevertheless, the whole

blood transcriptome, a non-invasive resource for study, enabled

projections of lactation physiology corroborative with the genes and

functions that emerged as lactation enhancers with potential as

markers for selecting high-yielding (high EBV) buffaloes.

In the present study, whole blood transcriptome reflected

differential gene expression with respect to buffaloes with high

and low genetic merit for milk production. Identification of DEGs

using non-invasive methods is useful in large dairy animals. Most

transcripts were associated with transcriptional regulation,

primarily RNA synthesis, mRNA translation, cell signaling, and
TABLE 4 Continued

Category Term PValue Significant (p<0.05) Genes –(n=total genes) in Cluster

KEGG_PATHWAY bta04210:Apoptosis 4.24E-02 CFLAR, TRAF2, LOC784541, PIK3R5, BIRC3, AKT3– (6)

GOTERM_MF_DIRECT GO:0005524~ATP binding 4.67E-02 STK4,PRPF48,P14KA,PTPA,GUK1,DHX9,SYN1,THG1L,TTLL1,BPLAH,PRPF4B,
ATP2B4,CGAS, AAK1,GART – (56)

GOTERM_BP_DIRECT GO:0042102~positive regulation of T cell
proliferation

4.87E-02 CARD11, CD86, CD46, CCL5, CD6– (5)
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proliferative capacity of mammary cells either regulated by

hormones and/or growth factors, whereas cell metabolic activity

is controlled by the liver and is thus regulated by diet (Bu et al.,

2017). These findings indicate the major role of transcription

factors in the nucleus as regulators for the repression or

activation of biological processes of cell/ribosomes, and epigenetic

regulation by amino acids and amino acid transporters as inducers

and availability of energy (NADH) across the membranes which are

the key factors to achieve adequate milk production, consistent with

previous reports (Dai et al., 2018). Other than the structural

variation depicted as genomic variants reported earlier (Mishra

et al., 2021). Pre-mRNA modifications introduce expression

variants at the level of individual animals. Differential gene

expression reflects the physiological differences in mammary

tissue functioning between high and low milk producing

buffaloes. A decrease in methyl-deoxycytidine levels in buffaloes is

associated with increased milk production due to de-condensation

of chromatin, consistent with previous reports (Choi et al., 1998).

Casein production is enhanced by reduced cytidine methylation,

indicating differential epigenetic regulation in high and low milk

producing animals.

The present study revealed the impact of cell growth and

differentiation factors, cytokines/chemokines, and transcription

repressors as signaling molecules on epithelial cell differentiation

and proliferation, migration, vasculogenesis, apoptosis, innate

immune cells, inflammation (i.e., the NFkB pathway), and

translocation of signal carriers from external membranes to

nuclear regulatory factors through receptors/signal sensors in the

mammary tissue. Enrichment of these functions indicate that

lactation results from the combined reciprocal control of signals

induced as metabolites/molecules originating from the pituitary,

liver, and mammary tissue in synergy with immune function

regulation in buffaloes.
4 Conclusion

Over 25,000 DEGs were determined with respect to

physiological differences between low and high milk production

in buffaloes using non-invasive whole blood transcriptomic

analysis. Transcriptomic data revealed that post-transcriptional

and post-translational modifications play an important regulatory

role in lactogenesis via energy balancing and stress combating in

favor of high milk production, emulating high genetic merit in

buffaloes. Reduced ribosomal activity and uncontrolled protein

degradation regulate milk synthesis in addition to the

insufficiency of energy or its utilization. This study revealed that

lactogenesis is vulnerable to extrinsic inducers of pathogenicity and

oxidative stress. The genetic markers identified in this study may be

informative for identifying quantitative trait loci associated with

milk production traits and developing markers for controlled

breeding programs of Murrah buffaloes. Genomic sequences

encompassing the DEGs with respect to milk production

performance is a potential resource for generating genomic tools

for identifying high-merit germplasm.
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