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Abstract

Heat stress poses a critical threat to dairy cattle productivity, fertility and welfare, yet the ge-
netic mechanisms underlying individual variation in thermotolerance remain poorly under-
stood. While previous studies have focused predominantly on miRNA expression profiles or
coding gene variants, genome-wide identification of variants within miRNA genes has re-
mained largely unexplored. In this exploratory study, pooled whole-genome sequencing was
applied to previously characterized thermotolerant and thermosensitive Holstein cows, clas-
sified based on reproductive performance under summer heat stress and supported by phys-
iological and endocrine characterization, to identify candidate genetic variants within miRNA
genes. Fifteen variants were detected in the thermotolerant sequencing pools but not in the
thermosensitive pools under the applied variant-calling and filtering criteria, across 15 distinct
miRNA loci, including one potentially novel SNP. Five variants were located within mature
miRNA sequences, and several were associated with predicted changes in minimum free en-
ergy (AG), suggesting potential differences in pre-miRNA secondary structure and thermo-
dynamic stability. Two seed-region variants in bta-miR-2883 and bta-miR-2388-3p were asso-
ciated with large computationally predicted differences in miRNA target repertoires, with
gains of approximately 3000 predicted target genes and losses of approximately 600 per
miRNA. Functional enrichment analysis of the computationally predicted target sets identi-
fied over-represented biological processes and pathways related to stress-responsive signal-
ing pathways and metabolism among gained targets, and intracellular trafficking, vesicle-me-
diated transport, and membrane dynamics among lost targets. Collectively, these computa-
tional findings identify candidate variants within miRNA genes and generate hypotheses re-
garding their potential regulatory consequences, without establishing their functional in-
volvement in thermotolerance. Individual-level genotyping, genotype—phenotype association
analyses, and functional validation are required to determine their biological relevance.
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post-transcriptional regulation; Bos taurus
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1. Introduction

Climate change, especially the increase in temperature that is responsible for heat
stress (HS), is at the forefront of the dangers that threaten the viability and sustainability
of livestock farming. Especially for the dairy sector, HS exerts negative effects on health,
reproductive and productive performance of dairy cows [1]. Exposure to elevated tem-
peratures triggers a series of physiological and behavioral adaptations to mitigate the neg-
ative effects of HS, including increased respiration and heart rate, reduced feed intake and
increased water consumption [2]. High metabolic heat production associated with high
milk yield further increases the internal heat load, exacerbating the vulnerability to heat
stress [3]. Collectively, these adaptations lead to a negative energy balance, responsible
for reduced animal fitness and increased incidences of infectious and metabolic diseases,
while significantly compromising milk yield and fertility [4,5]. This physiological discom-
fort is induced when environmental conditions exceed the upper tolerated threshold of
the thermoneutral zone, commonly measured using the Temperature-Humidity Index
(THI). Specifically, THI values below 68 indicate thermal comfort, values between 69 and
78 correspond to mild heat stress, values between 79 and 89 to moderate heat stress, and
values exceeding 90 to severe heat stress, even leading to death [6,7]. Consequently, heat
stress constitutes a complex challenge that adversely affects animal welfare and under-
mines the sustainability of livestock production systems, resulting in significant economic
losses due to impairments in productive efficiency and reproductive performance. Thus,
there is a need to elucidate the molecular, cellular and genetic components of thermotol-
erance, including regulatory pathways involved in stress response, and to integrate ge-
nomic information in breeding programs aiming at enhanced heat stress resilience.

Towards this goal, there are several studies that have attempted to shed light on the
mechanisms and pathways involved in thermotolerance and highlight specific candidate
markers for genetic/genomic selection. Early research primarily focused on the pivotal
role of Heat Shock Proteins (HSPs) to elucidate the mechanisms underlying thermotoler-
ance, as these proteins serve as universal cellular indicators responding to a diverse array
of stressors [8]. HSPs are broadly classified by molecular weight into small (<40 kDa) and
large (>40 kDa) families, both of which exhibit significant mRNA upregulation under heat
stress (HS) across multiple cell types [9-11]. Their expression and transcriptional regula-
tion via Heat Shock Factors (HSFs) have therefore been proposed as key molecular mark-
ers for thermotolerance and genetic selection [12-14]. However, while HSPs represent a
core component of the cellular heat stress response, accumulating evidence indicates that
thermotolerance arises from a far more complex and integrated regulatory network.
Whole-genome sequencing and genome-wide association studies (GWASs) have identi-
fied heat stress-associated variants in genes such as DNAJC27, DNAJA4, DNAJC21,
DNAJB1, and HSPA1A, implicating pathways linked not only to protein homeostasis but
also to neuronal and immune system function [15-17]. Furthermore, transcriptomic stud-
ies have revealed tissue-specific adaptations, including alterations in hepatic oxidative
phosphorylation and mitochondrial function that contribute to negative energy balance
under heat stress [18], as well as long-term developmental and signaling alterations in-
duced by preweaning thermal exposure [19]. Given the breadth and complexity of these
heat stress-responsive pathways, precise post-transcriptional regulation is essential for
maintaining cellular homeostasis and survival. In this context, miRNAs have emerged as
primary regulatory candidates governing these complex biological processes, positioning
them as promising candidates for understanding and modulating thermotolerance.

MicroRNAs (miRNAs) are endogenous small non-coding RNAs that regulate gene
expression post-transcriptionally by binding to the 3" UTR of target mRNAs, inhibiting
translation or promoting their degradation [20]. In recent years, miRNAs have emerged
as central regulators of stress responses and reproductive function in livestock [21], with
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differential expression of specific miRNAs documented in cattle tissues exposed to heat
stress, implicating these molecules in the modulation of metabolic, immune, and devel-
opmental processes as well as HSP synthesis [22,23]. Beyond their regulatory roles, miR-
NAs are increasingly recognized as promising biomarkers of stress resilience and repro-
ductive performance due to their stability in biological fluids and their ability to reflect
physiological states [21,24].

Despite growing evidence that miRNAs play important roles in the physiological re-
sponse to heat stress and reproductive processes, most existing studies have primarily
focused on miRNA expression profiles rather than on genetic variation within miRNA
genes. Similarly, genetic studies of thermotolerance in cattle have largely concentrated on
polymorphisms in protein-coding genes, such as heat shock proteins and other stress-re-
lated loci, while sequence variation within miRNA genes remains comparatively under-
studied. However, single-nucleotide polymorphisms (SNPs) located within miRNA genes,
particularly in precursor, mature, or seed regions, can influence miRNA biogenesis, sta-
bility, and target recognition, ultimately reshaping post-transcriptional regulatory net-
works [25]. Nevertheless, the contribution of miRNA sequence variation to heat stress ad-
aptation in dairy cattle, as well as its potential utility as a biomarker for identifying ther-
motolerant animals, remains largely unexplored. Addressing this gap could provide
novel insights into the molecular mechanisms underlying thermotolerance and support
the development of genomics-assisted breeding strategies for climate-resilient livestock.

Thus, given the increasing impact of heat stress on dairy production and the limited
understanding of how genetic variation within regulatory non-coding regions may relate
to heat-stress responsiveness, further investigation into miRNA-mediated mechanisms is
warranted. Although previous studies in cattle have primarily focused on differential
miRNA expression profiles under heat stress conditions or on coding variants within pro-
tein-coding genes, the genome-wide identification and characterization of miRNA regu-
latory variants potentially relevant to heat-stress responses remain largely unexplored.
Little is known about how sequence variation within miRNA genes may influence miRNA
structure, maturation, target recognition, and downstream regulatory networks poten-
tially relevant to heat-stress responses. Therefore, the present exploratory study aimed to
identify candidate variants within miRNA loci from pooled WGS data of previously char-
acterized thermotolerant and thermosensitive Holstein cows, defined primarily by repro-
ductive performance under heat-stress conditions and supported by physiological and
endocrine characterization, and to investigate their potential regulatory consequences
through in silico analyses. By identifying variants detected in the thermotolerant sequenc-
ing pools but not in the thermosensitive pools under the applied filtering criteria and eval-
uating their predicted effects on miRNA structure, target recognition, and downstream
biological pathways, this research provides an exploratory assessment of the potential
regulatory consequences of candidate miRNA variants and prioritizes them for future in-
dividual-level genotyping, genotype—phenotype association analyses, and functional val-
idation in cattle.

2. Materials and Methods

2.1. Animals and Phenotypic Characterization

The procedures of this study followed the standards set by the European regulations
and the University of Thessaly regarding animal welfare. No license was issued as the
methods were not invasive and caused no pain or discomfort to the animals. A detailed
description of animal management, experimental design, and phenotypic characterization
has been published previously by our group [15]. In brief, the study included 80 lactating
Holstein cows reared on three commercial dairy farms in Thessaly, Central Greece. All
farms employed similar housing, feeding, and cooling practices, utilizing automated fan-
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and-sprinkler cooling systems that activated at a temperature-humidity index (THI) of 68.
The study was conducted during the summer of 2020 (June—August), and only cows re-
ceiving their first artificial insemination (Al) during June and July of the same year under
heat stress conditions (THI > 72) were included. During the study period, THI data were
obtained from the electronic controller of the cooling system. The analysis revealed that
the mean daily THI steadily exceeded 72, with an average of 74.3 + 6.9, based on 24 hourly
measurements each day. The lowest THI values were observed between 4:00 AM and 5:00
AM (67.4 £ 1.9), while the highest values occurred between 5:00 PM and 6:00 PM (83.4 +
4.3). All animals were inseminated following estrus and ovulation synchronization using
an OVSYNCH protocol, with pregnancy diagnosed through pregnancy-associated glyco-
protein measurement and confirmed by rectal palpation. To minimize sire effects, the
same bull was used for inseminations within each farm. The thermotolerant group com-
prised 20 cows from Farm A and 10 cows from each of Farms B and C, and the thermo-
sensitive group had the same composition (20, 10 and 10 cows, respectively). Because the
same bull was used for all inseminations within each farm, sire is nested within farm, and
the two groups were therefore identical in their farm and sire composition. Based on re-
productive performance under heat stress, cows that conceived at the first Al were classi-
fied as thermotolerant, while those that failed to conceive after at least two consecutive
Als were classified as thermosensitive. Although conception is a multifactorial reproduc-
tive outcome that may also be influenced by reproductive factors unrelated to heat stress,
the biological relevance of this classification is further supported by previous physiologi-
cal and endocrine characterization of the same experimental population. All enrolled an-
imals underwent weekly detailed general examination and ultrasonographic examina-
tions to assess postpartum uterine involution and ovarian resumption. Uterine health was
evaluated using Metricheck (Simcro Tech Limited, New Zealand), ultrasonography, and
endometrial cytology, as outlined by Nanas et al. [26]. Any animal diagnosed with general
health issues, or with any type of uterine infection by day 60 postpartum, was excluded
from the analysis. At first Al, there were no significant differences (p > 0.05) in parity, body
condition score (BCS), days in milk, or milk yield between the groups [26]. These clinical
monitoring procedures, exclusion criteria, and comparable baseline characteristics were
intended to minimize the influence of identifiable health-related and reproductive con-
founding factors on conception outcomes, although they could not eliminate all factors
unrelated to heat stress. Under heat-stress conditions, thermotolerant cows exhibited
lower circulating cortisol and HSP70 concentrations, and a greater preovulatory LH re-
sponse compared with thermosensitive cows, consistent with differences in physiological
responses under heat stress conditions [27]. Thus, the terms “thermotolerant” and “ther-
mosensitive” are used herein to denote these previously characterized phenotypic groups
rather than thermotolerance defined solely by conception outcome.

It should be noted that the present study utilized the same experimental population
and pooled whole-genome sequencing (WGS) dataset previously investigated by our
group [15]. However, whereas the previous study focused on genetic variation in heat-
shock protein-related genes, the current analysis specifically examines variants located
within miRNA genomic regions and their potential regulatory consequences.

2.2. Sample Preparation

For the genomic analysis, blood samples were collected in EDTA tubes, transported
on ice, and stored at —20 °C until DNA extraction. Total genomic DNA was isolated using
the PureLink Genomic DNA Mini Kit (Invitrogen, USA), followed by quality assessment
via agarose gel electrophoresis and quantification with the Qubit dSDNA BR Assay Kit
(Invitrogen, USA). To perform pool-sequencing, forty animals from each experimental
group (thermotolerant and thermosensitive) were distributed into four distinct pools,
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each consisting of equimolar DNA from ten individuals, resulting in a final concentration
of 100 ng/uL and a total quantity of 2 ug per pool.

Animals were grouped according to their phenotypic classification and selected to
have comparable phenotypic characteristics within each pool. This strategy was intended
to facilitate exploratory variant discovery at the pooled level rather than individual-level
genotyping. Consequently, individual genetic differences could not be resolved from the
pooled sequencing data, and the presence of a variant within a pool could not be at-
tributed to a specific animal. Pools were assembled within each farm, i.e., two pools from
Farm A and one pool from each of Farms B and C per group.

2.3. Whole-Genome Sequencing and Bioinformatics Analysis

Genomic DNA samples were shipped to Novogene, where whole-genome sequenc-
ing was performed on the Illumina HiSeq 3000 platform (Illumina, San Diego, USA), with
a target mean sequencing coverage of 100x per pool, corresponding to a theoretical aver-
age sequencing contribution of approximately 10x per animal under the assumption of
equal DNA representation within each pool, rather than directly measured individual-
level coverage. Raw FASTQ files were initially assessed for quality using FASTQC
(v.0.12.0), and low-quality reads and adapter sequences were removed using Trimmo-
matic (v0.39) [28] with a PHRED quality threshold of 30. High-quality paired-end reads
were mapped to the ARS-UCD1.2 reference genome [29] using BWA-MEM (v0.7.17) [30].
PCR duplicates were identified and removed using Picard, and BAM file processing, in-
cluding conversion, sorting, and indexing, was performed with SAMtools (v1.22.3)[31].
Sequencing quality control metrics were assessed separately for each of the eight DNA
pools, including the total number of read pairs, mapping rate, mean sequencing depth,
and the proportion of the reference genome covered at sequencing depths of at least 10x
and 30x. Detailed pool-specific sequencing quality metrics are provided in Supplementary
Table S1. For variant calling, the four BAM files corresponding to the thermotolerant pools
(TT1-TT4) were merged into one group-level BAM file, while the four BAM files corre-
sponding to the thermosensitive pools (TS1-TS4) were merged into a second group-level
BAM file. Variant calling was subsequently performed separately on the two merged
BAM files using FreeBayes (v1.3.6) [32]. Resulting variant call format (VCF) files were fil-
tered using VCFtools (v0.1.16) to retain high-confidence single-nucleotide polymorphisms
(SNPs) based on a minimum quality score of 30 (minQ > 30), a minimum allele count of 1
(mac 2 1), and a minimum read depth of 4 (minDP > 4) [33]. Finally, variants detected
exclusively in the thermotolerant or thermosensitive pooled sequencing datasets were
identified using BCFtools isec (v1.15) [34]. The 15 candidate miRNA variants identified in
the thermotolerant dataset were additionally confirmed as detected in all four original TT
pools (TT1-TT4) and not detected in any of the four TS pools (TS1-TS4) under the applied
detection criteria. The minimum allele count threshold of one was retained to allow ex-
ploratory detection of potentially low-frequency variants. Given the pooled sequencing
design, individual genotypes and genotype or allele frequencies could not be determined;
therefore, the identified variants were considered exploratory candidates rather than var-
iants formally associated with the thermotolerance phenotype. Functional annotation of
variants was performed using the Variant Effect Predictor (VEP,v108) [35] to assess their
genomic location and predicted impact.

2.4. In Silico Analysis and Investigation of Mirnas

To explore the potential role of miRNA-related genetic variation in thermotolerance,
an in silico analysis was conducted focusing on candidate variants detected exclusively in
the thermotolerant pooled sequencing dataset. A custom script was used to identify these
variants mapping within miRNA genes for subsequent functional characterization. To
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assess the potential structural and regulatory consequences of the identified miRNA-re-
lated variants, the miRNASNP v4 database [36] was employed to determine whether the
variants were located within primary miRNA (pri-miRNA), precursor miRNA (pre-
miRNA), or mature miRNA regions. Additionally, the potential effects of SNPs on pre-
miRNA secondary structure were evaluated using minimum free energy (MFE) predic-
tions available through miRNASNP v4 [36], based on RNAfold [37]. The change in folding
free energy (AG) was defined as MFE(mutant) — MFE(wild-type), with all values ex-
pressed in kcal/mol. Accordingly, positive AG values indicate a less stable predicted pre-
miRNA hairpin in the variant sequence relative to the wild-type sequence, whereas neg-
ative values indicate a more stable one. Wild-type MFE values were retrieved from miR-
NASNP v4 [36], and the corresponding mutant MFE values were derived from the re-
ported AG values. For variants located within the seed regions of miRNAs, miRNASNP
v4 [36] was further utilized to assess their potential effects on miRNA-mRNA target
recognition. The database employs two complementary target prediction algorithms, Tar-
getScan 8.0 and miRmap (v1.1), to independently predict miRNA binding sites within the
3" untranslated regions (3'UTRs) of target genes. For each seed-region variant, target pre-
dictions are compared between the wild-type miRNA sequence, containing the reference
allele, and the corresponding variant sequence, containing the alternative allele. Accord-
ing to the criteria implemented in miRNASNP v4 [36], a target interaction is classified as
lost when it is predicted by both algorithms for the wild-type sequence but by neither
algorithm for the variant sequence. Conversely, a gained interaction is defined as one pre-
dicted by both algorithms for the variant sequence but by neither algorithm for the wild-
type sequence. For miRNAs affected by variants predicted to influence target recognition,
downstream target genes were retrieved based on miRNASNP v4 [36] predictions. These
gained and lost targets represent computationally predicted changes in miRNA-mRNA
interactions rather than experimentally validated regulatory relationships. Functional en-
richment analyses were subsequently performed on the resulting target gene sets using
ShinyGO v0.85 [38] to explore the biological processes and pathways potentially impacted
by the identified miRNA variants. Gene Ontology (GO) enrichment analysis [39] was con-
ducted to identify overrepresented biological processes (BPs), molecular functions (MFs),
and cellular components (CCs), while Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis [40] was used to identify significantly enriched pathways. Since the
analysis was based on whole-genome sequencing data rather than on gene expression
data (e.g., RNA-Seq), no expression-based filtering was applied, and all annotated Bos
taurus genes were used as the background gene set for the GO and KEGG enrichment
analyses. The gained and lost target gene sets were analyzed separately, and p-values
were corrected for multiple testing using the false discovery rate (FDR).

3. Results

3.1. Whole-Genome Sequencing and Variant Overview

Whole-genome sequencing generated between 910 and 1067 million read pairs per
DNA pool, with mapping rates ranging from 96.7% to 98.4%. Mean sequencing depth
ranged from 96.2x to 103.5%, consistent with the targeted coverage of approximately 100x
per pool. The proportion of the reference genome covered at depths of at least 10x ranged
from 98.7% to 99.1%, while coverage at >30x ranged from 97.1% to 98.0%. Overall, se-
quencing quality metrics were relatively consistent across the thermotolerant and thermo-
sensitive pools. Detailed sequencing statistics for each pool are presented in Supplemen-
tary Table S1.

Whole-genome sequencing analysis identified a total of 11,666,181 single-nucleotide
polymorphisms (SNPs) in the thermotolerant pooled sequencing dataset and 11,538,714
SNPs in the thermosensitive pooled sequencing dataset. Among these variants, 1,083,403
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SNPs were detected exclusively in the thermotolerant pools, while 955,936 SNPs were de-
tected exclusively in the thermosensitive pools; the remaining variants were shared be-
tween the two groups (Figure 1). Variants detected exclusively in the thermotolerant pools
provided the basis for subsequent analyses aimed at identifying candidate regulatory var-
iants within miRNA genes and exploring their potential functional relevance.

Group-specific and shared SNPs

1,083;403 10,582,778 955,936

Thermotolerant Thermosensitive

Figure 1. Venn diagram illustrating the distribution of single-nucleotide polymorphisms (SNPs) de-
tected in the thermotolerant (blue) and thermosensitive (green) pooled sequencing datasets. Vari-

ants detected exclusively in either group and variants shared between the two groups are shown.

Functional annotation of SNPs detected exclusively in the thermotolerant pools re-
vealed that most variants were in non-coding regions, with 46.70% mapping to intergenic
regions and 51.65% to intronic regions. A smaller proportion of variants were found in coding
and untranslated regions, including synonymous (0.63%) and non-synonymous (0.49%) vari-
ants, as well as variants in the 3’ untranslated region (UTR; 0.38%) and 5" UTR (0.15%).

3.2. Identification of miRNA-Associated Variants

Using a custom script, candidate variants detected exclusively in the thermotolerant
pools and mapping to miRNA genes were identified. In total, 15 variants were mapped to
15 distinct miRNAs. All 15 candidate variants were detected in all four thermotolerant
sequencing pools and were not detected in any of the four thermosensitive pools under
the applied variant-calling and filtering criteria. Detailed information on genomic location,
variant identity, reference and alternative alleles, and affected miRNAs is provided in Ta-
ble 1. It should be noted that pool-level detection does not establish individual genotypes
or allele frequencies.
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Table 1. Candidate variants detected exclusively in the thermotolerant pooled sequencing dataset
and mapping within miRNA loci, including genomic location, variant identity, affected miRNA and
region, predicted minimum free energy (AG) change, and number of gained or lost miRNA target
genes (where applicable). MiRNA gene/precursor loci are designated using the “bta-mir-“ nomen-
clature, whereas mature miRNA products are designated using “bta-miR-", followed by the corre-
sponding -5p or -3p suffix where applicable. “— “ indicates that the corresponding in silico predic-
tion was not available or applicable for the indicated variant. REF and ALT indicate the reference
and alternative alleles, respectively, according to the Bos taurus ARS-UCD1.2 reference genome. AG
represents the difference in predicted minimum free energy (MFE) between the mutant and wild-
type pre-miRNA sequences, calculated as AG = MFE(mutant) - MFE(wild-type). Detailed MFE val-

ues for both sequences are provided in Supplementary Table S2.

Genomic Region

SNP ID REF Allele ALT Allele miRNA Locus

miRNA Target

Reoi
estont Genes (Gain/Loss)

1:1,666,094-1,666,094
3:105,457,752-105,457,752
3:7,932,297-7,932,297
4:76,017,522-76,017,522
5:109,644,802-109,644,802
6:115,667,948-115,667,948
7:108,839,700-108,839,700
8:101,253,139-101,253,139
9:25,151,106-25,151,106
18:8,132,166-8,132,166
20:15,245,801-15,245,801
21:55,229,288-55,229,288
22:56,110,860-56,110,860
23:31,828,956-31,828,956
25:34,785,340-34,785,340

rs383925958 G A bta-mir-12,045 pri-miRNA/pre-miRNA - -

Novel T C bta-mir-30c pri-miRNA/pre-miRNA - -

rs380243757 C T bta-mir-2285t  mature miRNA - -

rs379686115 T C bta-mir-2420  pri-miRNA/pre-miRNA  10.7-

rs109562598 G A bta-mir-12,001 pri-miRNA/pre-miRNA -0.4 -

15133612666 G A bta-mir-2450d mature miRNA (3p) 19.1-

rs385411830 A T bta-mir-2285bv mature miRNA (3p) - -

rs379892150 G T bta-mir-7863 pri-miRNA/pre-miRNA - -

rs207677665 C T bta-mir-22840  pri-miRNA/pre-miRNA - -

rs207829955 C T bta-mir-2883  mature miRNA (3p)/seed -1.7 2940 gain/664 loss
rs383989638 C T bta-mir-320a-2 pri-miRNA/pre-miRNA - -

rs383423817 T A bta-mir-3432a-1 pri-miRNA/pre-miRNA - -

1s797185658 C T bta-mir-11,994 pri-miRNA/pre-miRNA - -

rs469674557 G A bta-mir-6531 pri-miRNA/pre-miRNA - -

rs208131360 G C bta-mir-2388 mature miRNA (3p)/seed 6.4 3,169 gain/559 loss

Functional annotation revealed that a subset of variants (n = 5) was located within
mature miRNA sequences, suggesting a potential direct impact on miRNA function and
interactions. The remaining variants were mapped to pri-miRNA or pre-miRNA regions.
Among the identified miRNA-associated variants, 14 were previously reported, while one
represented a novel variant. All miRNA-associated variants were selected for subsequent
functional evaluation using miRNASNP v4 [36].

3.3. Variants and Predicted Effects on miRNA Structure

Thermotolerant-specific variants within mature miRNA sequences or pre-miRNA re-
gions were further evaluated using miRNASNP v4 [36] and RNAfold [37] to assess their
potential effects on the structural properties of miRNAs. Several variants were associated
with predicted changes in minimum free energy (AG), suggesting potential alterations in
miRNA secondary structure and stability (Table 1).

Pronounced predicted differences in minimum free energy (AG) were observed for
variants in bta-mir-2420 (AG = 10.7), while a more modest predicted difference was de-
tected for bta-mir-12001 (AG = -0.4). These findings suggest that the corresponding vari-
ants may alter the predicted pre-miRNA secondary structure and thermodynamic stabil-
ity, although any effects on miRNA maturation remain to be experimentally established.
Additionally, seed-region variants in bta-mir-2883 (AG =-1.7) and bta-mir-2388 (AG = 6.4)
were also associated with predicted changes in AG, indicating potential differences in the
predicted secondary structures of the corresponding pre-miRNA hairpins. A variant
within the mature sequence of bta-miR-2450d was associated with a substantial predicted
change in pre-miRNA folding free energy (AG = 19.1), suggesting a potential impact on
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the predicted secondary structure and thermodynamic stability of the corresponding pre-
cursor hairpin. The corresponding wild-type and mutant MFE values are provided in
Supplementary Table S2. These computational predictions suggest potential effects on
pre-miRNA folding but do not establish changes in miRNA stability, maturation, or bio-
logical function. The predicted secondary structures of the wild-type and SNP-containing
pre-miRNA hairpins of bta-mir-2450d are illustrated in Figure 2, highlighting potential
differences in precursor folding associated with the identified variant. Overall, structural
alterations in miRNAs may influence their stability and/or interactions with components
of the RNA-induced silencing complex.

Pre-miRNA structure of wild type Pre-miRNA structure of SNP type
20
P ‘.r...
.-"»"i‘“ § 1: s 3
o i > N e
R wh P -
. o3
AR .00 0.0 ]
:.v o -_.‘- e ®g-gua®
o e o
.-t“ -6
¥ 5
60 8.,
#;:‘V .-.'.’.).*.,i
ol « 3
[} s
050"

Figure 2. Predicted secondary structures of the wild-type (left) and SNP-containing (right) pre-
miRNA of bta-mir-2450d were generated using RNAfold [37]. The structures represent the pre-
miRNA hairpin rather than the primary miRNA transcript (pri-miRNA) or the mature miRNA. Nu-
cleotide positions are indicated, and differences in folding patterns between the wild-type and var-

iant sequences are shown.

3.4. miRNA-mRNA Interactions and Functional Enrichment of Target Genes

Variants within miRNA seed regions have the potential to alter miRNA-mRNA in-
teractions, as the seed sequence is critical for target recognition and binding specificity
[41]. To investigate the potential effects on miRNA target recognition of seed-region vari-
ants detected in the thermotolerant sequencing pools but not in the thermosensitive pools,
predicted miRNA target genes were retrieved using miRNASNP v4 [36].

Two variants detected in the thermotolerant pools but not in the thermosensitive
pools, located within miRNA seed regions, were identified (Table 1). The variant
rs207829955 in bta-miR-2883-3p was associated with a predicted gain of 2940 target genes
and a predicted loss of 664 target genes, while rs208131360 affecting the seed region of
bta-miR-2388-3p was associated with a predicted gain of 3169 target genes and a predicted
loss of 559 target genes. These findings indicate large predicted differences in miRNA tar-
get repertoires associated with seed-region sequence variation.

To explore the potential biological implications of these predicted differences in
miRNA target recognition, the predicted gained and lost target gene sets were subse-
quently analyzed separately using ShinyGO v0.85 [38]. The analysis focused on the func-
tional enrichment of Gene Ontology [39,42] terms and KEGG pathways [40,43,44].

KEGG pathway analysis of lost target genes revealed significant enrichment in path-
ways related to endocytosis and bacterial invasion of epithelial cells (FDR < 0.01), both of
which are associated with membrane dynamics and vesicle trafficking (Figure S3). Con-
sistent with these findings, Gene Ontology cellular component analysis demonstrated
strong enrichment for endocytic vesicles, recycling endosome membranes, cytoplasmic
vesicles, endosomes, and vesicle membranes, as well as components of the actin cytoskel-
eton and cell junctions. Additional enriched cellular components included nuclear-
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associated structures (Figure S4). Gene Ontology molecular function enrichment primar-
ily reflected broad binding-related activities, as presented in Figure S5. At the biological
process level, lost target genes were significantly enriched for processes involved in pro-
tein localization, intracellular transport, vesicle-mediated transport, and membrane or-
ganization, as well as the regulation of cellular responses to stimuli and intracellular sig-
naling pathways (Figure 3). Collectively, these enrichment results identify intracellular
trafficking and membrane-associated processes among the biological functions repre-
sented in genes predicted to lose miRNA targeting. These predictions do not establish
changes in gene expression or pathway activity.

Membrane organization

Intracellular protein transport - N. of Genes
Protein transport - ®
Intracellular transport - o] e 75
Establishment of protein localization - ® ® 100
Cellular macromolecule localization - °
Cellular protein localization - Q ® 125
Establishment of localization in cell - @ ® 150
Protein localization - O
Vesicle-mediated transport - o]
Nitrogen compound transport - O -log10(FDR)
Organic substance transport - \
Neg. reg. of response to stimulus - o] @4
Cellular response to organic substance - @ Q5
Intracellular signal transduction - O
Neg. reg. of nitrogen compound metabolic proc. - @ \
Reg. of cellular component organization - L J @7
Reg. of localization - O ® 38
Neg. reg. of cellular metabolic proc. - O
Reg. of multicellular organismal proc. - : : ® .
0.0 0.5 1.0 135 2.0

Fold Enrichment

Figure 3. Dot plot showing significantly enriched Gene Ontology (GO) biological process terms for
target genes predicted to be lost due to seed-region variants in miRNAs identified exclusively in
thermotolerant cows. The size of each dot represents the number of genes associated with the cor-
responding GO term, while color indicates the level of statistical significance. The x-axis shows the
fold enrichment, and the y-axis lists the enriched GO biological process terms. p-values were cor-

rected for multiple testing using the false discovery rate (FDR).

In contrast, the gained target genes were enriched in a distinct yet complementary
set of pathways. KEGG analysis revealed significant enrichment in stress- and metabo-
lism-related signaling pathways, including the MAPK, AMPK, PI3K-Akt, Ras, and Rapl
signaling pathways, as well as pathways associated with amino acid metabolism, such as
valine, leucine, and isoleucine degradation. Additional enriched pathways included those
related to phosphatidylinositol signaling, sphingolipid signaling, and insulin resistance
(Figure 4). These enrichment results describe functional annotations of computationally
predicted miRNA targets and do not demonstrate altered pathway activity or metabolic
adaptation under heat stress conditions.

Gene Ontology enrichment analysis further supported these findings, revealing that
gained target genes were strongly enriched for cellular components associated with the
endoplasmic reticulum, Golgi apparatus, vesicles, and organelle membranes (Figure S6).
The enrichment analysis at the molecular function level highlighted binding- and kinase-
related terms (Figure S7). At the biological process level, enriched terms included protein
transport and localization, intracellular transport, vesicle-mediated transport, cellular re-
sponse to stress, and intracellular signal transduction (Figure 5). Collectively, these en-
richment results identify signaling, metabolic, and intracellular transport-related pro-
cesses among the biological functions represented in genes predicted to gain miRNA tar-
geting. These findings provide a basis for further investigation of potential regulatory in-
teractions without establishing their functional consequences.
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Figure 4. Dot plot showing significantly enriched KEGG terms for target genes predicted to be
gained due to seed-region variants in miRNAs identified exclusively in thermotolerant cows. The
size of each dot represents the number of genes associated with the corresponding KEGG term,
while color indicates the level of statistical significance. The x-axis shows the fold enrichment, and

the y-axis lists the enriched KEGG terms. p-values were corrected for multiple testing using the false

discovery rate (FDR).
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Figure 5. Dot plot showing significantly enriched Gene Ontology (GO) biological process terms for
target genes predicted to be gained due to seed-region variants in miRNAs identified exclusively in
thermotolerant cows. The size of each dot represents the number of genes associated with the cor-
responding GO term, while color indicates the level of statistical significance. The x-axis shows the
fold enrichment, and the y-axis lists the enriched GO biological process terms. p-values were cor-

rected for multiple testing using the false discovery rate (FDR).

4. Discussion

Heat stress poses a significant challenge for dairy cattle, impairing productivity, fer-
tility, and animal welfare through widespread physiological and cellular disruption [1,45].
While numerous studies have characterized transcriptional and physiological responses
to heat stress [18,19,23,46,47], the potential contribution of genetic variation in post-
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transcriptional regulatory elements, such as microRNAs (miRNAs), remains less well de-
fined. In this exploratory study, we identified 15 candidate variants —including one po-
tentially novel SNP —within miRNA genes that were detected in the thermotolerant se-
quencing pools but not in the thermosensitive pools under the applied variant-calling and
filtering criteria. We subsequently investigated their predicted structural and functional
consequences. Several variants were associated with predicted differences in pre-miRNA
secondary structure, while seed-region variants were associated with computationally
predicted differences in miRNA target repertoires. Functional enrichment analysis iden-
tified distinct sets of biological pathways among genes predicted to gain or lose miRNA
targeting, including stress-responsive signaling, metabolic regulation, intracellular traf-
ficking, and membrane-associated processes. These findings suggest potential differences
in miRNA target recognition associated with the identified variants but do not establish
changes in pathway activity or cellular function.

4.1. Candidate miRNA Variants Potentially Relevant to Thermotolerance

At the first level of our analysis, pooled whole-genome sequencing enabled the iden-
tification of candidate genetic variants detected exclusively in the thermotolerant pools,
providing a set of loci for further investigation in relation to heat stress resilience. Whole-
genome sequencing (WGS) offers an important approach for investigating the genetic ar-
chitecture of complex traits, such as thermotolerance, as it enables the detection of both
known and novel variants across coding and non-coding genomic regions [48,49]. Unlike
traditional array-based Genome-Wide Association Studies (GWASs), which rely on com-
mon variants tagged on a chip, WGS can identify both known and novel variations across
an entire population [50]. Recent advancements have demonstrated that very low-depth
WGS (even at very low coverage) can be a cost-effective alternative to GWAS chips, main-
taining high genotype accuracy and often providing superior power to detect association
signals [50,51]. WGS is particularly effective at assessing the contribution of rare variants,
which are often the causal drivers of phenotypic diversity in complex traits like environ-
mental adaptation [52,53]. While common GWAS approaches primarily identify loci
based on linkage disequilibrium, WGS allows for a more direct assessment of potential
causal mutations, facilitating a deeper understanding of the molecular mechanisms be-
hind traits like heat resilience [48,54]. These advantages refer to individual-level sequenc-
ing designs; the pooled design applied here supports variant discovery but not individ-
ual-level genotyping or association testing. Unlike environmentally responsive expres-
sion changes, DNA sequence variants represent genomic features that can be investigated
as potential genetic markers. However, the inheritance patterns, association with thermo-
tolerance, and predictive value of the specific variants identified in this study remain to
be established through individual-level genotyping and validation in independent popu-
lations [55]. In the present study, the identification of candidate variants within miRNA
loci provides an additional layer of genetic information that complements previous stud-
ies focusing predominantly on protein-coding genes or heat-responsive miRNA expres-
sion. To our knowledge, the variants identified here have not previously been investigated in
relation to thermotolerance in dairy cattle. Moreover, several were located within functionally
relevant regions of miRNA genes, including mature and seed sequences, supporting their pri-
oritization for subsequent individual-level genotyping and functional investigation.

Among the identified candidates, the detection of a novel SNP within a miRNA gene
is particularly noteworthy and warrants further investigation. As this variant has not yet
been individually genotyped, its frequency and distribution within the study population
remain unknown. Individual-level validation will therefore be required before its poten-
tial relationship with thermotolerance can be evaluated.
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Taken together, these findings identify candidate miRNA gene variants for individ-
ual-level genotyping, and any utility of these variants as biomarkers of thermotolerance
remains to be established. Importantly, their association with physiological or reproduc-
tive indicators of heat-stress responsiveness has not been demonstrated and will require
individual-level genotype—phenotype analyses and independent validation. Further vali-
dation in independent populations, along with the integration of phenotypic and tran-
scriptomic data, will be required to evaluate their predictive value and applicability in
breeding programs aimed at improving heat stress resilience under increasingly challeng-
ing climatic conditions. Importantly, the pooled WGS dataset analyzed here originates
from the same experimental population previously investigated by our group [15]. How-
ever, the present study addresses a distinct research question by specifically investigating
genetic variants within miRNA loci, which were not examined in our previous analysis.
Unlike the earlier study, which focused on variants in heat-shock protein-related genes,
the current investigation explores the potential regulatory consequences of miRNA-asso-
ciated variants through computational analyses of pre-miRNA secondary structure,
miRNA-target interactions, and downstream biological pathways. In our previous study,
pooled sequencing was similarly used as an initial variant-discovery approach, followed
by individual-level genotyping of selected candidate SNPs in the broader phenotypically
characterized population. This second-stage analysis confirmed the presence of selected
pool-derived variants in individual animals and identified significant associations be-
tween variants in heat-shock protein genes and the thermotolerance phenotype [15].
These previous findings support the utility of the present pooled WGS dataset as a re-
source for candidate variant discovery. Nevertheless, the specific miRNA variants identi-
fied in the current study have not been individually genotyped, and their presence and
allele frequencies at the individual level remain to be confirmed.

4.2. Heat Stress-Associated miRNAs: Evidence from Previous Studies

Several miRNAs harboring candidate variants detected in the thermotolerant pools
in our dataset have been implicated in bovine heat stress responses, primarily through
differential expression studies in heat-stressed animals. Notably, bta-mir-30c and bta-mir-
320a-2 were reported among miRNAs showing differential expression under thermal
stress in the peripheral blood mononuclear cells (PBMCs) of crossbred cattle (Bos taurus x
Bos indicus), supporting a potential role for these miRNAs in systemic stress adaptation
[56]. Consistent with these findings, bta-mir-30c, bta-miR-320a-1, and bta-miR-320a-2
were also found to be differentially expressed in the Sahiwal (Bos indicus) breed during
thermal stress [57]. Further evidence linking bta-miR-320a to heat stress comes from se-
rum profiling studies in Holstein cows, which revealed that this miRNA was significantly
differentially expressed under heat stress conditions [58]. Additionally, bta-miR-320a was
reported to be downregulated in preovulatory follicular fluid extracellular vesicles col-
lected during summer compared to winter in Holstein dairy cows, suggesting a potential
role in heat stress-related reproductive adaptation [59]. Moreover, bta-mir-3432a was
identified as differentially expressed in both Holstein and Jersey cattle under heat stress
conditions [60], providing biological context for the candidate variant detected in bta-mir-
3432a-1 in the thermotolerant pools.

Beyond individual miRNAs, previous serum profiling under heat stress has shown
that the miR-2284 and miR-2285 families are among the most abundant miRNA families
detected in Holstein cows [58], providing supportive context for the presence of variants
in bta-mir-22840 and bta-mir-2285t/bv in thermotolerant animals. Notably, bta-miR-2285t
was identified as one of the most highly differentially expressed miRNAs in the mammary
tissue of Holstein cattle exposed to heat stress compared to normal conditions [22]. The
miR-2285 family, which comprises over 40 members distributed across the bovine genome,
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has also been implicated in stress-related adaptation mechanisms in other species. For
example, miR-22850-3p contributes to high-altitude adaptation in yaks by attenuating hy-
poxia-induced apoptosis through targeting caspase-3 [61]. Members of the miR-2284 fam-
ily have been found to be differentially expressed between heat-stressed and non-heat-
stressed lactating Holstein cows, too [62].

Importantly, several other miRNAs identified in this study (e.g., bta-mir-2883, bta-
mir-12045, bta-mir-11994, bta-mir-2388, bta-mir-2450d) have limited or currently unavail-
able evidence linking them to heat stress in dairy cattle. This highlights the novelty of our
findings and the importance of exploring regulatory genetic variation beyond expression-
based signatures. Nevertheless, some of these miRNAs have been associated with pro-
ductive or reproductive traits known to be adversely affected by heat stress. For instance,
bta-mir-12001 is characterized as a sperm-borne miRNA associated with fertility in dairy
cattle [63], while bta-mir-2420 has also been linked to sperm quality and fertility-related
traits [64]. Additionally, bta-mir-7863 has been associated with milk production and
shows differential expression under various farm management systems [65]. It has also
been proposed as a mammary biomarker for mastitis caused by Staphylococcus aureus and
Escherichia coli [66]. Similarly, bta-miR-6531 is highly enriched in low-motility sperm and
has been shown to regulate calcium influx in bovine Leydig cells, linking it to male repro-
ductive function [67].

Overall, the partial overlap between our candidate miRNAs and those previously
reported as heat-responsive provides biological context for our findings. Additionally, the
identification of candidate variants in miRNAs that have not previously been linked to
heat stress, together with the detection of a novel SNP, expands the catalogue of miRNA-
related candidates for further investigation in the context of thermotolerance. Individual-
level genotyping and functional validation will be required to determine whether these
variants are reproducibly associated with the phenotype.

4.3. Potential miRNA-Mediated Regulatory Mechanisms Associated with Heat Stress Responses

Analysis of predicted miRNA-mRNA interaction changes associated with candidate
variants detected in the thermotolerant pools suggested potential differences in post-tran-
scriptional regulatory networks. However, it is important to distinguish between compu-
tationally predicted changes in miRNA target recognition and experimentally demon-
strated regulatory effects. A predicted gain of miRNA targeting indicates a potential new
interaction between an miRNA and a target transcript, whereas a predicted loss indicates
the possible disruption of an existing interaction. The relatively large number of predicted
gained and lost target genes may be attributed, at least in part, to the central role of the
miRNA seed region in target recognition. A single-nucleotide substitution within this re-
gion may alter sequence complementarity with numerous mRNA 3'UTRs, resulting in ex-
tensive computationally predicted changes in the target repertoire. Importantly, the mag-
nitude of these predicted changes also depends on the characteristics and criteria of the
computational algorithms employed and should not be interpreted as evidence of wide-
spread functional alterations. In addition, because the gained and lost target sets each
comprise several hundred to several thousand genes, the enrichment analyses may iden-
tify broad biological terms (e.g., protein transport and intracellular signaling) that are
commonly represented across different gene sets. Such enrichment patterns should there-
fore be interpreted cautiously and should not be considered evidence of altered biological
pathway activity. Neither outcome directly establishes changes in target gene expression,
pathway activation or inhibition, or cellular phenotype. Therefore, the functional enrich-
ment results presented here should be interpreted as hypothesis-generating observations
rather than evidence of altered pathway activity in thermotolerant cows.
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Heat stress is known to disrupt cellular homeostasis through effects on metabolism,
mitochondrial function, intracellular trafficking, and cell survival, necessitating adaptive
regulatory responses at multiple molecular levels [1,47].

A notable feature of the analysis was the functional divergence between lost and
gained miRNA targets. Genes predicted to gain miRNA targeting due to the identified
seed-region variants were enriched in pathways associated with stress-responsive signal-
ing and metabolic control, including MAPK, AMPK, PI3K-Akt, Ras, and Rapl1 signaling,
as well as amino acid degradation and insulin resistance pathways. These signaling net-
works are well established as central regulators of cellular stress responses, energy sens-
ing, and survival under thermal and metabolic stress. In particular, the PI3K-Akt signaling
pathway has been shown to play a protective role under heat stress by modulating cell
survival, metabolism, and apoptosis, as well as by supporting antioxidant capacity and
proteostasis [68-70]. Similarly, Ras and Rap1 small GTPases function as key regulators of
stress-responsive signaling, acting as molecular switches that regulate protein expression,
metabolic shifts, and survival mechanisms in response to elevated temperatures [71,72].
A study in cattle also shows that Ras and Rap1l pathways are among the over-represented
pathways in crossbred cattle under chronic heat stress [46]. The enrichment of kinase- and
binding-related molecular functions further identifies signaling-related processes among
the predicted miRNA targets, although the direction and functional consequences of any
potential regulatory changes remain unknown. Enrichment of insulin resistance and
amino-acid degradation pathways among gained targets is consistent with previously de-
scribed metabolic shifts in heat-stressed dairy cows, where nutrient partitioning and en-
ergy efficiency are prioritized to sustain cellular function [73,74]. Notably, genes predicted
to gain miRNA targeting were also enriched in phosphatidylinositol and sphingolipid
signaling pathways, identifying additional candidate processes of potential relevance to
cellular responses under heat stress. Beyond their signaling roles, sphingolipids are criti-
cal structural components of cellular membranes and key determinants of membrane flu-
idity and microdomain organization [75]. Modulation of sphingolipid metabolism has
been shown to influence membrane stability, stress signaling, and apoptotic responses
under thermal and oxidative stress conditions [76]. Collectively, the enrichment of stress-
responsive and metabolic pathways among predicted gained miRNA targets highlights
biological processes potentially relevant to heat-stress responses, without establishing
that the identified variants alter their post-transcriptional regulation. Although these
pathways have established roles in cellular stress responses, their enrichment among pre-
dicted targets does not demonstrate increased pathway activity, enhanced stress adapta-
tion, or functional changes in the corresponding regulatory networks.

In addition, gained miRNA targets were enriched for biological processes related to
protein transport, protein localization, and vesicle-mediated transport, as well as for cel-
lular components associated with the endoplasmic reticulum, Golgi apparatus, and orga-
nelle membranes. These enrichment patterns highlight intracellular protein-handling pro-
cesses as potentially relevant to the predicted miRNA target repertoires. However, they
do not establish whether miRNA-mediated regulation of these processes is altered under
heat stress conditions.

In contrast, genes predicted to lose miRNA targeting due to the identified seed-re-
gion variants were predominantly enriched for intracellular trafficking and membrane-
associated processes, including endocytosis, recycling endosomes, vesicle-mediated
transport, protein localization, and cytoskeletal organization. These processes are essen-
tial for dynamic cellular remodeling, receptor recycling, and intracellular transport, par-
ticularly under stress conditions requiring rapid structural and functional adjustments
[77]. The enrichment of intracellular trafficking and membrane-associated processes
among genes predicted to lose miRNA targeting suggests that these cellular functions

https://doi.org/10.3390/agriculture16212341



Agriculture 2026, 16, 2341

16 of 23

may be relevant to the potential regulatory consequences of the identified variants. How-
ever, predicted loss of miRNA targeting does not necessarily result in increased target
gene expression or altered pathway function. Accordingly, these observations should be
considered as potential regulatory hypotheses requiring experimental confirmation rather
than evidence of functional deregulation or adaptive cellular remodeling. Importantly,
similar vesicle-mediated processes have been implicated in cellular responses to environ-
mental and metabolic stress, supporting the biological plausibility of this pattern [78,79].
Recent evidence supports the functional importance of extracellular vesicles (EVs) in heat
stress responses in dairy cattle. A study in Holstein Friesian and Brown Swiss cows
demonstrated that small EVs isolated from milk under heat stress conditions differentially
modulate mammary epithelial cell viability, reactive oxygen species accumulation, and
expression of stress-associated genes in vitro, indicating that EV cargo can influence cel-
lular phenotypes under thermal challenge. In this study, EVs from heat-stressed Brown
Swiss cows, a breed with comparatively greater thermotolerance, triggered cellular de-
fense responses, suggesting that vesicle-mediated intercellular communication may con-
tribute to breed-specific differences in heat stress resilience [80].

Taken together, these findings provide a basis for a hypothetical regulatory frame-
work (Figure 6) illustrating potential changes in miRNA-mRNA interactions associated
with the identified variants. In this model, genes predicted to gain miRNA targeting are
enriched in stress-responsive signaling and metabolic pathways, whereas genes predicted
to lose miRNA targeting are predominantly associated with intracellular trafficking and
membrane-related processes. Importantly, this distinction reflects differences in compu-
tationally predicted target repertoires rather than experimentally demonstrated changes
in miRNA-mediated repression or pathway activity. The proposed framework should
therefore be regarded as a hypothesis-generating representation of potential regulatory
interactions, requiring further experimental investigation to determine whether these pre-
dictions have functional consequences under heat stress conditions.

alterations
s Altered miRNA stability
» Altered miRNA-mRNA interactions

Gained target genes Lost target genes
MAPK signaling + Endocytosis
Ras-Rap1 signaling
PI3K-Akt signaling
Amino acid metabolism

® - e
Thermotolerant-specific miRNA variants
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Recycling endosomes
Protein transport &
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Prote.in transport & » Cytoskeletal organization
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» Altered Energy Homeostasis
+ Membrane Integrity
» Controlled Stress Signaling
s Altered cellular apoptosis
and survival

Figure 6. Hypothetical model illustrating computationally predicted changes in miRNA target rep-
ertoires associated with candidate variants identified in thermotolerant DNA pools. The model
summarizes the biological pathways enriched among genes predicted to gain or lose miRNA tar-
geting and does not imply experimentally confirmed changes in gene expression, pathway activity,

or cellular function.

It should also be acknowledged that miRNA-mediated regulation represents a highly
complex and context-dependent process influenced by multiple biological factors,
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including tissue specificity, environmental conditions, transcript abundance, RNA sec-
ondary structure, and the coordinated action of multiple regulatory molecules. Conse-
quently, predicted miRNA-mRNA interactions and enrichment patterns should be inter-
preted with caution, as computational target prediction approaches may include false-
positive or context-specific interactions that are not necessarily functionally active in vivo.
Furthermore, the presence of sequence variants within miRNA regions does not directly
confirm altered regulatory activity, but rather indicates the potential for modified miRNA
maturation, stability, or target recognition. Therefore, the proposed regulatory mecha-
nisms described in the present study should be considered hypothesis-generating and will
require future experimental validation through expression profiling, functional assays,
and independent population studies.

4.4. Strengths and Limitations

Several strengths and limitations of this study should be acknowledged. Key
strengths include the use of a well-characterized dairy cattle population with previously
characterized thermotolerant and thermosensitive phenotypic groups under real farm
conditions, the application of WGS to broadly characterize genetic variation —including
variants within miRNA genes not typically assessed by array-based GWAS—and the in-
tegrative bioinformatic framework combining variant discovery with computational pre-
dictions of miRNA secondary structure, target recognition, and functional enrichment.
Together, these features provide a framework for prioritizing candidate miRNA variants
for further investigation. Regarding limitations, the functional consequences of the iden-
tified variants were inferred solely through in silico tools, and no experimental validation
was performed. In particular, the predicted miRNA-mRNA interactions and potential
changes in target recognition have not been experimentally validated and should there-
fore be regarded as computational predictions rather than confirmed regulatory interac-
tions. Furthermore, these predictions were not supported by experimental measurements
of miRNA expression, target transcript abundance, or pathway activity. Consequently,
the enrichment results cannot establish whether the identified variants lead to increased
or decreased regulation of individual genes or to functional changes in the corresponding
biological pathways. Future experimental studies are required to validate the predicted
miRNA-target interactions and determine their potential biological relevance under heat
stress conditions. An important limitation of the present study is the pooled WGS design,
which does not provide individual-level genotypes and therefore precludes formal esti-
mation and comparison of genotype and allele frequencies between the phenotypic
groups. Although reproductive performance and selected physiological and endocrine in-
dicators, including circulating HSP70 and cortisol levels, were previously assessed in the
same experimental population [15], the absence of individual-level genotypes for the iden-
tified miRNA variants also precluded direct genotype—phenotype association analyses.
Consequently, the potential relationships between these candidate variants and physio-
logical or reproductive indicators of heat-stress response remain to be established. More-
over, because the variant-filtering strategy allowed a minimum allele count of one, the
possibility that some low-frequency variants were supported by a limited number of se-
quencing reads cannot be excluded. Although the sequencing data underwent quality-
control and variant-filtering procedures, variant-specific read-level support was not inde-
pendently assessed in the present analysis. Therefore, the consistency of variant detection
across the four thermotolerant pools should not be interpreted as a substitute for detailed
read-level verification, particularly for the potentially novel variant and the two variants
located within miRNA seed regions. Accordingly, variants detected exclusively in the
thermotolerant pools should be regarded as exploratory candidates rather than individu-
ally validated or formally associated thermotolerance markers. Individual-level
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genotyping in the present population, followed by validation in independent populations,
will be necessary to confirm these findings. In particular, the novel variant and the two
seed-region variants identified in bta-miR-2883-3p and bta-miR-2388-3p represent prior-
ity candidates for such validation. The study was conducted across three Holstein dairy
farms under specific environmental and management conditions, limiting generalizability
to other breeds or production systems, and the variants were not validated in an inde-
pendent cohort. Moreover, because DNA was sequenced in pools, farm and sire could not
be incorporated as individual-level covariates in genotype—phenotype association anal-
yses. In addition, no miRNA or mRNA expression data were available for these animals
to determine whether the predicted regulatory changes occur in the thermotolerant group.
Furthermore, the analysis focused exclusively on miRNA-mRNA interactions without ac-
counting for competing endogenous RNA (ceRNA) networks, which may modulate
miRNA availability and activity. Additionally, thermotolerance represents a complex,
multidimensional trait, whereas the primary criterion used for phenotypic classification
in the present population was reproductive performance under heat-stress conditions.
Although previous physiological and endocrine characterization supports differential
heat-stress responsiveness between these groups, reproductive outcome may also be in-
fluenced by factors unrelated to thermotolerance. Future studies integrating ceRNA net-
work analysis and core heat-response gene interactions could provide a more comprehen-
sive picture of the miRNA-mediated regulatory landscape underlying thermotolerance.
Importantly, individual-level genotyping should be integrated with the available physio-
logical, endocrine, and reproductive data from the same experimental population, includ-
ing circulating HSP70 and cortisol levels, to investigate potential genotype—phenotype as-
sociations and assess the relevance of these candidate variants to heat-stress resilience.
Finally, incomplete annotation of bovine miRNA genes and their target repertoires may
have constrained the interpretation of certain variants.

5. Conclusions

This exploratory study provides a genome-wide computational investigation of
miRNA genetic variation potentially relevant to thermotolerance in dairy cattle, identify-
ing 15 candidate variants detected in the thermotolerant sequencing pools but not in the
thermosensitive pools under the applied variant-calling and filtering criteria. In silico
analyses indicated that some of these variants may be associated with predicted differ-
ences in pre-miRNA secondary structure and miRNA target recognition, with functional
enrichment of computationally predicted target genes identifying biological processes
and pathways related to stress-responsive signaling, metabolism, intracellular trafficking,
and membrane-associated processes. These results represent computational hypotheses
regarding potential regulatory consequences and do not demonstrate altered miRNA-me-
diated regulation, biological pathway activity, or mechanisms of heat tolerance. These
findings provide a framework for prioritizing candidate miRNA variants for subsequent
genetic and functional investigation, without establishing their contribution to heat-stress
resilience. However, given the pooled sequencing design and the absence of individual-
level genotyping and functional validation, the identified variants should be regarded as
exploratory candidates rather than validated markers of thermotolerance. Importantly,
although differences in HSP70, cortisol, and preovulatory LH responses were previously
reported between the phenotypic groups, the present study cannot determine whether
individual animals exhibiting these physiological characteristics carry the identified vari-
ants. Consequently, direct genotype—phenotype associations have not been established,
and the physiological and genomic findings remain unlinked at the individual level. Fu-
ture individual-level genotyping, particularly of the novel SNP and the seed-region vari-
ants in bta-miR-2883 and bta-miR-2388-3p, combined with analyses of their associations
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with physiological and reproductive indicators, functional validation and evaluation in
independent cattle populations, will be required to establish their potential relevance to
thermotolerance and their possible utility in future genomic selection strategies.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/agriculture16212341/s1. Table S1: Whole-genome sequenc-
ing quality control metrics for thermotolerant and thermosensitive DNA pools. TT, thermotolerant;
TS, thermosensitive; M, million read pairs. Each pool comprised DNA from ten individual animals.
Mean depth indicates average sequencing coverage, expressed as fold coverage (x). Coverage >10x
and >30x represent the percentages of the reference genome covered by at least 10 and 30 sequencing
reads, respectively; Table S2: Predicted minimum free energy (MFE) values for wild-type and SNP-
containing pre-miRNA sequences, together with the corresponding changes in folding free energy
(AG). All values are expressed in kcal/mol. AG was calculated as MFE(mutant) - MFE(wild-type);
Figure S1: Complete KEGG pathway enrichment results for genes predicted to lose miRNA target-
ing due to seed-region variants identified in thermotolerant DNA pools; Figure 52: Complete Gene
Ontology (GO) Cellular Component (CC) enrichment results for genes predicted to lose miRNA
targeting due to seed-region variants identified in thermotolerant DNA pools; Figure 53: Complete
Gene Ontology (GO) Molecular Function (MF) enrichment results for genes predicted to lose
miRNA targeting due to seed-region variants identified in thermotolerant DNA pools; Figure S4:
Complete Gene Ontology (GO) Cellular Component (CC) enrichment results for genes predicted to
gain miRNA targeting due to seed-region variants identified in thermotolerant DNA pools; Figure
S5: Complete Gene Ontology (GO) Molecular Function (MF) enrichment results for genes predicted
to gain miRNA targeting due to seed-region variants identified in thermotolerant DNA pools.
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