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Simple Summary

Modern breeding minimises yield-related health declines by implementing functional
traits. Crossbreeding, taking advantage of heterosis and breed complementarity, is a useful
way to increase sustainable productivity and fertility. This research aims to profile the
bovine milk transcriptome to understand the molecular regulation of the lactation cycle.
We compared purebred (Holstein and Simmental) and crossbred (Simmental x Holstein)
cows in an intensive system among them and with a local breed (Podolica) under an
extensive production system. A conserved cohort of highly expressed genes associated with
milk protein synthesis and fatty acid metabolism was identified across all groups. Breed-
specific analysis revealed SM x HO cows had the most dynamic transcriptome, involving
mitochondrial activity, metabolism, and transcriptional regulation. Milk transcriptomics
results effectively indicate genetic and production system impacts.

Abstract

Lactation is a dynamic process characterised by a production peak at 6-8 weeks, followed
by a steady decline. To understand the molecular drivers of these phases and the influence
of production systems, this study aims to provide a transcriptomic characterisation of
bovine milk somatic cells (BMSCs) in Holstein (HO), Simmental (SM), Simmental x Hol-
stein crossbreed (SM x HO), and Podolica (POD) cows at 60 and 120 days in milk (DIM).
Total RNA was sequenced at high coverage, and differential expression and functional
enrichment analyses were performed. While a core set of milk protein and fatty acid genes
was identified, breed-specific analysis showed SM x HO had the highest variation (677 dif-
ferentially expressed genes, DEGs). Genes upregulated at 120 DIM involved mitochondrial
metabolism and oxidative phosphorylation, while downregulated genes were associated
with nuclear transcriptional regulation. At 60 DIM, SM x HO vs. HO showed 66 DEGs,
with upregulated genes linked to chromatin remodelling and immune regulation. Compar-
ing production systems, 28 DEGs between POD and HO/SM highlighted differences in
mitochondrial activity and transcriptional regulation. This study bridges a knowledge gap
by profiling the milk transcriptome of unexplored cattle breeds, providing novel insights
into the molecular regulation of lactation.
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1. Introduction

Lactation involves continuous physiological changes in the mammary gland, directly
impacting milk yield and composition [1,2]. As animal robustness and sustainability
become industry priorities, understanding the molecular mechanisms regulating these traits
is vital. Recently, Next-Generation Sequencing (NGS) has transformed lactation biology by
enabling detailed characterisation of mammary gene expression. This technology helps
identify the complex genetic networks controlling key economic traits in dairy ruminants,
providing essential insights for optimising production and improving milk quality [3].

Milk yield and milk components, two of the most important dairy economic traits,
are controlled by a huge number of genes. RNA-seq has been widely used to profile
the mammary transcriptome through different biological matrices, including mammary
gland biopsies [4-0], fat globules [7-9], milk epithelial cells [10,11] and milk somatic
cells (MSCs) [12,13]. MSCs comprise exfoliated mammary epithelial cells (MECs), which
handle milk synthesis, and immune cells like macrophages, neutrophils and lympho-
cytes [14,15]. Their concentration varies based on parity, productivity, health status, breed,
and lactation stage. MSCs offer a repeatable, non-invasive RNA source, reliably reflect-
ing mammary gland gene expression for longitudinal studies in cattle and small rumi-
nants [16-18], and somatic cell count (SCC) remains a key indicator of udder health and
milk quality [14,19,20]. Thus, MSC transcriptomics provides insight not only into milk
synthesis but also into mammary immune activity. In this study, we characterised the
bovine MSC (BMSC) transcriptome of four cattle populations reared under two contrasting
production systems: (i) intensively managed Holstein (HO), Italian Simmental (SM), and
their F1 cross (SM x HO) and (ii) extensively reared Podolica (POD), an autochthonous
southern Italian breed raised with traditional production systems.

Holstein (HO) cattle are globally selected for high milk yield in intensive sys-
tems [21,22]. Conversely, the Simmental (SM) is a dual-purpose breed adaptable to
grazing [23,24]. Crossbreed SM x HO leverages heterosis to enhance fertility and effi-
ciency [25,26]. Finally, the Podolica (POD), once a triple-purpose breed, now produces
high-quality milk for traditional cheeses [27]. Its resilience in low-input grazing systems
makes it vital for biodiversity conservation, sustainable livestock production, and effective
ecosystem management in challenging environments [28,29]. Driven by the demand for
sustainable products, this study addresses the lack of RNA-seq data for SM x HO, SM,
and POD breeds. While HO transcriptome data exists for other lactation periods, this
research investigates gene expression in BMSC during two critical phases: peak lacta-
tion (60 DIM) and mid-lactation (120 DIM). This study aimed to analyse transcriptional
dynamics within and between these breeds to understand their specific adaptations to
different production systems.

The specific objectives were to (i) profile the BMSC transcriptome of the four breeds
jointly at two lactation stages; (ii) identify differentially expressed genes (DEGs) within
breeds across lactation; (iii) to evaluate breed-specific expression signatures; (iv) compare
the intensive and extensive production systems; and (v) perform functional enrichment
analyses to elucidate the biological processes, pathways, and gene networks underlying
observed differences among the comparisons. Together, these analyses provide new insights
into breed-specific lactation biology, mammary immune function, and the impact of the
production systems on the transcriptomic profile of milk in dairy cattle.

2. Materials and Methods
2.1. Experimental Design and Animals

All the experimental procedures used in this study were not invasive and, therefore,
did not require the authorisation of the animal welfare committee.
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The study was carried out in four breeds: HO, SM, SM x HO, and POD. The SM x HO
herd was produced through rotational crossbreeding (SM sire x HO dam). HO, SM and
SM x HO were raised on the CREA experimental farm (Monterotondo, Italy) in an in-
tensive production system. Animals were managed uniformly and fed a total mixed
ration (TMR) consisting of alfalfa hay, polyphyta hay, sorghum silage, barley, corn, triti-
cale, and soybean. POD cows were reared on a farm situated in southern Italy (Basilicata
region) under an extensive grazing system. Pasture composition and quality varied sea-
sonally [30]. The 30 enrolled cows for each breed were both primiparous and multiparous
with average lactation numbers of 1.8 (£0.7), 2.4 (£1.7), 1.9 (£0.79), and 4.1 (£2.1) for
HO, SM, SM x HO, and POD, respectively, and milk samples were collected from the
same animals at 60 (£7) (D60) and 120 (£7) (D120) days in milk (DIM), during morning
milking. The milk samples from POD cows were taken by hand milking, while calves
suckled. In this case, milk yield measurement was not possible and was estimated at
approximately 3.5 L, based on the farmer’s experience The samples were transferred, at
4 °C, to an external accredited laboratory and analysed for fat, protein, lactose, urea, SCC
content, following the ICAR (International Committee for Animal Recording) guideline
(https:/ /www.icar.org/guidelines/—Section 12) (accessed on 27 December 2025).

2.2. Samples Collection and RNA Extraction

In total, 50 ml of milk was processed following the protocol from Boutinaud et al.
(2002) [31], and the total RNA was extracted using the kit TripleXtractor direct RNA,
following the manufacturer’s instructions (GRiSP Research Solutions, Porto, Portugal).
RNA concentration and purity were assessed with a Nano-Photometer™ Pearl (Implen
GmbH, Miinchen, Germany), and RNA integrity (RIN) was evaluated using an Agilent
2100 Bioanalyzer with an RNA 6000 Nano chip (Agilent Technologies, Santa Clara, CA,
USA). A total of 60 samples with RIN > 7 were sequenced by an external service, specifically,
6 HO, 7 SM, 6 SM x HO, 6 POD, at D60 and at 10 HO, 10 SM, 6 SM x HO, 9 POD at D120
(at least the same three cows per breed per time point were used). Libraries were prepared
using the Zymo-Seq RiboFree Total RNA kit (Zymo Research Corp., Irvine, CA, USA),
following the manufacturer’s instructions (library type: fr-first strand). All the libraries
were sequenced pair-end 150 bp on NovaSeq 6000 (Illumina, San Diego, CA, USA).

2.3. RNA Sequencing and Data Analysis

Base calling and demultiplexing were performed using Bcl2Fastq (v2.20) of the Illu-
mina pipeline, and adapters were removed using Cutadapt (v1.11). Raw quality was as-
sessed using the FastQC software (v0.12.0) [32]. Low-quality reads and bases were trimmed
using the Trimmomatic software (v0.36) (parameters: ILLUMINACLIP:adapters/TruSeq3-
PE.fa:2:30:10; HEADCROP:13; TRAILING:30; SLIDINGWINDOW:4:15; AVGQUAL:20;
MINLEN:36) [33]. Processed reads were aligned to the bovine reference ARS-UCD v1.2 [34]
using the STAR software (v2.6.1d) [35]. For protein-coding genes, the annotation GTF
file (Bos taurus Bos_taurus.ARS-UCD1.2.108.gtf) was downloaded from the ENSEMBL
database v 108 [36]. Aligned reads were assembled and quantified using StringTie [37].
Normalisation was obtained using the R package DESeq?2 [38] for 21.671 genes. Genes were
ranked by expression values, reported as a percentage, and a threshold of 0.1% [39] was set
to identify the most expressed ones.

2.4. Transcriptomic Analyses

RNA-seq read counts were modelled by a generalised linear model (GLM) that in-
cludes breed (HO, SM, SM x HO, POD) lactation time (D60 and D120) and their interaction,
parity and season factors (see Section 2.5 for specification).
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DEGs were identified using the DESeq2 software 3.22. Four different analyses were
performed to evaluate the expression profile of the mammary gland: (i) across lactation
(D60 vs. D120) in all the breeds jointly; (ii) across lactation (D60 vs. D120) in each breed
separately; (iii) between the breeds in each lactation point; and (iv) between production
systems (intensive vs. extensive—POD). In the model, parity classes (1, 2 and >3) and
sampling season were included as fixed effects.

DEGs were defined using thresholds of [logoFCI| > 0.58 (Fold Change) and
FDR < 0.05 (False Discovery Rate). For genes lacking a gene symbol, a manual search
in Ensemble, NCBI, and UCSC databases was conducted. Venn diagrams were drawn
using Jvenn software [40].

Functional enrichment analyses were performed using the DAVID (v2023ql) web
tool [41,42]. Enrichment was evaluated using the EASE-modified Fisher’s exact test
(p < 0.05). Protein—protein interaction (PPI) networks were investigated using STRING
v9.1 [43,44]. In the present study, we considered Bos taurus as the reference organism and
a minimum interaction score of 0.7. Terms with FDR < 0.05 were classified as significant.
Significant PPI interaction networks were visualised using Cytoscape v3.10 [45] and the
string App plugin [46]. Hub genes were identified with cytoHubba [47] using the MCC
algorithm; hubs with at least 4 genes were reported. GO graphical representations were
obtained using the clusterProfiler v4.16 R package [48].

2.5. Statistical Analysis

Normalised expressed values for the top-ranking genes were analysed using STATIS-
TICA® 12.0 package (StatSoft Inc., Tulsa, OK, USA) for descriptive statistic analyses and
GLM procedure, according to the following mixed linear model:

Yiikimnopgr = W+ Bi + P+ Sk + T + (Bi-Ty) + Bmy - MYijuum + Bear FAT ijrn
+BproT- PROTEIN;jkio + Pract-Lactose;jy, + Bsce
-loglo(SCCijqu> + BpivDIMijir + eijkimnopgr

where Yigmunopgr is the observation vector for each trait (i.e., expressed genes), y is total
average, B; is the breed effect (4 levels: HO, SM, SM x HO, POD), P; is the parity effect
(Blevels: 1,2, >3); Si is the season effect (4 levels: autumn, winter, spring, summer); T} is
the sampling day class effect (2 levels: D60 and D120), MYjyy, is the covariate for milk yield,
FAT 1y is the covariate for fat%, PROTEIN;y, is the covariate for protein %, (Lactose);j,
is the covariate for lactose content, (log10SCC)ijklg is the covariate for somatic cell count,
DIM;jxy is the covariate for the effective day in milking, and e;jxyuopq is the casual error.

Post hoc comparisons were performed using Tukey’s test (p < 0.05).

For the milk phenotypic traits, a simplified model including only DIM and MY
was applied.

3. Results
3.1. Sequencing and Expression Data Statistics

Sequencing of the 60 libraries generated a total of approximately 5 billion reads
(range: 57-146 million paired reads/sample). After quality control steps, an average of
39.01 £ 10.08 million paired reads per sample was retained. Most of the samples showed
high values for uniquely mapped reads, properly paired reads percentages and map-
ping percentage (Table S1). A count matrix with normalised values was used for down-
stream analyses. A preliminary inspection identified residual rRNA, and those with
ribosomal genes were excluded to focus subsequent analyses strictly on the remaining
protein-coding genes.
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3.2. Highly Expressed Genes

The expression level of the genes was calculated as percentages of the total expressed
genes within each experimental design (different breeds, sampling times and interactions).
Genes were ranked, and those with at least 0.1% expression level in every analysed condi-
tion were retained, resulting in a list of the 25 most expressed genes (Table 1).

The top-ranking genes encoded for the most abundant protein synthesised during
lactation, which belonged to the casein and whey protein genes. In particular, CSN151,
CSN2, CSN1S2, PAEP, CSN3, and LALBA accounted for 32,2%, 26,37%, 30,85% and 18.04%
on the total gene expression in HO, SM, SM x HO and POD, respectively. Four genes are
implicated in different steps of fatty acid (FA) biosynthesis: FASN, SCD, XHD and PLIN2.
The other genes identified are: GLYCAM1, EEF1A1, COX1, TPT1, ACTB, SPP1, NFKBIA,
FTHI1, SRGN, CTSB, PABPC1, ACTG1, HSPAS, B2M, and EEF2. A strong positive correlation
between milk protein genes and fat synthesis genes was observed within and among them
(r = 0.55-0.95) (Table S2).

Milk protein and fatty acid genes, including GLYCAM1 and EEF1A1, peaked at D120
versus D60. Conversely, other genes showed higher expression at D60. Significant sampling
effects (p < 0.05) were confirmed for CSN1S1, CSN2, CSN1S2, PAEP, CSN3, LALBA, GLY-
CAM, EEF1A, XDH, SCD, and PLIN2. In POD cattle, milk protein and fat synthesis genes
showed lower expression than in other breeds. Specifically, CSN151, CSN152, and PAEP
were significantly higher in HO than in POD. EEF1A1 was higher in HO and SM x HO;
TPT1, HSPAS, and XHD were higher in HO; and PLIN2 was higher in SM x HO compared
to POD. CTSB and ACTG1 were significantly higher in SM than in POD. Only SRGN was
significantly more expressed in POD than in SM x HO.

In the intensive system, EFF1A1 and XDH expressions were significantly higher in HO
than in SM, whereas CTSB and B2M were significantly lower. Additionally, FTH1, CTSB,
B2M, and PLIN2 showed significantly lower expression levels in SM x HO compared to
the SM breed.

Some statistically significant differences in expression were observed even considering
the interaction of breeds and sampling time. At D60, FTH1 and B2M were significantly
expressed at a lower level in SM x HO than in SM. At D120 CSN1S2, EEF1A1, TPT1,
and HSPAS8 were significantly more highly expressed in HO than in POD; PLIN2 was
significantly more highly expressed in SM x HO than in POD and in SM x HO than in SM;
and SRGN was significantly more highly expressed in POD than in SM x HO.
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Table 1. Genes with percentage expression value over 0.1% in the total of the expressed genes considering breed, sampling time, or their interactions.
BREEDS Sampling Time BREEDS and Sampling Time

" HO HO SM x HO SM x HO SM SM POD POD

GENE HO SM > HO SM POD Deéo D120 D60 D120 D60 D120 D60 D120 D60 D120
CSN1S1 13.05 11.97 9.80 6.54 7.79 11.93 11.88 13.69 6.58 16.09 7.50 11.38 4.44 7.61
CSN2 3.62 4.77 4.17 3.46 3.20 443 4.46 3.16 3.51 5.74 2.79 5.12 1.91 4.25
CSN1S2 5.82 4.61 4.37 1.90 3.18 4.88 4.53 6.52 240 6.30 3.55 493 1.80 1.94
PAEP 5.04 4.25 3.46 2.70 2.94 4.45 4.40 5.39 2.90 5.28 224 4.30 2.20 2.96
CSN3 3.28 3.69 3.14 2.63 247 3.60 3.42 3.21 2.04 4.95 2.54 3.56 1.64 3.13
LALBA 1.39 1.56 1.43 0.81 1.08 1.43 1.53 1.31 1.00 1.98 1.03 1.71 0.69 0.87
GLYCAM1 1.02 1.12 0.88 0.88 0.81 1.06 1.10 0.98 0.82 1.35 0.61 1.07 0.75 0.95
EEF1A1 0.99 0.97 0.78 0.64 0.83 0.85 0.99 0.98 091 1.02 0.73 0.81 0.70 0.60
FASN 1.36 1.03 0.84 0.61 0.82 1.06 0.99 1.57 1.18 091 0.61 1.00 0.56 0.64
COX1 0.47 0.47 0.67 0.63 0.64 0.52 0.38 0.52 0.63 0.35 0.69 0.66 0.91 0.49
TPT1 0.64 0.60 0.54 0.47 0.58 0.55 0.58 0.67 0.58 0.62 0.58 0.51 0.58 0.42
ACTB 0.44 0.45 0.60 0.47 0.60 0.43 0.45 0.44 0.65 0.29 0.71 0.53 0.59 0.41
SPP1 0.55 0.36 0.69 0.43 0.69 0.43 0.72 0.46 0.48 0.26 0.81 0.61 0.68 0.31
XDH 0.86 0.63 0.40 0.44 0.49 0.64 0.79 0.90 0.54 0.69 0.29 0.47 0.34 0.49
NFKBIA 0.28 0.27 0.47 0.49 0.48 0.33 0.40 0.22 0.43 0.14 0.64 0.35 0.38 0.55
SCD 0.38 0.47 0.41 0.34 0.33 0.44 0.48 0.33 0.39 0.53 0.26 0.51 0.18 0.42
FTH1 0.29 0.22 0.45 0.32 0.40 0.29 0.25 0.31 0.30 0.16 0.60 0.35 0.39 0.29
SRGN 0.20 0.19 0.32 0.43 0.33 0.27 0.21 0.19 0.30 0.11 0.41 0.26 0.38 0.46
CTSB 0.23 0.21 0.42 0.26 0.36 0.24 0.23 0.22 0.28 0.16 0.54 0.34 0.35 0.21
PABPC1 0.23 0.29 0.22 0.26 0.26 0.24 0.30 0.20 0.32 0.26 0.18 0.24 0.27 0.26
ACTG1 0.23 0.23 0.24 0.18 0.25 0.20 0.22 0.23 0.30 0.17 0.27 0.22 0.22 0.16
HSPAS 0.25 0.23 0.22 0.17 0.25 0.20 0.22 0.27 0.30 0.17 0.26 0.19 0.23 0.14
B2M 0.18 0.17 0.28 0.23 0.26 0.19 0.18 0.19 0.23 0.13 0.36 0.22 0.24 0.22
PLIN2 0.22 0.31 0.19 0.18 0.21 0.23 0.19 0.24 0.28 0.33 0.18 0.19 0.18 0.18
EEF? 0.21 0.21 0.19 0.18 0.22 0.18 0.23 0.20 0.24 0.19 0.20 0.19 0.21 0.16

Numbers in the table represent the percentage of expression of the total expressed genes. * x-S1 casein (CSN1S1), -casein (CSN2), a-S2 casein (CSN1S2), progestagen-associated
endometrial protein (PAEP), k-casein (CSN3), a-lactalbumin (LALBA), glycosylation-dependent cell adhesion molecule 1 (GLYCAM1), eukaryotic translation elongation factor 1 alpha 1
(EEF1A1), fatty acid synthase (FASN), Cytochrome C Oxidase subunit I (COX1), tumour protein translationally controlled (TPT1), actin beta (ACTB), secreted phosphoprotein 1 (SPP1),
xanthine dehydrogenase (XDH), NFKB inhibitor alpha (NFKBIA), stearoyl-CoA desaturase (SCD), ferritin heavy chain 1 (FTH1), serglycin (SRGN), cathepsin B (CTSB), poly(A) binding
protein cytoplasmic 1 (PABPC1), actin gamma 1 (ACTG1), heat shock protein family A (Hsp70) member 8 (HSPAS), beta-2-microglobulin (B2M), perilipin 2 (PLIN2), eukaryotic translation
elongation factor 2 (EEF2).
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3.3. Phenotypic Traits

Milk traits per breed, sampling times, and their interactions are summarised in
Tables 52 and S3. No difference in milk production was found between the intensively
raised breed, while a decrease in production from D60 to D120 lactation was observed
(p < 0.01). Due to the milking procedure, it was not possible to evaluate POD milk produc-
tion. In general, POD had higher values for protein and lactose, and lower values for urea,
compared to intensive breeds.

3.4. Differential Gene Expression Results

A comprehensive set of comparisons was performed to examine the effects of lactation
stage, breed, and production system on BMSCs gene expression. The number of significant
DEGs is reported in Table 2a,b.

Table 2. (a) DEGs (|log,FC| > 0.58 & FDR < 0.05) between lactation stages comparison in the differ-
ent breeds. (b) DEGs (11og,FC| > 0.58 & FDR < 0.05) between breeds in the different sampling times.

(@)
Breed D60 vs. D120
ALL 12
HO -
SM x HO 677
SM 4
POD 50
(b)
. . HO vs. SM SM x HO SM x HO
Sampling Time % HO HO vs. SM HO vs. POD vs. SM vs. POD SM vs. POD
D60 66 40 285 1 1 177
D120 1 21 860 5 285 551

The overall comparison between the two lactation stages, beyond the breeds, identified
12 DEGs, of which 9 were upregulated (UP) and 3 downregulated (DOWN) at D120 relative
to D60. The most UP genes were calbindin 1 (CALBI) and fructose-1,6-Bisphosphatase 2
(FBP2), while the most DOWN genes were killer cell lectin-like receptor subfamily G,
Member 1 (KLRG1) and L-amino-acid oxidase (LOC782545) (Table S5).

Considering the lactation stages within each breed, HO did not show any DEGs,
while SM x HO has the highest number (677). In SM, only four genes were found to
be differentially expressed and UP at D120: regulating synaptic membrane exocytosis 4
(RIMS4), ankyrin repeat and SOCS box protein 11 (ASB11), estrogen receptor 1 (ESR1), and
choline dehydrogenase (CHDH) (Table S5).

Considering the comparisons between breeds at D60, only one gene was identified
DOWN in SM x HO vs. SM (HLA class II histocompatibility antigen, or DQ haplotype
D alpha chain-like—LOC100848815). Also, in the SM x HO vs. POD at D60 comparison,
only one gene was identified as DOWN, ribonuclease A family member 1, pancreatic
(RNASET). At D120, only one gene was found to be DOWN in HO vs. SM x HO, phos-
phorylase kinase catalytic subunit gamma 1 (PHKGI). Five genes, of which three were
UP (major allergen Equ ¢ 1-like—LOC783399; ankyrin repeat, SAM and basic leucine zip-
per domain containing 1—ASZ1; myomesin 1 MYOMT1I) and two were DOWN (synaptic
vesicle glycoprotein 2C—SV2C; voltage-dependent anion-selective channel protein 2-like
pseudogene—LOC784294), were identified in the SM x HO vs. SM comparison at D120.
Of the 21 DEGs between HO and SM at D120, 18 and 8 were, respectively, UP and DOWN
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in SM relative to HO. The most UP genes were the sodium voltage-gated channel alpha
subunit 7 (SCN7A) and MHC Class I JSP.1 (JSP.1) genes, while the most DOWN genes were
major allergen Equ c 1-like (LOC783399) and nicotinamide nucleotide adenylyltransferase 2
(NMNAT?2) (Table S5).

Overall, the largest number of DEGs at the two sampling times was identified by
comparing POD with breeds raised in the intensive system (Tables 2 and S5). However,
taking into account both the entire experiment and the particular time points (D60 or D120),
we found shared DEGs between POD and the other breeds beyond the single comparisons.

In the former, only the V-type proton ATPase subunit H pseudogene (LOC782343)
gene was identified. At D60, 28 DEGs were identified in common in the analyses with
HO and SM (Figure 1A); at D120, 62 DEGs were found in common in all the comparisons
(Figure 1B, Table S6).

149 M7
0 3
1 129
Y Size of each list " Size of each bist
25| 859 |
< - “ -
= " b POO POO o
POD vs MO S POOVSSMHO vsHO oD vs S
Number of elements: specific (1) or shared by 2, 3, ... lists Number of elements: specific (1) or shared by 2, 3, ... kists
I | ]
28 3(62) 1
1 2

Figure 1. DEGs in common between POD and the three other breeds at 60 (A) and 120 (B) lacta-
tion days.

3.5. Functional Enrichment Analysis of the DEGs
3.5.1. DEGs in the Single Breeds

In the SM x HO crossbred, 677 DEGs were identified: 544 UP and 133 DOWN at
D120 vs. D60. Enrichment analysis of UP genes yielded 35 BP, 46 CC, 9 MF, GO term:s,
and 15 KEGG terms, primarily linked to oxidative phosphorylation, fatty acid metabolism,
and mitochondrial function (Tables S5 and S7, Figure S1). STRING analyses showed a
significant PPI enrichment (p-value < 1.0 x 10'6) and 93 enriched terms. The DOWN
genes were associated with 80, 17, and 32 significant terms for BP, CC, and MEF, relative to
the nucleus compartment, active transcription process and gene transcription regulation
(Tables S5 and S7, Figure S2). Several highly enriched annotation clusters and functional
groups were also identified (Tables S5 and S7). STRING analyses showed a PPI enrichment
(p-value < 1.0 x 10~!!) and 91 significant enriched terms. The STRING network of UP
and DOWN genes was visualised in Cytoscape, revealing six subnetworks, containing
more than four proteins each (Figure 2). CytoHubba identified the top 20 hub genes
with the highest score, belonging to the NADH: Ubiquinone Oxidoreductase (NDUF) and
Cytochrome C Oxidase (COX) gene families.
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Figure 2. Cytoscape visualisation of the STRING PPI network from DEGs identified in SM x HO D120
vs. D60 analyses (A). The blue and red nodes indicate up- and downregulated genes, respectively,
with colour intensity proportional to log2Fold change (higher values correspond to more intense
colours). In the HUB gene network identified by cytoHubba, the most interactive nodes are shown in
red and the least in yellow (B).

In POD, 50 DEGs were identified: 28 UP and 22 DOWN (D120 vs. D60). UP genes
enriched 8 BP, 1 CC, GO terms, and 1 KEGG term involving cytokine and vascular endothe-
lial growth factor production. DOWN genes enriched 1 BP, 3 CC, 1 MF, GO terms, and
1 KEGG term related to organelle organisation, nucleoplasm, and phosphatidylinositol-
3,4,5-trisphosphate binding (Tables S5 and S8). No gene clusters and networks were found.
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The top UP genes were calbindin 1 (CALB1) and echinoderm microtubule-associated protein
like 1 (EML1), while the top DOWN genes were cytotoxic and regulatory T cell molecule
(CRTAM) and serine protease inhibitor, Kunitz type, 3 (SPINT3).

3.5.2. DEGS Among the Breeds

DEGs identified between the breeds raised under the intensive system, at the two sam-
pling times, were explored. In the SM vs. HO at D60 comparison, 40 genes were identified,
with only 8 UP and 32 DOWN in SM. No significant enriched terms were identified
(Tables S5 and S9). The somatomedin B and thrombospondin type 1 domain-containing
(SBSPON) gene was the most upregulated, while the synaptic membrane exocytosis 4
(RIMS4) gene showed the most downregulation.

In SM x HO vs. HO at D60, 66 DEGs were found: 48 UP and 18 DOWN. UP genes
enriched 32 BP, 14 CC, 8 MF, GO terms, and 4 KEGG terms; eight annotation clusters and
one gene function classification group with high enrichment scores were also identified.
STRING analysis showed significant PPI enrichment (p-value = 1.6 x 107°) and 41 sig-
nificant enriched terms. The functional annotations were relative to chromatin assembly
and remodelling and regulation of the immune system (Tables S5 and S10). Highly up-
regulated genes were the T cell receptor alpha variable 12-3-like (LOC100298992), natural
killer cell antigen CD94 (LOC618565), GTPase, IMAP family member 1-like (LOC512867),
and interleukin 2 receptor subunit beta (IL2RB). No significant enriched terms were found
in the DOWN genes; the most downregulated genes were histatherin (HSTN) and Solute
Carrier Family 27 Member 6 (SLC27A6). Figure 3 reports the STRING network for up- and
downregulated genes. The top 10 hubs are related to cytokines/adhesion molecules and
histone genes.
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Figure 3. Cytoscape visualisation of the STRING PPI network from DEGs identified in SM x HO vs.
HO at D60 analyses. The blue and red nodes indicate up- and downregulated genes, respectively,
with colour intensity proportional to log2Fold change (higher values correspond to more intense
colours) (A). In the HUB gene network identified by cytoHubba, the most interactive nodes are
shown in red and the least in yellow (B,C).
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At D60, POD shared 28 common genes with HO and SM (15 UP and 13 DOWN).
The upregulated genes enriched 38 BP, 10 CC, and 5 MF GO terms, primarily focusing on
the nucleus and positive transcription regulation. STRING analyses showed a significant
PPI enrichment (p-value = 0.0265). The two most upregulated genes are the L-amino-
acid oxidase (LOC782545) and V-type proton ATPase subunit H pseudogene (LOC782343).
The NAD(P)HX dehydratase (NAXD), solute carrier family 7 member 5 (SLC7A5), and 3-
hydroxy-3-methylglutaryl-CoA lyase (HMGCL) genes were the most downregulated genes.
Functional enrichment analyses identified three BP and five CC significantly enriched terms,
as well as one mitochondrial-related cluster (enrichment score = 1.82) (Tables S5 and S11).
In Figure 4A,B, the STRING network of the up- and downregulated genes.
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Figure 4. Cytoscape visualisation of the STRING PPI network from DEGs identified at D60 in
(A) POD vs. HO and (B) POD vs. SM. The blue and red nodes indicate up- and downregulated genes,
respectively, with colour intensity proportional to log2Fold change (higher values correspond to more
intense colours).

Comparison at D120 revealed 62 common DEGs between POD and intensive breeds,
with 26 and 36 genes significantly up- and downregulated in POD, respectively. For the
upregulated genes, only 10 significantly enriched BP GO terms were identified, primarily
related to the regulation of nervous system development and cell differentiation. In contrast,
the downregulated genes showed 31 BP, 23 CC, 2 MF, GO terms, and 8 KEGG significantly
enriched terms. The terms with the highest gene counts are related to metabolic process,
intracellular organelle, catalytic activity and disease for BP, CC, MF and KEGG, respectively
(Tables S5 and S12). Three clusters were obtained for the DOWN genes; however, STRING
analysis did not show any PPI-enriched interaction in a network of the encoded proteins.

4. Discussion

This study investigates the milk transcriptomic profile across two production systems
(intensive vs. extensive) and four cattle breeds, including a crossbreed (SM x HO) and
a local breed (POD), for which no transcriptomic analyses were previously available, in
two lactation stages (peak and mid-lactation), corresponding to different physiological
status [1]. Podolica cattle represent an indigenous southern Italian breed characterised by
high levels of rusticity and environmental plasticity, traditionally managed under extensive
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grazing systems in semi-arid climates [49]. Simmental cattle are important to global farming
because they are excellent for both milk and beef and tend to be healthier and more fertile
than highly specialised breeds [50].

Generated within a beef-on-dairy (BoD) research program, SM x HO crossbreds
enhance farm profitability by producing higher-value calves [51]. Extensive research
confirms their superior reproductive, physiological, and productive performance compared
to traditional dairy breeds [26,30,52-56].

Many comparisons were explored to uncover the DEGs and increase our knowledge
of the biological processes associated with the lactation process. A moderate threshold for
identifying DEGs was chosen to capture biologically meaningful transcriptional modulation
underlying complex lactation-related traits, consistent with evidence that coordinated
regulation of multiple genes with modest individual effects drives these phenotypes and
that pathway-level coherence often reflects functional relevance [57,58]. In Table 3, we
highlight the main findings of the study and below we discuss some of these.

Table 3. Summary of the main findings identified in this study.

Breed Key Findings & Phenotypic Impact Involved Genes & Pathways
All Groups Identification of a highly expressed cohort CSN1S1, CSN2, CSN1S2, CSN3, PAEP, LALBA,
(Conserved Profile) related to milk proteins and fatty acids. GLYCAM1, XDH, SCD, FASN, PLIN?2
Most pronounced transcriptional shifts; focus LPL, LIPE, ACADI1, ACADM, DECRI, DLD,
SM x HO thi ok ot o thzsis S denen ETFA, SREBF2 (lipid uptake & FA oxidation).
crossbreed & s latsyn 8y MDH]1, PDK3, UGP2, FBP2 (glycolysis &
oxidation (120 DIM).
TCA cycle).
Upregulation of genes critical for lactation
SM performance and tissue structure remodelling RIMS4, ASB11 & ESR1
(120 DIM).
Activation of subclinical defence and antigen Immune cell receptors, antigens,
SM x HO vs. HO recognition during early lactation (60 DIM). histone clusters.
Enhanced pathogen detection and MHC
SMvs. HO Class I facilitation for T lymphocyte activity JSP1
(60 and 120 DIM).
POD vs. Intensive Distinct innate modulation; adaptation to ROS & antimicrobial pathways; reduced
Breeds different physiological energy demands. mitochondprial protein synthesis.

SM x HO crossbreds exhibited the most significant transcriptional changes through-
out lactation. While HO showed more DEGs than POD at D60 and D120, comparisons
must account for POD’s unique husbandry, including hand-milking and suckling, which
complicates milk yield accuracy [59,60]. Furthermore, by 120 DIM, POD cows approach
the dry period due to shorter lactation cycles, whereas intensive breeds remain at mid-
lactation [2]. Consequently, 60 DIM serves as a point of physiological equivalence for
crossbreed comparison despite husbandry differences. Conversely, the 120 DIM data likely
reflects divergent mammary statuses—specifically the onset of involution in POD—rather
than purely breed-specific or environmental effects. This distinction is crucial for accurately
interpreting differences between traditional and intensive dairy systems.

4.1. Highly Expressed Genes

Our milk somatic cell RNA analysis confirmed the gene expression patterns during
lactation identified in previous single-cell experiments. Single-cell RNA sequencing anal-
yses gene expression across various mammary milk cell subsets, including immune and
epithelial cells. Recent studies by Zorc and colleagues (2024) and Ren and colleagues (2025)
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used this method to compare differentially expressed genes across these populations [61,62].
They showed that genes highly expressed in epithelial cells, but downregulated in immune
cells, drive the synthesis and secretion of lactose, proteins, and milk fats.

4.1.1. Casein Cluster

As expected, casein and whey genes dominated, reflecting their 90% contribution to
milk protein [63]. CSN151 was consistently the most expressed gene across breeds and
lactation stages (from 45.02% in POD to 50.6% in HO). Concerning the other CSN, CSN2
(from 14.05% in HO to 23.83% in POD), CSN1S52 (from 13.04% in POD to 22.56% in HO),
and CSN3 (from 12.74% in HO to 18.1% in POD) ranked immediately after (Table 1).

Wickramasinghe and colleagues identified CSN1S2 as highly expressed (20.34%) at
15 and 90 DIM in BMSCs [12]. In HO mammary epithelial cells (MECs), transcript abun-
dance follows CSN3, CSN151, CSN1S52, CSN2, PAEP, and LALBA, with higher values at
57 than 113 DIM [64].

Bionaz and colleagues reported higher CSN3 expression at 60 DIM than 120 DIM in HO
mammary biopsies [65]. Similarly, our results show decreased CSN2 and CSN3 expression
in HO between D60 and D120, whereas other breeds exhibited increased transcription
across all casein genes (Table 1). The higher CSN2 expression detected in SM compared
with HO could reflect the greater 3-casein content, previously reported [66]. The elevated
CSN3 expression observed in HO compared to SM may suggest higher k-casein synthesis in
this breed, consistent with the high metabolic demand for milk protein production during
peak lactation [67]. Total milk protein concentration increased from D60 to D120, though
not significantly. While all CSN genes rose across lactation—aligning with established
trends in milk casein proteins—no statistically significant correlation with total protein
percentage was found. Considering breed differences, POD samples showed the highest
concentration of milk protein, both at D60 and D120, despite the lowest expression in
CSN genes (Tables 1, S3 and S4), likely reflecting a concentration effect due to lower milk
yields and specific metabolic adaptations in this hardy breed [68,69], in contrast with the
high-volume dilution typical of Holstein and Simmental breeds [70].

4.1.2. Whey Protein Cluster

Milk protein’s whey fraction is dominated by highly abundant proteins: x-lactalbumin,
-lactoglobulin (encoded by the PAEP/BLG gene), serum albumin, IgG, GlyCAM-1 (PP3),
and lactoferrin. Notably, 3-lactoglobulin is the major whey protein in bovine, buffalo, goat,
and horse milk and contributes to milk structural properties [71].

In our study, PAEP expression increased from D60 to D120, supporting an increase
in 3-lactoglobulin production during lactation [66]. LALBA, encoding x-lactalbumin, is
among the most highly expressed genes in mammary glands of several species [12,13,72,73],
and this was confirmed here (Table 1). a-lactalbumin has important biological and func-
tional properties and plays a central role in lactose synthesis: in the mammary gland,
it interacts with B4GALT1 to form the lactose synthase complex [74]. Because lactose
regulates milk osmotic pressure, high LALBA expression in mammary epithelial cells is
essential during lactation. In our dataset, LALBA and B4GALT1 gene expression are strongly
correlated (r = 0.84, p < 0.001), and both show a weak positive correlation with lactose
concentration (r = 0.35, p < 0.01). GLYCAM!1 encodes a dominant N-linked glycoprotein in
bovine whey; its glycan composition may affect interactions with immune receptors [75].
High GLYCAM]1 transcript abundance has been reported in goat and bovine mammary
tissue and milk [76,77]. In single-cell RNA sequencing, GLYCAM 1 is one of the 10 most ex-
pressed genes in bovine luminal cells [61]. Using an in vivo induction model experiment of
lactation, LeProvost and colleagues [76] demonstrated that the GLYCAM]I gene expression
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in ewe mammary tissue is hormonally regulated, following a similar mechanism to that of
casein genes. In our study, GLYCAMI and CN genes were significantly highly positively
correlated (r = 0.79-0.92, p < 0.001).

4.1.3. Fatty Acid Cluster

Milk fat composition depends on nutrition, genetics, and lactation stage [78]. In the
mammary gland, metabolism involves five processes: fatty acid uptake, de novo synthesis,
desaturation, esterification, and secretion. Key genes regulating these pathways are highly
expressed in BMSCs, with their expression patterns shifting significantly throughout the
lactation cycle [12]. The FASN gene plays a central role in the de novo synthesis of many
short- and medium-chain fatty acids in milk and is essential for the development, functional
competence, and maintenance of the lactating mammary gland [72,79,80]. The SCD encodes
A9-desaturase, converting saturated fatty acids into monounsaturated fatty acids and
contributing to CLA isomer synthesis [81,82]. XDH and PLIN2 are key proteins in milk
fat globule formation [83,84], and PLIN2 variants have been associated with milk FA
profile [85]. We did not detect statistically significant changes in FASN expression across
lactation, whereas SCD, XDH and PLIN2 showed higher expression levels at D120. These
four genes showed a significantly strong positive correlation (r = 0.63-0.87; p < 0.001,
Table S2), although no significant correlation was detected between the expression of the
individual gene and overall milk fat content.

4.1.4. Other Highly Expressed Genes

SPP1, encoding osteopontin, is crucial for mammary development, milk production,
and protein gene modulation [86]. We found higher SPP1 expression at D60 compared
to D120. NFKBIA regulates immune responses by inhibiting NF«B [87] and has been
linked to mastitis in HO and buffalo [13,88]; in our data, NFKBIA expression is strongly
positively correlated with log SCC (r = 0.71; p < 0.001), confirming its central role in
mammary inflammation.

High EEF1A1 expression aligns with the protein synthesis demands of lactation [89],
though we observed no significant correlation with protein content.

The presence of cathepsin B (CTSB) in milk and its broad specificity against caseins
has been documented [90]; its high expression here may be related to proteolysis and to
differences in casein composition [91].

FTHI1 encodes ferritin heavy chain, an anti-apoptotic protein found in blood and
milk; ferritin levels increase during mastitis [92,93] and are considered potential infection
indicators. We found a high correlation between FTH1 expression and log SCC (r = 0.68;
p <0.001). B2M encodes (-2-microglobulin, part of the Fc receptor that mediates IgG
transfer to milk, and is associated with MHC and mastitis traits [94-96]; here, B2M ex-
pression was positively correlated with log SCC (r = 0.72; p < 0.001). HSPAS8 encodes an
ATP-dependent molecular chaperone involved in protein folding and proteostasis [96,97];
although integrated into networks regulating milk protein synthesis [65], we did not detect
a significant correlation between HSPAS8 expression and milk protein content.

4.2. DEGs and Functional, Annotation Enrichment
4.2.1. D60 vs. D120 in SM

In SM, RIMS4 emerged as the most significantly upregulated gene at D120 compared
to D60 and was also differentially expressed relative to HO at D60. RIMSs are scaffold
proteins involved in neurotransmitter release and vesicle exocytosis [98,99]. In mammary
epithelial cells, massive exocytosis of proteins and lipid droplets is required for milk
secretion [100]. Although a specific role for RIMS4 in lactation has not been previously
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documented, its upregulation suggests involvement in intracellular trafficking and secretion
of milk components.

With the onset of lactation, the metabolic and secretory activity per cell increases as
the lactation becomes established; however, mammary cell number and secretory activity
change during lactation [100]. We identified two additional genes potentially implicated
in regulating mammary cell dynamics: Ankyrin Repeat and SOCS Box Protein 11 (ASB11)
and oestrogen receptor 1 (ESRI). ASB11, also upregulated in SM x HO at D120, has
been reported as upregulated postpartum in bovine mammary gland and is a mediator of
canonical Delta—Notch signalling, crucial for cell fate and tissue differentiation [101,102].
ESR1 encodes a key regulator of mammary development and epithelial proliferation [103].
Increased oestrogen responsiveness during lactation has been linked to mammary invo-
lution and reduced persistency [100]. The increased ESR1 expression observed in SM
at mid-lactation and in POD relative to SM at D60 suggests early transcriptional shifts
linked to tissue remodelling and declining efficiency; ESR1 expression may thus serve as
a potential biomarker for milk persistency. In our study, SM milk yield decreased from
16.33 to 13.62 L from D60 to D120 (Table S2).

We found the JSP.1 (major histocompatibility complex, class I, A) gene to be upregu-
lated in the comparison of SM vs. HO, both at 60 and 120. This gene is referred to as Bovine
Lymphocyte Antigen (BoLA) and is crucial for presenting intracellular peptides to CD8+ cy-
totoxic T lymphocyte cells, part of the cow’s immune defence against pathogens [95]. Some
studies report an association between Class I alleles and mastitis traits [104]. Although
all animals were free from clinical mastitis, SM showed higher SCC than HO, which may
reflect differences in immune responsiveness.

4.2.2. D60 vs. D120 in SM x HO

One of the most enriched STRING PPI networks involved in upregulated genes is as-
sociated with mitochondrial oxidative phosphorylation, including the NADH: Ubiquinone
Oxidoreductase, Cytochrome C Oxidase, and ATP synthase family genes. All these genes
contribute to elevated ATP demand in the mammary gland to support milk produc-
tion [105], as mitochondria play a decisive role in meeting the bioenergetic and substrate
requirements of lactation [106].

A HUB gene network, even with fewer interactive nodes, includes some intraflagellar
transport genes (ITF 46, 74, 57), whose role could be associated with morphogenesis during
mammary gland development, as demonstrated for an analogous gene [107,108].

Genes directly involved in lipid uptake, intracellular trafficking, and fatty acid oxida-
tion were identified as upregulated at D120 in SM x HO, highlighting sustained mammary
capacity for milk fat synthesis (LPL, LIPE, ACAD11, ACADM, DECR1, ETFA, and SREBF?2).
We also found upregulated genes at D120 associated with glucose metabolism and en-
ergy balance, reflecting the increased metabolic demand of mid-lactation (MDH1, PDK3,
UGP2, FBP2). These changes highlight coordinated transcriptional control ensuring efficient
glucose utilisation and energy partitioning in mammary epithelial cells during lactation.

4.2.3. SM x HO vs. HO at D60

At D60, DEGs upregulated in SM x HO versus HO were related to immune cell
receptors, antigens related and histone clusters. Our observation of histatherin (HSTN) and
Solute Carrier Family 27 Member 6 (SLC27A6), among the most downregulated genes in
cattle mastitic milk samples, is in accordance with Bisutti et al. (2024)’s results [109].

Functional annotation revealed enriched terms related to chromatin organisation,
immune regulation, apoptosis, and Neutrophil Extracellular Trap (NET) formation. Be-
yond DNA packaging, histones serve antimicrobial roles within NETs—an extracellu-
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lar DNA meshwork that traps pathogens but may also cause inflammatory tissue dam-
age [83,84,110,111]. Notably, NET-like structures appear in mastitic milk and are associated
with increased mastitis risk during the transition period [112]. In sheep, these structures
are linked to potential milk duct blockages, suggesting that while NETs provide a vital
defence mechanism, their presence reflects significant inflammatory responses within the
mammary gland [113,114]. Although the cows here analysed did not show clinical mastitis,
the SM x HO breed had a slightly higher, but not statistically significant, value of SCC
compared with HO (173,780 vs. 144,543 cells/mL). Combined with the transcriptomic
profile, this may indicate activation of a subclinical immune defence response.

Concerning milk protein gene expression, Vanselow et al. [115] have demonstrated
that mastitis caused by E. coli infection of the udder results in an increased DNA methyla-
tion status in the far upstream promoter of the bovine aS1-casein gene and tighter DNA
chromatin packing. In our experiment, SM x HO showed almost half of the CSN151
expression percentage relative to HO, with small differences in SCC values (173.780 vs.
144,543), suggesting a possible effect of chromatin remodelling due to an increase in histone
gene expression.

DNA methylation is associated with chromatin condensation through histone modifi-
cations, and there is emerging evidence to suggest that histone modifications are involved
in modulating the milk production of MEC both in mouse and human cell-cultured stud-
ies [116,117].

4.2.4. POD Comparisons

Across POD comparisons with other breeds at D60 and D120, the only common DEG
identified was ENSBTAG00000035572 (LOC782343), a V-type proton ATPase subunit H
pseudogene. This gene encodes a V-ATPase component essential for acidifying intracel-
lular organelles [118], enabling protein sorting, endocytosis, and phagosome-lysosome
fusion [119]. Acidification is critical for activating microbicidal enzymes and degrading
apoptotic cells [120]. Its upregulation in POD cows, alongside slightly higher average
somatic cell counts (SCCs), suggests that this gene plays a key role in supporting enhanced
innate immune activity in this specific breed.

4.2.5. POD vs. HO/SM at D60

By day 60, 28 common DEGs were identified between POD and the intensive breeds
(HO and SM), of which 15 were UP, and 13 were DOWN in POD. Notably, functional analy-
sis showed enrichment in the branched-chain amino acid degradation pathway. Within this
pathway, the LOC782545 gene (L-amino-acid oxidase, LAAO) was upregulated in POD.
LAAOs generate hydrogen peroxide, contributing to innate immune defence [121] and
antimicrobial defence in milk [122]. While this upregulation suggests a higher antimicrobial
capacity in POD animals, somatic cell counts (SCCs) remained similar across breeds.

In POD cows, the (3-hydroxy-3-methylglutaryl-CoA lyase) HMGCL gene was down-
regulated. Notably, this is the first report of HMGCL expression in BMSCs, ranking 5440th
among 21,672 bovine genes in normalised counts. This gene is vital for ketogenesis and
leucine catabolism, providing energy and influencing ROS production and molecular
signalling. Downregulation of HMGCL reduces 3-hydroxybutyrate, potentially limiting
ROS generation. While this ~2-fold reduction in POD suggests lower oxidative stress,
the lack of ROS analysis prevents confirmation. Moreover, beta-hydroxybutyrate might
also play a vital role in regulating the barrier immune systems [123]. While SCC values
did not significantly differ (the averages were 140,000, 143,000 and 300,000 cells/mL in
POD, HO and SM, respectively), the transcriptomic profile of POD animals—including
HMGCL downregulation—points to distinct innate immune modulation. This suggests
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specific regulation of ROS and antimicrobial pathways, aligning with the evolving view
of neutrophils as complex regulators of homeostasis and tissue remodelling rather than
simple pathogen killers.

Dietary differences, such as those used in the two husbandry systems studied, may
influence these patterns, as HMGCL expression typically decreases in forage-based di-
ets [124,125].

Considering the network results for POD vs. HO/SM comparison, the SRA stem-loop
interacting RNA binding protein (SLIRP), ribosomal biosis factor (RBIS), ATP synthase
membrane subunit k (ATP5MK) genes were found to be downregulated. In humans, SLIRP
was identified as a mitochondrial protein with a relevant role in regulating mitochondrial
messenger RNA (mRNA) translation and homeostasis [126,127]. The RBIS encoded protein
in humans has been demonstrated to be a trans-acting factor in ribosome biogenesis
required for efficient 40S and 60S subunit production [128]. The ATP5MK protein is required
for dimerisation of the ATP synthase complex and, as such, regulates ATP synthesis in the
mitochondria [129]. These results could suggest a slightly reduced mitochondrial protein
synthesis in POD relative to the other intensive reared breeds.

5. Conclusions

In this study, our results showed that the SM x HO crossbreds exhibited enhanced
transcriptomic plasticity and suggested an improved metabolic efficiency. Moreover, the
enrichment in immune and epigenetic signals suggests a robust biological framework that
may support health, adaptability and longevity under intensive production conditions. In
contrast, the Podolica breed reveals a molecular strategy that prioritises metabolic resilience
and resource allocation over maximising yield. This profile is in line with adaptation to
an extensive and low-input farming system. Overall, these findings highlight how the
integration of functional traits and crossbreeding can balance high productivity with
metabolic resilience and animal welfare, supporting more sustainable and resilient dairy
production systems.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390 /ruminants6010016/s1. Figure S1: Barplot of the 15 most significant
signals (adjust p-value < 0.1) GO term (BP, CC and MF) for upregulated genes in SM x HO of D120
vs. D60. Figure S2: Barplot of the 15 most significant signals (adjust p-value < 0.1) GO term (CC
and MF) for downregulated genes in SM x HO of D120 vs. D60. Table S1: Statistics on the 60 RNA
sequencing samples analysed. [DIM group: 60 or 120; RIN: RNA integrity number; total reads
(R1 + R2): number of total raw reads obtained from the sequencing; QC (%): percentage of reads after
quality control procedure; mapped (%): % of reads mapped on the reference genome; PropPaired (%):
% of reads properly paired; Ribosomial (% expression data): % of expression associated with rRNA or
ribosomal protein (removed in the working dataset)]. Table S2: the correlation and relative p-values
among the top 25 expressed genes. [In the sheet “Correlations”, the yellow cells represent the genes
associated with the fat content in the milk; the text in red represents the significant correlations].
Table S3: Parameters analysed in milk samples considering the cattle breeds or the two sampling
times (means =+ SE). Table S4: Parameters analysed in milk samples considering both the breeds
and the sampling time (means + SE). Table S5: Statistics on DEGs ( |1logoFC| > 0.58 & FDR < 0.05)
considering breed, sampling time or their interaction from Deseq2 output. [Ensembl: Ensembl gene
ID; Gene symbol: gene name; Description: gene description; baseMean: the average expression level
of a gene across all samples after accounting for library size differences; log2FoldChange: logarithm
(base 2) of the fold change in gene expression between two groups, indicating the magnitude and
the direction (positive: upregulation, negative: downregulation) of the change in expression; IfcSE:
log?2 fold change standard error; stat: Wald statistic, a measure of the difference in gene expression
normalized by its standard error; p-value: unadjusted p-value associated with the Wald statistic;
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padj: adjusted p-values, which are corrected for multiple testing using methods like the Benjamini—
Hochberg procedure; Lpadj: negative logarithm (base 10) of padj.]. Table S6: DEGs (Ilog,FC| > 0.58
& FDR < 0.05) comparing POD with (i) HO and SM at D60, (ii) HO, SM and SM x HO at 120,
and (iii) the common in all the comparisons. [Ensembl: Ensembl gene ID; Gene symbol: gene
name; Description: gene description; log2FoldChange: logarithm (base 2) of the fold change in gene
expression between two groups, indicating the magnitude and the direction (positive: upregulation,
negative: downregulation) of the change in expression]. Table S7: Functional enrichment analysis
results using DEGs from D120 vs. D60 in SM x HO comparison. The results were obtained using
DAVID and STRING web tools. Table S8: Functional enrichment analysis results using DEGs from
D120 vs. D60 in POD comparison. The results were obtained using DAVID and STRING web tools.
Table S9: Functional enrichment analysis results using DEGs from SM vs. HO at D60 comparison.
The results were obtained using DAVID and STRING web tools. Table S10: Functional enrichment
analysis results using DEGs from SM x HO vs. HO at D60 comparison. The results were obtained
using DAVID and STRING web tools. Table S11: Functional enrichment analysis results using DEGs
from POD vs. intensive breeds (HO and SM) at D60 comparison. The results were obtained using
DAVID and STRING web tools. Table S12: Functional enrichment analysis results using DEGs from
POD vs. intensive breeds (HO, SM and SM x HO) at D120 comparison. The results were obtained
using DAVID and STRING web tools.
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