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Abstract

Reproductive fitness of rams is seasonal, showing the highest /ibido during short days coinciding with the ovarian cyclicity resumption in
the ewe. However, the remarkable variation in sexual behavior between rams impair farm efficiency and profitability. Intending to identify
in vivo sexual behavior biomarkers that may aid farmers to select active rams, transcriptome profiling of blood was carried out by analyz-
ing samples from 6 sexually active (A) and 6 nonactive (NA) Rasa Aragonesa rams using RNA-Seq technique. A total of 14,078 genes were
expressed in blood but only four genes were differentially expressed (FDR < 0.10) in the A vs. NA rams comparison. The genes, acrosin inhibitor
T(ENSOARG00020023278) and SORCS2, were upregulated (log2FC > 1) in active rams, whereas the CRYL7 and immunoglobulin lambda-1 light
chain isoform X47 (ENSOARG00020025518) genes were downregulated (log2FC < -1) in this same group. Gene set Enrichment Analysis (GSEA)
identified 428 signaling pathways, predominantly related to biological processes. The lysosome pathway (GO:0005764) was the most enriched,
and may affect fertility and sexual behavior, given the crucial role played by lysosomes in steroidogenesis, being the SORCSZ2 gene related to
this signaling pathway. Furthermore, the enriched positive regulation of ERK1 and ERK2 cascade (GO:0070374) pathway is associated with
reproductive phenotypes such as fertility via modulation of hypothalamic regulation and GnRH-mediated production of pituitary gonadotropins.
Furthermore, external side of plasma membrane (GO:0009897), fibrillar center (GO:0001650), focal adhesion (GO:0005925), and lamellipodium
(GO:0030027) pathways were also enriched, suggesting that some molecules of these pathways might also be involved in rams’ sexual behav-
jor. These results provide new clues for understanding the molecular regulation of sexual behavior in rams. Further investigations will be needed
to confirm the functions of SORCS2 and CRYL1 in relation to sexual behavior.

Lay Summary

Analyzing ram sexual behavior via blood transcriptome profiling can help to identify in vivo sexual behavior biomarkers as an innovative alterna-
tive to invasive and time-consuming methods in farms. Using RNA-sequencing technique, we compared 12 Rasa Aragonesa rams with different
sexual behavior (6 sexually active and 6 nonactive) to identify differentially expressed genes (DEGs) in peripheral blood putatively responsible of
libido differences between rams. Comparative analysis revealed four candidate genes and several signaling pathways related to sexual behavior
such as lysosome, and positive regulation of the extracellular signal-regulated kinase 1/2 (ERK1 and ERK2) cascade. This data will be helpful for
further investigations to understand the differences of sheep sexual behavior.
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Gene Expression Omnibus; GnRH, gonadotropin-releasing hormone; GO, gene ontology; GSEA, gene set enrichment analysis; LH, luteinizing hormone; Log2FC,
log2 fold change; LW, live weight; MF, molecular function; NA, not active; NES, normalized enrichment score; PCA, principal component analysis; RIN, RNA
integrity number; RT-qPCR, reverse transcription quantitative real-time PCR; SNP, single-nucleotide polymorphism; TMM, trimmed mean of M-values; trkB,
tyrosine receptor kinase B

Introduction out the year (Hazard, 2010) and consequently induces major
variation in lamb production as well as disparity in the mar-
ket price. To improve flock sustainability and profitability,
several methods have been developed to avoid the seasonal-
ity such as the use of hormonal and/or photoperiodic treat-
ments (Chemineau et al., 1988). For ethical reasons, breeders
are forced to reduce the use of these treatments (Martin and

In livestock production systems, fertility is a key factor of
farms efficiency. In Mediterranean sheep, this is particularly
important since the animals are seasonal breeding and mate in
autumn and winter, hence the appellation “short-day breed-
ers”. This seasonality impedes the balanced supply through-
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Kadokawa, 2006). The male effect is used in sheep as a strat-
egy to improve flock fertility during seasonal anestrus period.
The ram emits a considerable range of different sensory stim-
uli (courtship, odor and vocalizations) that may be responsi-
ble for inducing a reproductive neuroendocrine response in
ewes by stimulating luteinizing hormone (LH) secretion (Fab-
re-Nys et al., 2015). However, differences in sexual behavior
among individuals have been reported (Lindsay, 1996). Rams
expressing high sexual behavior produce a greater stimulus
during seasonal anestrus, which lead into a higher percentage
of mated ewes and higher fertility (Delgadillo et al., 2008).
On the other hand, rams with low sexual behavior extend the
lambing season, and decrease the number of lambs born per
ewe lambing, leading to an increase of farm costs (Alexan-
der et al., 2012). This is why ram selection is fundamental to
increase the efficiency of sheep farming (Simitzis et al., 2006),
and sexual behavior is one of the most important traits to
be considered during the selection of replacement rams and
ewes. Yet, selection processes rarely include an evaluation of
sexual behavior, such as sexual behavior pen tests, because of
time, labor and facilities constraints (Alexander et al., 2012).
Hence, alternative solutions must be sought, such as the iden-
tification of sexual behavior biomarkers. In a previous study,
aiming to determine the possible molecular mechanisms
underlying the sexual behavior of Rasa Aragonesa rams, our
research group investigated transcriptional changes in the
hypothalamus, pars tuberalis, and pineal gland in rams with
different sexual behavior, identifying important differential
expressed genes related to sexual behavior such as MTNR1A,
CHRNA2, FSHB, LHB, GNRHR, AVP, PRL, PDYN, CGA,
GABRD, and TSHB (Lakhssassi et al., 2023). Nevertheless,
brain gene expression studies are highly invasive because they
are based on post mortem tissue samples. Intending to iden-
tify in vivo sexual behavior biomarkers that may aid farmers
in breeding decisions, this study investigate the differentially
expressed genes in peripheral blood between active (A) and
nonactive (NA) rams of Rasa Aragonesa sheep breed using
RNA-Seq technique.

Material and Methods

All experimental procedures, including care of animals and
euthanasia, were performed in accordance with the guidelines
of the European Union regulations for the use and care of ani-
mals in research (Directive 2010/63/EU) and approved by the
Animal Ethics Committee of the Research Centre (protocol
number 2017/02).

Animals’ selection

Animal selection, sexual behavior test and classification into
sexual active/nonactive rams are described in Lakhssassi et al.
(2023). Briefly, 49 previously exposed to ewes during breed-
ing season Rasa Aragonesa rams (1.8 to 8.3 years of age) were
submitted to individual sexual behavior pen tests. These rams
were exposed to three adult ewes synchronized in estrus, and
their sexual behavior was recorded. Sexual activity phenotype
was defined as the sum of mounts and services (Lakhssassi et
al., 2023). Blood samples for testosterone determination and
RNA analyses (validation studies) were taken from all rams.
Body condition score (BCS: 3.3 +0.3; 1 to 5 scale, accord-
ing to Russel et al. (1969)), live weight (LW: 81.5 = 14.44 kg)
and mean antero-posterior maximum testicular diameter,
subtracting the scrotal skin thickness, using a caliper (Folch
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and Roca Bernaus, 1982) (6.00 = 0.58 cm) were also mea-
sured. A tree-based regression model for the sexual activity
phenotype and a principal component analysis (PCA) were
performed, considering all the variables for the sexual activity
phenotype (age, BCS, LW, testosterone, and testicular diam-
eter), for choosing a population subgroup with similar val-
ues for the significant variables, but different sexual activity
phenotype for next analyses (Lakhssassi et al., 2023). Then,
we could choose a subgroup of 21 rams with similar age and
BCS (significant variables) that were submitted to a second
individual sexual behavior pen test fifteen days later than the
first one to confirm the results from the first pen test. Rams
from this group (7 = 21) were classified as either active (A)
(9.0 = 7.5, average mounts plus services = standard deviation
(sd); 7 = 11) or nonactive (NA; without mounts or services;
n = 10). Six rams of each group were selected the day after the
second sexual behavior pen test for taking the blood sample
for RNA-Seq (6 A and 6 NA rams). Blood samples taken from
the total ram population (7 = 59) the day of the first pen test
were used for validation of RNA-Seq data by reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR).

Blood samples, RNA extraction, and sequencing

The day after the second pen test, blood samples were taken
in Tempus tubes (Applied Biosystems, Thermofisher, UK)
and stored at - 80 °C until total RNA extraction. The Tem-
pus Spin RNA Isolation Reagent Kit was used to extract the
total RNA from peripheral blood (Applied Biosystems, Ther-
mofisher, UK) according to the manufacturer’s instructions.
The Agilent 2100 Bioanalyzer machine (Agilent Technologies,
Palo Alto, CA) was used to check for RNA concentration and
RNA Integrity Number (RIN) values. For library construction,
only samples with a RIN > 7 were maintained for sequencing.
The RNA-Seq library was prepared at the CNAG (Centro
Nacional de Analisis Gen6mico, Spain; https://www.cnag.crg.
eu/) as described by Lakhssassi et al. (2023), and sequenc-
ing was carried out with Novaseq 6000 (Illumina) generating
paired-end reads of 151 bp. The RNA-Seq sequencing data
have been deposited in the NCBI’s Gene Expression Omnibus
repository (Barrett et al., 2013) with the accession number
GSE218667  (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE218667).

Validation of RNA-Seq data by RT-qPCR

The validation of the RNA-Seq results was done in the 59 rams
sexually characterized in the first pen test (15 days before tak-
ing blood samples for RNA-Seq study). Blood samples from
the total ram population were collected the day of the first
pen test in Tempus tubes and stored at - 80 °C until total
RNA extraction. RNA extraction was performed as described
above. Three genes identified to be differentially expressed in
the 12 blood samples by RNA-Seq were chosen for RT-qPCR
validation. These genes were: acrosin inhibitor 1, CYRL1 and
SORCS2. Acrosin inhibitor 1, and CYRLI genes were DEGs
in the two scenarios, while SOR CS2 was differential expressed
only in the first scenario, but its function was related to sex-
ual behavior. Furthermore, four housekeeping genes (B2M,
GAPDH, RPL19, RPL32) commonly used as reference genes
in expression studies, were used to normalize the gene expres-
sion of acrosin inhibitor 1, CYRL1, and SORCS2. The gene
expression stability was studied using NormFinder (Andersen
et al., 2004). Initially, we treated total RNA (1 pg) from each
sample with DNAse (Invitrogen, Carlsbad, CA, USA). Then,
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the Super-ScriptIll Reverse Transcriptase kit (Invitrogen) was
used following the manufacturer’s recommendations, to syn-
thesize first-strand cDNA. Primer3 software was used (https://
primer3.ut.ee/; last accessed on November 11,2022), to design
the primers in specific exon-spanning regions. Conventional
PCR was achieved using standard conditions for all the genes
to confirm the specificity of the primers. Gene identity was
confirmed by Sanger sequencing of the PCR products by the
company Stabvida (https://www.stabvida.com/es). Homology
searches were performed with BLAST (National Center for
Biotechnology Information: https://blast.ncbi.nlm.nih.gov/
Blast.cgi; last accessed on November 11, 2022). The quan-
titative real-time PCR was carried out in a 10 ul PCR total
reaction mixture containing SYBR Green Master Mix: SYBR
Premix Ex Taq II (Tli RNase H Plus, Takara, Demlab, Zara-
goza, Spain). Reactions were run in triplicate on an ABI Prism
7500 platform (Applied Biosystem, Madrid, Spain) follow-
ing the manufacturer’s cycling parameters. Table 1 shows the
annealing temperatures, primer concentrations, and primer
sequences. The efficiency (E) and correlation coefficient (R?)
of PCR amplification for each gene were assessed using the
standard curve method using the formula E = 10(~1/slope),
through 10-fold serial dilutions of pooled cDNA. Two “con-
nector samples” were replicated in all plates to remove tech-
nical variation from this source of variability.

Statistical analysis

RNA-Seq analysis

All transcriptome analyses were carried out within OmicsBox
platform v2.0.36 from BioBam’s (https://www.biobam.com/
omicsbox; last accessed on November 11, 2022). The quality
of reads was assessed using FastQC tools (Andrews, 2015).
The adapters sequences and low-quality reads were trimmed
running the Trimmomatic program (Bolger et al., 2014) using
the Sliding Window Trimming option with a window size of
40, and a required quality of 20. The filtering configuration
of reads was set to 20 and 35 for the average quality and
the minimum length, respectively. We mapped the obtained
clean reads to the ovine reference genome Oar_rambouillet
v1.0 (GCA_002742125.1) using STAR v2.7.8a (Dobin et al.,
2013) supported by an annotated gene file in GTF format.

Gene-level quantification was estimated by HTSeq (Anders et
al.,2015) using the Union model as overlapping mode, gene as
feature and strand specific forward. For subsequent analysis,
only reads mapping unambiguously to a single genomic fea-
ture were considered. EdgeR software (Robinson et al., 2010)
was run to detect the differentially expressed genes (DEGs)
using a simple design where A rams was defined as the pri-
mary contrast condition and NA rams as primary reference
condition. A threshold of count per million (CPM) greater
than or equal to 0.5 in at least two samples and the trimmed
mean of M-values (TMM) with Zero Pairing normalization
method were applied to filter the low count genes. The statis-
tical analysis was achieved using the exact test with robust
option to avoid potential outlier genes. Multiple-testing cor-
rections were performed using the Benjamini and Hochberg
step-up false discovery rate (FDR) procedure to calculate
adjusted P-values. To judge the significance of gene expres-
sion difference, the absolute log2FC > 1 and FDR < 0.10 were
used as the threshold. The choice of relaxed FDR (<10%) was
based on that our objective was mainly exploratory, so it is
convenient to retain some information that we could lose
being more restrictive.

Gene Set Enrichment Analysis

Gene Set Enrichment Analysis (GSEA) (Subramanian et al.,
2005) implemented in OmicsBox (https:/www.biobam.
com/omicsbox) were applied to identify potential pathway
responsible to cause differences in sexual behavior between
rams. GSEA includes in the analyses all the expressed genes,
regardless of whether they were differentially expressed, and
determines both modest and robust, coordinated, biologi-
cally relevant changes in molecular signaling pathways, and
explores and identifies the most significant and over-repre-
sented gene ontology (GO) terms. In this study, GSEA was
performed to determine whether an a priori defined set of
genes is statistically significant between A and NA rams in
blood, classifying the biological functions of the set genes on
molecular functions (MFs), biological process (BP), and cellu-
lar component (CC). GSEA Enrichment scores (ES) were cal-
culated according to the rank-ordered gene list and GO terms
containing a minimum of 15 genes. A normalized enrichment

Table 1. Characteristics of reverse transcription quantitative real-time PCR (RT-gPCR) for validation of RNA-Seq for each gene

Genes Primers Amplification Size (bp) AT! E? R*

RPL19 F-$’caactcccgecageagat-37 76 60°C 1.99 0.99
R-5'ccgggaatggacatgcaca-3’

RPL32 F-5’ggcaccagtcagaccgatatg-3” 75 60°C 1.99 0.99
R-5’cccagacaggagaggttcag-3’

GAPDH F-5"tccatgaccactttggeatcgt-3/ 80 60°C 2.05 0.99
R-5’gtcttctgggtggcagtga-3”

B2M F-5'ggtgctgcttagaggtcteg-37 109 60°C 1.99 0.99
R-5"acgctgagttcacteccaac-37

CRYL1 F-5" tgttcgacattgagectcgg-3” 124 60°C 2.05 0.99
R-5"atgagtgacagctgctecte-3

SORCS2 F-5’agatcagcttectectgeg-3” 97 60°C 2.06 0.99

R-5’ cagtagccgectecactte-37

!Annealing temperature.
2Efficiency of PCR amplification
*Correlation coefficient.
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score (NES) was also calculated considering the number of
genes in the pathway. Genes enriched at the top of the ordered
fold change list had a positive NES, while a negative NES
indicates the opposite, i.e., enriched at the bottom. Pathways
with an FDR 5% were considered significant.

Gene expression validation of RNA-Seq by
RT-qPCR

The statistical analysis was done in the 59 rams sexually char-
acterized in the first pen test. Furthermore, a second analy-
sis considering only the 47 rams not used for RNA-seq was
run. The corresponding mRNA levels were measured and
analyzed by their quantification cycle (Cq), following the sta-
tistical method proposed by Steibel et al. (2009). The mixed
model fitted was as follows:

Vrigkm = SGgi + Pk +BC,, + A, + LW, +E, + Crigkm

where y, . is the Cq value (transformed data taking into
account gene amplification efficiencies) of the gth gene (DEGs
and housekeeping genes) from the rth well (reactions were
run in triplicate) in the kth plate corresponding to the mth
animal and to the ith sexual activity group (NA without any
mount or service or A with at least one mount or service in
the first ram pen test); 5G,, is the fixed interaction between
the ith sexual activity group and the gth gene; P, is the fixed
effect of the kth plate; BC , A , and LW  are the effects of
body condition score, age and the live weight of the mth ani-
mal, respectively, included as covariates; E_ is the random
effect of the mth animal from which samples were collected
(Em: (0,0%)); and €4, 18 the random residual. Gene-spe-
cific residual variance (heterogeneous residual) was fitted to
the gene by sexual behavior (€igkm : N (0, 0%¢1)) -

To test differences in the expression rate of the genes of
interest (diff ) between treatments in terms of fold change
(FC), the approach suggested by Steibel et al. (2009) was used
using the three housekeeping genes. The significance of the of
the diff | . estimates was determined with the ¢-test (P < 0.05)
after Bonferroni correction.

Results

Summary of the raw sequence reads

RNA-Seq data were obtained for 12 blood samples (6 A
and 6 NA rams). The statistics of the sequencing and read
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alignments against the ovine reference genome Oar_ram-
bouillet v1.0 (GCA_002742125.1) are listed in Supple-
mentary Table S1. Illumina sequencing produced a total
of 1,024,395,857 raw reads from blood samples. After
removing low-quality bases and adaptor sequences, the
remained clean reads were 905,265,453 which provided
abundant data for further analysis. On average, 97.7%
of all the clean reads were mapped to the ovine reference
genome of which 90.1 % were uniquely mapped. These
results demonstrated good data quality suitable for subse-
quent research analysis (scenario 1). However, we observed
that for sample 1, more than a half of input raw reads were
trimmed. In total, 76 % of all read bases included in library
1 were trimmed off, while it was less than 10% for the
other libraries (Supplementary Table 1). So, we performed
a second analysis without this sample to check a putative
effect on downstream analyses (scenario 2).

Differentially expressed genes (DEGs)

We next investigated the differences in gene expression data
between A and NA rams. As a result, 26,478 genes were
expressed in the blood samples. After filtering, a total of 14,078
were retained for the differential expression analysis. Only
four differentially expressed genes (FDR =0.1) were identi-
fied of which two were significant with a FDR < 0.05 (CRYL1
and acrosin inbibitor 1) between A and NA rams (Table 2)
in the scenario 1. The acrosin inhibitor 1 and SORCS2
genes were upregulated (log2FC > 1) in the A rams whereas
CRYLI1 and immunoglobulin lambda-1 light chain isoform
X47 (ENSOARG00020025518) genes were downregulated
(log2FC < -1) in this same group of rams. The results of the
second analysis (5 A and 6 NA rams) revealed that the results
of the study do not change greatly in relation to DEGs. A total
of 14,021 genes remained after filtering. Similarly, only four
DEGs were detected (FDR =0.1). Three genes were upreg-
ulated, and one were downregulated (Table 2). The results
of this analysis also showed CRYL1 and Acrosin inhibitor
1 genes in common between the two analyses. On the other
hand, the GPC3 and OSBP2 genes were found upregulated
under this scenario. The FC were similar between the two
analyses. In this sense, the correlation coefficient between the
four significant DEGs in the first analysis with respect to the
results of the same genes in the second analysis was 0.99 and
vice versa. The FCs for CRYL1, LOC121819654, SORCS2,
and ENSOARG00020025518 were -5.6, 36.30, 2.72, and

Table 2. Differentially expressed genes (DEGs) in the blood through the comparison between active and nonactive rams in scenario 1 (n = 12; 6 active

vs 6 nonactive rams) and 2 (n = 11; 5 active vs 6 nonactive rams)

Genes Description FC Log2FC! P-adj?
Scenario 1 CRYL1 Crystallin lambda 1 -5.60 -2.48 2.19E-08
LOC121819654 Acrosin inhibitor 1 36.30 5.18 0.006
SORCS2 Sortilin related VPS10 domain containing receptor 2 2.73 1.45 0.095
ENSOARG00020025518 Immunoglobulin lambda-1 light chain isoform X47 -2.48 -1.30 0.099
Scenario 2 CRYL1 Crystallin lambda 1 -5.46 -2.45 0
GPC3 Glypican 3 3.28 1.71 0.0041
LOC121819654 Acrosin inhibitor 1 4217 5.40 0.0002
OSBP2 Oxysterol binding protein 2 41.70 5.38 0.0932

'"Log2Fold Change.
2P adjusted.
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-2.48, respectively, while in the second analysis were -5.46,
42.17,2.71, and ~2.39.

Enrichment analysis

The GSEA revealed 428 signaling pathways, mainly domi-
nated by biological processes (291 BP, 74 MEF, and 63 CC).
The top 30 most enriched terms between the A and NA
rams are shown in Figure 1. The enrichment score and the
gene set size details for these GOs are described in Supple-
mentary Table S2. The most enriched pathways were the
lysosome (GO:0005764), external side of plasma membrane
(GO:0009897), fibrillar center (GO:0001650), and focal
adhesion (GO:0005925).

Verification of DEGs by RT-qPCR

To validate the RNA-Seq results, the expression fold changes
of three genes (acrosin inhibitor 1, CRYL1, and SORCS2)
were tested by using RT-qPCR in RNA samples of 59 rams of
the first pen test. Unfortunately, the acrosin inhibitor 1 could
not be validated due to its very low expression in blood sam-
ples, with an average of 12.7 counts (number of reads aligned
to each genomic feature). The gene stability analysis with
NormFinder program revealed that the housekeeping genes
were more stable than the DEGs (Supplementary Figure S1).
Therefore, the RT-qPCR results were normalized with the
three more stable housekeeping genes: B2M, GAPDH, and
RPL32. The comparison A vs. NA rams was performed con-
sidering active those that had at least 1 mount or service. The
active ones presented 14.15 = 9.61 mounts + service (7 = 35),
whereas the NA rams did not have any mount or services (0,
n = 24). The two genes CRYL1 and SORCS2 were significant
as in RNA-Seq but in lower magnitude (FC of -1.48 and 1.64
vs =5.60 and 2.73 for CRYL1 and SORCS2, in RT-qPCR vs
RNA-Seq) considering the 59 rams (Figure 2). The analysis

considering only the 47 rams not used for RNA-seq also
confirmed that the expression of both genes was significant
affected (FC of -1.29 and 1.99 for CRYL1 and SORCS2,
respectively). In general, the expression patterns of these two
genes were consistent with those obtained with the RNA-Seq
technique.

Discussion

Understanding the molecular mechanisms underlying the sex-
ual behavior of rams is crucial to improve flock sustainabil-
ity and profitability. RNA-Seq technology is a valuable tool
allowing large scale analysis of the transcriptional changes
related to biological conditions of interest (Crow et al., 2019).
Ram’s blood transcriptome is expected to provide complete

FC

SORCS2

Avs NA
P =0.0044

Avs NA
P=0.0009

Figure 2. Differences in the CRYLT and SORCS2 expression rate
(measure as a fold change, FC) between active (A; n = 35) and nonactive
(NA; n = 24) rams using RT-qPCR. Segments indicate the error standard
of the estimate.
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Figure 1. Top 30 enriched Gene Ontology (GO) terms of the blood between active and nonactive rams. The vertical axis represents the top 30 enriched
pathway categories (GO) according to their normalized enrichment score (NES) at the significance threshold (false discovery rate; FDR < 0.05), and the
horizontal axis represents the percentage calculated as the number of sequences (core or noncore) annotated with each GO. Core enrichment: subset
of genes within the gene set that contributes most to the enrichment result. Noncore enrichment: subset of genes within the gene list that have not

been enriched. Only core enrichment is shown in the figure.
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information on physiological differences about the state of
sexual behavior with potential outcomes for applications in
animal breeding such as biomarkers.

In this study, we investigated transcriptional differences
in peripheral blood samples from rams of Rasa Aragonesa
breed with different sexual behavior using RNA-Seq technol-
ogy. In a previous study, we analyzed the factors influencing
the sexual activity phenotype for these 59 rams (Lakhssassi
et al., 2023). Testosterone is considered as the predominant
androgen for expressing and maintaining libido in rams in
numerous studies (Perkins and Roselli, 2007). However, the
differences observed in sexual behavior between rams were
not due to testosterone in the current study, as no significant
effect between testosterone concentration and rams sexual
behavior in the pen test was found (Lakhssassi et al., 2023).
In that study, statistical analysis showed that rams sexual
behavior was influenced by age (P < 0.01) and LW (P < 0.05),
and these results were also confirmed by a tree-based regres-
sion model analysis for the sexual activity phenotype (Lakhs-
sassi et al., 2023). For this reason, for the RNA-Seq analysis
we choose a population subgroup from the total population
with similar values for these significant variables but different
sexual activity phenotype.

Unfortunately, as evidenced by read trimming, more than
50% of sample 1 was trimmed (Supplementary Table S1).
Best practices for ENCODE2 RNA-Seq experiments indicate
that experiments whose purpose is to look for gene expression
profiling, require 20 to 25M mappable reads/sample to the
genome or known transcriptome (https://genome.ucsc.edu/
ENCODE/protocols/dataStandards/ENCODE_RNAseq_
Standards_V1.0.pdf). In our case, surviving reads for sample
1 reached 22,708,884. Therefore, we decided to perform the
transcriptomic analysis including this sample (7 =12) (sce-
nario 1). Despite that, we also wanted to determine whether
similar results (DEGs) would be obtained if we had excluded
sample 1 from the analyses (scenario 2). Likewise, analy-
ses with the 11 samples (scenario 2) identified also 4 DEGs
(FDR < 0.10) where three were upregulated, and one was
downregulated (Supplementary Table S2). CRYL1 and Acro-
sin inhibitor 1 genes appears in common between the two
analyses in addition to two new upregulated genes appeared
in scenario 2, GPC3 and OSBP2. GPC3 and oxysterol bind-
ing protein 2 (OSBP2) genes do not seem to be related to our
phenotype according to literature. In this case, the SORCS2
gene did not reach the statistical significance (P-adj = 0.11).
Therefore, only common DEGs to the two transcriptomic
analyses were chosen for RNA-Seq validation (CRYLI and
acrosin inhibitor 1). Besides, SORCS2 gene, that was only
significant in scenario 1, was also chosen for validation due
to its putative involvement in sexual behavior according to
literature. It is outstanding that samples used for validation
of the RNA-Seq (7 = 59) were taken for the total population
the day of the first individual sexual behavior pen test (sexual
behavior phenotype from the first pen test), while the RNA-
Seq samples correspond to the animals that were submitted to
two pen tests (sexual behavior phenotype from the two-pen
test), and were taken the day after the second pen tests. In
this sense, population validation samples (7 = 59) and RNA-
seq samples (1 = 12) were collected 15 days apart. With the
second individual sexual behavior pen test performed fifteen
days later than the first one in subpopulation of selected rams
with similar BCS and age (7 =21; BCS > 3 and age <2.521;
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Lakhssassi et al., 2023), we confirmed that the animals
selected for RNA-seq studies were kept A or NA rams. The
genes acrosin inhibitor 1 (ENSOARG00020023278) and
SORCS2 were upregulated (log2FC>1) in active rams.
According to the literature, acrosin is considered to play a
critical role in the reproduction process. However, this gene
could not be validated in the total ram population (7 = 59)
by RT-qPCR. This gene was characterized by relatively
low expression levels, as indicated by lower RNA-Seq read
counts, with an average of 12.7 (number of reads aligned
to each genomic feature). SORCS2 which encodes the sorti-
lin-related VPS10 domain containing receptor 2 was reported
to be involved in neural plasticity, development and regener-
ation of neuronal circuits in mammals (Glerup et al., 2014,
2016). Furthermore, the SORCS2 gene is mainly expressed in
central nervous system but also in peripheral tissues (https://
www.proteinatlas.org/ENSG00000184985-SORCS2/tissue;
last accessed on 14 November 2022), including bone mar-
row tissue. Glerup et al. (2014) showed that SORCS2 reg-
ulated dopaminergic axon guidance and peripheral sensory
neuron apoptosis, respectively, beside interacting with pro-
BDNF/p75NTR, and controlling the activity of Trk receptors.
Knowing that the brain-derived neurotrophic factor (BDNF)
and its receptor, tyrosine receptor kinase B (trkB), related
to synaptic plasticity, are implicated in sexual behavior in
male rats (Sanna et al., 2019), the gene expression changes
in SORCS2 gene in peripheral blood cells could be a reflec-
tion of those changes occurring in the brain and a marker
for sexual activity phenotype. On the other hand, the CRYL1
and immunoglobulin lambda-1 light chain isoform X47
(ENSOARG00020025518) genes were downregulated. The
crystallin, lambda 1 (CRYL1) belongs to the family of crys-
tallins, many of which function as small heat-shock proteins
involved in stress-protection (Wistow, 2012). A genome-wide
association study analyzing coping behaviors in humans
identified the CRYL1 gene as associated with the emotional
support seeking behavior (Shimanoe et al., 2019). Biological
roles for activin have been proposed in a number of repro-
ductive organs including the testis, where it regulates sper-
matogenesis (Welt et al., 2002). Moreover, CRYL1 expression
levels decreased after administration of activin A in testis in
a study of Sertoli cell maturation (Itman et al., 2009). In that
study, Activin modulates the number of GnRH receptors and
hence, response to GnRH (Gregory and Kaiser, 2004), as well
as a number of other genes in LBT2 cells including inhbb,
inha, gdf9, and the 17B-HSD gene (Zhang et al., 2006). Thus,
activin has a major role in modulating neuroendocrine repro-
ductive control (Xia and Schneyer, 2009). In our study, this
gene was downregulated in A rams, both in RNA-Seq (7 = 12)
and the validation study (7 = 59). Thus, we can hypothesize
that CRYL1 gene expression levels could be a biomarker of
low mating behavior.

DEGs detected in this study were not found in our pre-
vious research on hypothalamus, pars tuberalis and pineal
gland transcriptome using the same animals (Lakhssassi et
al., 2023), even if some of them were also expressed in brain
(CRYL1 and SORCS2).

Gene enrichment of DEGs was not allowed since we
detected fewer DEGs (7 =4) in 12 blood samples. To iden-
tify overrepresented pathways related to rams’ sexual behav-
ior, GSEA was performed including all the expressed genes.
Therefore, the lysosome pathway (GO:0005764) comprising
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218 genes and considered as a cellular component, was the
most enriched (Supplementary Table S2). According to Xie
et al. (2006), lysosomes play a crucial role in steroidogenesis.
The genes comprised in this pathway might be an indirect or
direct effect on steroid hormone biosynthesis. In fact, infertil-
ity and sub-infertility due to some lysosome storage disorder
in mice was reported, particularly those that present a short-
age in lipid catabolism, which interfere in steroidogenesis since
steroidal hormones are synthesized from cholesterol (Butler et
al., 2002; Xu et al., 2011). In addition, Almeida et al. (2021)
described that SORCS2 deletion leads to altered neuronal
lysosome activity in mouse thus leading to many neurodegen-
erative diseases. It is to be reminded that SORCS2 was a DEG
upregulated in A rams. Therefore, it is tempting to speculate
that any disorders of lysosomal hydrolases could damage
hormone production and affect consequently sexual behav-
ior and fertility. Another interesting pathway was the positive
regulation of ERK1 and ERK2 cascade (GO:0070374) con-
sidered as biological process category. Many studies indicated
that ERK1 and ERK2 are important modulators of hypotha-
lamic GnRH-mediated regulation of pituitary gonadotropin
production and fertility (Liu et al., 2002; Saba-El-Leil et al.,
2003; Nekrasova et al., 2005; Bliss et al., 2009). Furthermore,
Bliss et al. (2009) reported that ERK signaling is required in
females for ovulation and fertility, whereas male reproduc-
tive function is unaffected by this signaling deficiency. Addi-
tionally, external side of plasma membrane (GO:0009897),
fibrillar center (GO:0001650), focal adhesion (GO:0005925),
and lamellipodium (GO:0030027) pathways have also been
identified, suggesting that some molecules of these pathways
might also be involved in rams’ sexual behavior.

The DEGs detected in this study may act as factors con-
trolling sexual behavior through the regulation of dopami-
nergic pathways and BDNF and also modulating activin
expression levels. The mechanism and the regulatory func-
tions of these candidate genes found in this work related to
sexual behavior is still unclear and should be investigated in
future studies.

Conclusion

Blood transcriptome investigation offers an accessible and
less invasive alternative to study behavioral change in rams.
Few genes differentially expressed were identified throughout
blood transcriptome comparison between active and non-
active rams. These results will provide new clues for under-
standing the molecular regulation of sexual behavior in rams.
Nonetheless, it is recommended to study more in depth how
the expression variability of these genes affects the sexual
behavior in rams. Extending this approach to other breeds
and a much larger data set will help to get a detailed picture
on physiological change in sexual behavior between rams.
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online.
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