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Abstract

The hypothalamus is implicated in controlling feeding and adiposity, besides many other
physiological functions, and thus can be of great importance in explaining productive differ-
ences between lean and fatty pig breeds. The present study aimed to evaluate the hypotha-
lamic transcriptome of pure Iberian (IBxIB) and Large White x Iberian crossbreds (IBxLW) at
60 days-old, produced in a single maternal environment. Results showed the implication of
gender and genotype in the hypothalamic transcriptome, with 51 differentially expressed
genes (DEGs) between genotypes and 10 DEGs between genders. Fourteen genotype by
sex interactions were found, due to a higher genotype effect on transcriptome found in
males. In fact, just 31 DEGs were identified when using only females but 158 using only
males. A higher expression of genes related to mitochondrial activity in IBxIB male animals
(ND3, ND4, ND5, UQCRC2 and ATP6) was found, which was related to a higher oxidative
phosphorylation and greater reactive oxygen species and nitric oxide production. IBXLW
male animals showed higher expression of SIRT3 regulator, also related to mitochondrial
function. When females were analysed, such differences were not found, since only some
differences in genes related to the tricarboxylic acid cycle. Thus, the results indicate a signif-
icant effect and interaction of the breed and the sex on the hypothalamic transcriptome at
this early age.

Introduction

Currently, intensive pig production relies on lean pig breeds, such as Large White, since these
animals have been highly selected for meat production and, therefore, have rapid growth, high
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feed efficiency and high prolificacy [1, 2]. On the other hand, fatty breeds, like the Iberian pig,
are rustic animals with limited genetic selection, traditionally reared in an extensive ecosystem
(dehesa). Thus, fatty breeds are less productive, since they are smaller in size, have a longer
productive cycle, slower growth rate and higher food intake and adiposity rates [3, 4]. Nowa-
days, there is an increasing interest in fatty breeds to produce high-quality, dry-cured meat
products. These differences between breeds allow us to obtain meat products with different
qualities [5, 6] and to study the pig as a biomedical model for different diseases [7], such as
obesity or type 2 diabetes [8, 9].

The hypothalamus plays a major role in animal’s growth and adiposity since its functions
include the control of voluntary feed intake and metabolism by the integration of various
signals from the peripheral tissues (through energy and nutrient sensing mechanisms) and
the generation of optimal answers [10-12]. Therefore, it has important implications in pig
productive and reproductive parameters [13], with the gene expression of this organ having
been extensively studied to understand pig response to stress [14], pig phenotypic differences
between sexes [15, 16] and the hypothalamic implication on growth, fattening and metabolism
[10, 17, 18]. Various studies have investigated the possible differences in gene expression at the
hypothalamus level between pig breeds [19, 20]. However, animals from those previous studies
were gestated in their corresponding lean or fatty mother, so the maternal and prenatal impli-
cations in the hypothalamic gene expression could not be left aside.

RNA-seq technique, as a next generation sequencing development, allows to perform a
quantitative screening of transcription-wide gene expression patterns in individuals that, once
correctly interpreted, gives important information about the metabolic events occurring, as
well as the implication of different regulators in the processes [21].

Thus, the aim of the present study was to elucidate the importance of piglet’s genotype and
sex on the hypothalamic transcriptome at early growth (60 days-old), independently of con-
founding factors related to prenatal (maternal) and early postnatal environment. This was
done by using a similar approach as previous research from our group performed at fetal stages
[22, 23]. This approach consists of inseminate pure Iberian sows with heterospermic semen
(from Iberian and Large White boars), so two genotypes were obtained in the same maternal
environment and maintained under the same conditions during postnatal development. The
phenotype analysis of the animals used in the present study can be found in [24].

Material and methods
Ethic statement

The experiment was assessed and approved by the INIA Committee of Ethics in Animal
Research (report CEEA 2013/036) and subsequently by the regional competent authority
(report PROEX114/16), according to the Spanish Policy for Animal Protection (RD 53/2013),
which meets the European Union Directive 2010/63/UE on the protection of research animals.

Animals, experimental design and sampling

The study involved a total of 143 piglets born from 16 purebred Iberian sows at the farm Iberi-
cos de Arauzo S.L. (Zorita de la Frontera, Salamanca, Spain). Pregnancies were obtained after
cycle synchronization with altrenogest (Regumate, MSD, Boxmeer, The Netherlands) and
insemination with heterospermic seminal doses achieved by mixing semen from two purebred
Iberian and two purebred Large White boars. In brief, immediately after collection, the ejacu-
lates obtained from these males were evaluated for semen quality (sperm concentration, mor-
phology and motility), mixed at equal viable spermatozoa concentrations for Iberian and
Large White fractions and aliquoted into 80 mL doses containing 6x10° viable spermatozoa.
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All sows and boars were previously genotyped by pyrosequencing to confirm homozygosity
for LEPRc.1987T (for the Iberian genotype) and LEPRc.1987C (for the Large White genotype),
since this gene mutation is fixed in the Iberian pig [25]. The sows were fed a standard grain-
based diet (89.9% of dry matter, 13% of crude protein, 2.6% of fat and 2.2 Mcal/kg of metabo-
lizable energy; S1 Table) adjusted to fulfil individual pregnancy and lactation requirements
based on data from the National Research Council [26].

A total of 104 piglets were purebred Iberian (homozygous TT for LEPRc.1987 marker;
IBxIB; 51 females and 53 males) whilst 39 were crossbred Iberian x Large White (heterozygous
CT for LEPRc.1987 IBxLW; 20 females and 19 males). During the first week of life, male piglets
were castrated, following the RD 1135/2002, under farm’s animal handling practices. All pig-
lets remained with sows in individual pens until weaning at the age of 21 days-old, when they
were moved to collective pens and fed with a standard diet (89.5% of dry matter, 15% of crude
protein, 4% of fat and 2.4 Mcal/kg of metabolizable energy; S1 Table) adjusted to fulfill grow-
ing requirements. At 60 days-old, a group of 67 piglets were selected by a representative body
weight and size (avoiding outlier animals in terms of weight and body size higher or lower
than mean + 1 SD) from all litters, and were euthanized by stunning and exsanguination in
compliance with RD 53/2013. The hypothalamus of 20 animals, 10 IBxIB (5 females and 5
males) and 10 IBXLW (5 females and 5 males) were obtained randomly from 10 litters by the
selection of 1 purebred and 1 crossbred from each litter (therefore, no full siblings were
obtained). The hypothalami were immediately snap-frozen in liquid nitrogen and maintained
at -80°C until further use. The piglets from which hypothalamus were selected, were chosen
randomly employing 10 litters and selecting randomly one purebred and one crossbred from
each litter, so no full siblings were employed, as littermates came from different fathers (Ibe-
rian or Large White boar).

Phenotypic data analysis

Phenotypic data was recorded as described in [24]. Phenotypic data corresponding to the ani-
mals included in the transcriptome study were analyzed using SPSS 25.0" (IBM Corp.,
Armonk, NY, USA). Verification of normal distribution was done with a Shapiro test. The
equality of variance was studied with a F-test. Effects of genotype (IBxIB vs. IBXLW) sex
(female vs. male) and its interaction on developmental traits, adiposity, fatty acid composition,
oxidative stress and metabolic status were assessed using two-way ANOVA and t-student or
Mann Whitney test.

RNA isolation, library construction and sequencing

Total RNA was extracted from the 20 hypothalamus samples using the RiboPure RNA purifi-
cation kit (Ambio, TX, USA) according to the manufacturer’s protocols. RNA was quantified
using a Nano-Drop-100 spectrophotometer (Nano-Drop Technologies, Wilmington, DE,
USA), and its quality was evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies,
CA, USA). RNA Integrity Number (RIN) values in this study ranged from 7.70 to 9.70, with an
average of 9.03. The total RNA was diluted into a concentration of 100 ng/pl, and 3 pg were
submitted to the Centro Nacional de Andlisis Genémico (CNAG-CRG; Barcelona, Spain) for
stranded paired-end mRNA-seq sequencing. Libraries were prepared using the TrueSeq
mRNA-Seq sample preparation kit (Illumina Inc., Cat #RS-100-0801, San Diego, CA, USA),
according to the manufacturer’s protocol. Each library was paired-end sequenced (2 x 75bp)
by using TruSeq SBS Kit v3-HS in a HiSeq2000 platform (Illumina, Inc). The raw data was
downloaded from CNAG servers and treated accordingly.
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Bioinformatic analysis

FastQC program version 0.11.8 [27] was used to assess the quality of raw sequencing data
obtained from the 20 hypothalamic samples. TrimGalore version 0.5.0 [28] was used to quali-
tative trim data with default settings and to remove the sequencing adaptors and poly A and
poly T tails (stringency of 6 bp, -s 6), keeping only paired-end reads where both pairs were lon-
ger than 40 bps and that had an optimal Phred Score (Q > 20). Filtered reads were mapped
against the pig reference genome Sscrofall.l /Ensembl release 94 using HISAT2 version 2.1.0
[29]. Samstools-1.9 [30] was used to convert the SAM files obtained in the previous step into
BAM archives. Read counting and merging was performed with HTSeq-count version 0.11.1
[31].

Differential expression analysis

The files with the counts of reads’ number mapped to each gene obtained were analyzed with
DESeq2 R package [32] using R 4.0.3. A filtering of the Differential Expressed Genes (DEGs)
was obtained under the following two criteria: a Fold Change value (FC) > 1.2 and a Benjami-
Holchberg adjusted p value < 0.1. DESeq2 software supports more complex experimental
designs in addition to two-groups setups. Using this software, RNA-seq read counts were
modelled by generalized linear models, including the genotype and sex effects, the genotype
effect within each sex and a full model including genotype, sex and the genotype by sex interac-
tion effects. The comparison of the different DEGs obtained in each analysis was performed
using a Venn diagram calculated and draw in http://bioinformatics.psb.ugent.be/webtools/
Venn/.

Due to anormal results in one of the individuals (S1 Fig), the DESeq2 analyses were finally
performed with the hypothalamus of 19 out of the 20 samples taken (9 from IBxIB piglets; 5
females and 4 males, and 10 from IBXLW piglets, 5 females and 5 males).

Functional interpretation analysis

An enrichment analysis based on the functional annotation of the differentially expressed
genes was performed using the Ingenuity Pathway Analysis software (IPA) [33] and the Search
Tool for the Retrieval of Interacting Genes/Proteins (STRING) database version 11.0 [34]. In
both cases, the different list of DEGs obtained with DESeq2 were uploaded into the software to
determine activated pathways, functions, regulator activity or gene correlations [35, 36].

Result validation by quantitative PCR (qPCR)

RNA obtained from the 19 animals employed for RNA-seq was used to perform the technical
validation of five genes affected by genotype and/or sex (GRPEL2, PDKZ1, SGCA, TBCD and
UQCRC2). The genes GAPDH and ACTB were selected for normalization after testing their
stability with Genorm software (0.271 < M < 0.363) [37]. Additional information on the
selected genes and amplification primers can be found in S2 Table. Primers were designed
using Primer Select Software (DNASTAR, Madison, WI, USA) from the available ENSEMBL
sequences. Quantitave PCR (qQPCR) was performed as previously described [37].

The technical validation was performed by studying the Pearson correlation between the
expression values obtained from RNA-Seq data and the normalized gene expression data
obtained by RT-qPCR. To validate the global RNA-Seq results, the concordance correlation
coefficient (CCC) [37] was calculated between the FC values estimated from RNA-Seq and
qPCR expression measures for the five genes. Statistical analysis was performed with a linear
model fitting genotype, sex and the genotype by sex interaction as fixed effects, and litter as
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random effect. All the analyses were performed using MIXED procedure of SAS 9.4 (SAS Inst.
Inc., Cary, NC, USA). The model used was:

Vi = Genotype, + Sex; + (Genotype x Sex)ij + Litter, + ¢

Being y the qPCR expression result for each gene; i = 2 levels (pure Iberian pig and Iberian x
Large White crossbred), j = 2 levels (female and male); k = 10 levels (number of litters).

Results and discussion

In a previous study, we assessed the phenotypic data of the animals used in the present
research [24] corresponding to the whole generated population. Firstly, from birth to weaning,
body measures and weight were taken to ascertain development during lactation. After select-
ing 67 piglets, plasma metabolic and pro/antioxidant indexes and fatty acid composition of
various tissues, as well as postnatal average daily weight gain and growth was assessed at differ-
ent time-points.

In brief, IBXLW piglets were significantly heavier and larger than their IBxIB counterparts,
with differences in body-weight and body-length being more prominent between males than
between females. IBXLW showed higher meat content, whereas IBxIB animals had higher adi-
pose tissue content in terms of both, subcutaneous and intramuscular fat, with higher MUFA
and SFA content and less PUFA. Organs were also heavier in IBXLW piglets, but some ratios,
such as brain/head ratio, were higher in IBxIB animals. At 60 days old, antioxidant capacity
and lipid peroxidation levels were also different between genotypes, with the first being
affected by a genotype by sex interaction (both IBxIB females and IBXLW males had greater
values than their same-genotype counterparts) and the latter being higher in the IBXLW
group. Fructosamine was also affected by a genotype by sex interaction, and lactate levels were
significantly higher in IBXLW piglets. Those results were also found in the 19 piglets selected
in the present study (Table 1 and S3 Table), demonstrating the representative nature of the
sample.

Mapping and annotation

From the hypothalamic transcriptome of 20 young piglets, an average of 47.67 million reads
were obtained per sample, ranging from 34.95 to 60.50. Read length was 76 bases, and quality
(Phred) Score was approximately 40. GC content ranged from 49 to 56%. HISAT2 mapping
resulted in a mean alignment rate of 97%, which is in accordance with previous studies by our
group in muscle [38] and in adipose tissue [39].

Genotype effect: Differential expression and functional analysis

Firstly, the differences in the gene expression between the hypothalamic samples of IBxIB
(excepting the one excluded for being an outlier; 9 piglets) and the total number of samples
from IBXxLW piglets (10 animals) were studied (both genders together in each genotype, so
these results are independent of sex). A total of 51 differentially expressed genes (DEGs) were
found. Eighteen were overexpressed in IBxIB animals (log2FC < -0.26) and 33 were overex-
pressed in IBXLW (log2FC > 0.26). Table 2 contains the top ten differentially expressed genes
(5 overexpressed in IBxIB and 5 in IBXLW piglets), whereas the full detailed list of DEGs
between both groups can be found in $4 Table.

The gene showing the highest overexpression in the IBxIB group was WFIKKNI (log2FC =
-1.88; B-H adjusted p value = 0.09). WFIKKN1I encodes a secreted multidomain protein with
implications in inhibition of proteases [40] acting as a regulator and as a potent antagonist for
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Table 1. Most important phenotypic differences (mean + S.E.M.) between 60 days-old pure Iberian piglets (IBxIB) and Iberian x Large White crossbreds (IBXLW)

selected for the present study from the ones analysed in the previous study [24].

Measure IBxIB IBxLW p-value
Biparietal diameter (cm) 7.54 +0.47 8.01 +0.39 0.026
Trunk length (cm) 61.2 £5.43 67.0 £ 3.73 0.019
Subcutaneous fat (cm) 7.09 +1.71 5.77 + 1.36 0.079
Intramuscular fat (%) 7.98 £ 1.49 6.55+ 1.25 0.035
Body Weight (kg) 17.3 +2.74 21.4+293 0.019
ADWG (0-60 d; g/d) 0.21 £ 0.03 0.26 £ 0.04 0.005
Carcass weight (kg) 11.2 £2.05 14.8 +£2.40 0.007
Heart weight (g) 94.7 £10.7 134 +18.7 0.000
Lungs weight (g) 204 +24.7 247 +23.7 0.004
Pancreas weight (g) 35.7 +9.56 42.8 +6.98 0.080
Spleen weight (g) 51.1 £9.10 58.5+7.34 0.067
Liver weight (g) 439 + 540 492 +55.6 0.057
Brain/head weight ratio 0.034 +0.01 0.03 + 0.00 0.078
Urea (mg/dL) 18.5+5.43 13.6 £2.59 0.041
LDL-c (mg/dL) 35.6 £7.54 45.7 £ 14.0 0.070
Lactate (mg/dL) 84.4+21.5 116 £ 19.5 0.008
FRAP (pmol/ml) 15.6 = 8.07 314 £21.7 0.006
MDA (umol/L) 0.06 + 0.01 0.07 £ 0.01 0.013

ADWG = average daily weight gain; LDL-c = low density lipoprotein cholesterol; FRAP = ferric reducing antioxidant power assay; MDA = malondialdehyde

https://doi.org/10.1371/journal.pone.0272775.t001

different growth and differentiation [41-43]. Therefore, its upregulation in IBxIB animals
could be related to the lower development found in these piglets when compared to their

IBxLW littermates.

Regarding IBXLW animals, KY was the most over-expressed gene (log2FC = 2.53, B-H
adjusted p value = 0.099). It is implicated in the function, maturation and stabilization of the
neuromuscular junction and, possibly, in the normal muscle growth [44]. Therefore, the find-

ing of this gene being upregulated in IBXLW when compared to IBxIB pigs may be related to

Table 2. Ten most significant differentially expressed genes (B-H adjusted p value < 0.1) calculated with DESeq2 from hypothalamic transcriptome data of 60

days-old pure Iberian and Iberian x Large White crossbred pigs.

Gene Complete gene name Counts Log2FC | B-H adjusted p value
IBxIB | IBxXLW

WFIKKNI WAP, Follistatin/Kazal, Immunoglobulin, Kunitz And Netrin Domain Containing 1 6.21 1.62 -1.88 0.089
CRISP1 Cysteine-Rich Secretory Protein 1 18.73 7.58 -1.35 0.001
FAM160B2 Family with sequence similarity 160, member B2 24.22 12.03 -0.98 0.002
CNOT8 CCR4-NOT Transcription Complex Subunit 8 14.86 7.95 -0.93 0.089
TAGAP T Cell Activation RhoGTPase Activating Protein 31.45 17.35 -0.85 0.011
KY Kyphoscoliosis Peptidase 1.74 | 10.11 2.53 0.099
CENPF Centromere Protein F 1.02 5.14 2.38 0.019
PGA5 Pepsinogen A5 1.08 5.50 2.33 0.016
ENSSSCG00000040909 | Novel protein coding gene 2.37 8.25 1.77 0.058
Cl170rf53 Homologous Recombincation Factor With OB-Fold 3.33 9.54 1.52 0.005
IBxIB = pure Iberian pigs; IBXLW: Iberian x Large White crossbreds; FC = fold change; B-H = Benjami Holchberg
https://doi.org/10.1371/journal.pone.0272775.t1002
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the lower growth potential of the Iberian breed [4], although further research would be needed
to clarify the exact function of this gene at the hypothalamus level.

Interestingly, leptin receptor (LEPR) gene was not differentially expressed between geno-
types. Different expression levels between lean and Iberian pigs, with the latter having signifi-
cantly lower expression levels, is a usual finding in studies comparing pure Iberian and
crossbreds in tissues such as muscle [23] and liver [45] at fetal stages, whereas higher expres-
sion levels of LEP can be found in Iberian pigs compared to other breeds [46]. Ovilo et al [17]
also found differences in the expression of this gene at the hypothalamic level which were
associated with a missense polymorphism in the LEPR gene (LEPRc.1987T/C). Allele LEPRc.
1987T, fixed in the Iberian breed is associated with a lower hypothalamic expression of the lep-
tin receptor. This polymorphism was used for genotype confirmation in the animals studied in
the present work, with Iberians being TT and crossbreds being CT, thus differential expression
of the gene was expected. A possible explanation of the result obtained would be that the age
could be an important factor influencing the results. However, further research in this regard
should be performed to fully understand this outcome.

When the DEGs obtained in the genotype comparison employing all piglets (S4 Table) was
used for functional interpretation, results with STRING software were only related to Ribonu-
clease CAFI and to the CCR4-NOT transcription complex subunit 7/8/Pop2 implicated in the 3’
to 5 mRNA deadenylation [47, 48], a process related to synaptic changes and plasticity and
inflammatory processes [49], which is consistent with our results. Using IPA, limited results
were obtained, with no differences in canonical pathways, the upstream analysis nor regula-
tors. There were differences only in specific functions, such as Nervous system development
and function, in which 5 molecules were implicated (SLC6A9, ADCYAPI, ITPRI, MAPK7 and
LSS), with p-values ranging from 4.36x107 to 1.86x10™.

Sex effect: Differential expression and functional analysis

When differences between sexes (by the comparison of IBxIB and IBXLW females vs. IBxIB
and IBXLW males) were analysed, 10 genes were differentially expressed (Table 3). Only
RBBP7 gene was annotated, the remaining being novel genes. Two genes were overexpressed
in females (including RBBP?), the rest of them being overexpressed in males. No results were
obtained in the functional analysis.

Table 3. Ten significant differentially expressed genes (B-H adjusted p value < 0.1) calculated with DESeq2 from hypothalamic transcriptome data of 60 days-old
pure Iberian and Iberian x Large White crossbreds pigs comparing females vs males.

Gene

ENSSSCG00000032435
ENSSSCG00000012178
ENSSSCG00000032661
ENSSSCG00000012179
ENSSSCG00000026430
ENSSSCG00000033734
ENSSSCG00000031969
RBBP7

ENSSSCG00000026864
ENSSSCG00000027046

Complete gene name Counts Log2FC B-H adjusted p value
Females Males

ncRNAs 101 0 -9.25 6.43E-37

novel protein coding gene 0 46.76 7.92 2.63E-29

novel ncRNA gene 0 41.37 7.75 4.77E-28

novel protein coding gene 0 13.19 6.10 2.32E-15

novel protein coding gene 0.20 9.05 4.96 1.29E-08

novel protein coding gene 0 6.26 5.02 2.90E-08

novel protein coding gene 0 5.40 4.82 2.65E-07

RB binding protein 7, chromatin remodeling factor 154 101 -0.61 6.99E-06
novel protein coding gene 0 2.76 3.83 0.001
novel protein coding gene 0 2.16 3.44 0.085

FC = fold change; B-H = Benjami Holchberg

https://doi.org/10.1371/journal.pone.0272775.1003
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RBBP?7 is a nuclear protein that belongs to a highly conserved subfamily of WD-repeat pro-
teins that can be found in many histone acetyltransferase complexes [50]. Its principal function
is to regulate cell differentiation and proliferation by binding to retinoblastoma protein [51].
At the central nervous system level, low expression levels of this gene have been related to
alterations in brain including Alzheimer’s disease, neuritic plaque density and Braak Staging
[52, 53]. In the present study, the higher expression found in females compared to males could
be related to the general higher survival rate found in female piglet when compared to male
counterparts [54-56] that could be explained by a higher or earlier neural development in this
sex [57].

Genotype by sex interaction effect: Differential expression and functional
analysis

Regarding the genotype by sex interaction, there were 14 qualitative significant interactions
(Table 4), indicating that, even if, as stated before, sex alone had limited effect on our results, it
was important when considered with the genotype effect.

Several genes were found in which the higher count values were observed in IBxIB females
and in IBXLW males compared to their same genotype counterparts (LIN37, ZCWPW1,
DYNCIH]I, PSAP). Also, genes were detected showing higher counts in IBxIB males and
IBXLW females when compared to IBxIB females and IBXLW males (ENSSSCG00000031599,
GRPEL2, TASOR, RBM12B, SETDI1B, RARB, ZNF692, CELSRI1, PLPP1, TMEM165).

The highest fold change was observed for GRPEL2. This molecule is highly influenced by
oxidative stress, being a “sensor”, that is capable of augment the activity of mtHsp70 in cases of
high oxidative stress levels to prevent the misfolding of mitochondrial imported proteins [58,
59]. The higher expression observed in IBxIB males and IBXLW females is in accordance with
the results found in the malondialdehyde (MDA) levels when analysing the phenotype of these

animals [24], since IBxIB males and IBXLW females had higher MDA levels than their same

Table 4. Genotype by sex significant (B-H adjusted p value < 0.1) qualitative interactions in gene expression calculated with DESeq2 from hypothalamic transcrip-
tome data of 60 days-old pure Iberian and Iberian x Large White crossbred pigs.

Gene

ENSSSCG00000031599
GRPEL2
TASOR
RBM12B
SETDIB
RARB
ZNF692
CELSRI
PLPP1
TMEM165
LIN37
ZCWPW1
DYNCIHI
PSAP

Complete gene name Counts Log2FC | B-H adjusted p value
IBxIB IBxLW
Females | Males | Females | Males
novel LincRNA gene 22.73 48.99 58.05 23.80 -2.26 0.069
GrpE Like 2 55.65 89.60 74.30 48.17 -1.33 0.000
Transcription Activation Suppressor 45.53 64.14 66.39 40.86 -1.16 0.083
RNA Binding Motif Protein 12B 74.97 110.81 99.93 72.31 -1.00 0.095
SET domain containing 1B, histone lysine methyltransferase 39.00 66.52 59.07 50.57 | -0.97 0.069
Retinoic acid receptor beta 81.82 109.65 87.47 66.55 -0.83 0.095
Zinc Finger Protein 692 63.41 84.01 89.38 66.83 -0.81 0.095
Cadherin EGF LAG Seven-Pass G-Type Receptor 1 1206.61 | 1671.90 | 1637.50 | 1216.10 -0.79 0.069
Phospholipid Phosphatase 1 288.78 | 380.00 | 33344 | 269.05 | -0.70 0.069
Transmembrane Protein 165 450.37 562.57 546.22 406.17 -0.68 0.083
Lin-37 DREAM MuvB Core Complex Component 3418.89 | 2848.14 | 3024.74 | 3578.30 0.46 0.084
Zinc Finger CW-Type And PWWP Domain Containing 1 448.72 | 359.95 364.73 | 439.84 0.55 0.083
Dynein Cytoplasmic 1 Heavy Chain 1 205.55 164.65 178.42 224.33 0.61 0.095
Prosaposin 143.90 106.82 111.54 149.60 0.79 0.069

IBxIB = pure Iberian pigs; IBXLW: Iberian x Large White crossbreds; FC = fold change; B-H = Benjami Holchberg

https://doi.org/10.1371/journal.pone.0272775.t1004

PLOS ONE | https://doi.org/10.1371/journal.pone.0272775  August 16, 2022

8/24


https://doi.org/10.1371/journal.pone.0272775.t004
https://doi.org/10.1371/journal.pone.0272775

PLOS ONE

Differences in the hypothalamic transcriptome between Iberian pig genotypes

genotype and opposite sex counterparts. MDA is a lipid oxidation marker [60] thus, higher
oxidation levels would increase the GRPEL2 expression and dimerization in order to control
the redox state of the individual [58].

Again, no significant results were obtained when performing the functional analysis with
STRING nor IPA.

Genotype effect within sex: Differential expression and functional analysis

Phenotype analysis of the animals showed a strong sex effect, with differences between IBxIB
and IBXLW males being higher than when comparing females [24]. Furthermore, a great num-
ber of genotype by sex interactions were found when performing the differential expression
analysis with DESeq2. Thus, to fully understand the processes occurring in males and in
females in the hypothalamus that could explain the phenotypic differences, the 19 piglets were
divided according to their sex, and the genotype effect was studied in each sex separately.

When only females were studied, 31 DEGs were found according to genotype. Thirteen
DEGs were overexpressed in IBxIB, and 18 in IBXLW female piglets (Table 5 and S5 Table).

FAMI60B2 (log2FC = -1.12; B-H adjusted p value = 0.082) and USP16 (log2FC = 1.82; B-H
adjusted p value = 0.025) were the genes with the highest Fold Change in IBxIB and IBXLW
females, respectively. FAM160B2, also known as Retinoic acid induced 16 (RAI16), is a gene
possibly engaged in the maintenance of the intestinal barrier and in the immunoprotective
inflammation due to its ability to activate the MAPS/ERK and TGFB signalling pathways [61].
It has been studied at the hepatic tissue [62] and in prostate cells [63]. However, at the central
nervous system (CNS) only its analogous FAM160BI has been studied, with results indicating
that deficits of this gene are related to severe microencephaly and intellectual disability [64].
Thus, further studies for FAM160B2 at CNS level are necessary to ascertain possible implica-
tions in its development and, therefore, survival of the animal.

On the other hand, USP16 is implicated in T-cell mediated immunity [65], and also in the
LDL receptor stability and activity [66]. The latter function could have relevant implications in
the piglets of the present study. The Iberian pig, with its natural leptin resistance, shows similar
characteristics to those of obese and diabetic humans, including high levels of LDL-c in blood
in the later age [8, 9]. Thus, the higher expression of this gene in IBXLW females could be
related to the overall lower levels of LDL-c in this group, even if at 60 days-old no significant
differences were found [24].

Table 5. Ten most significant differentially expressed genes (B-H adjusted p value < 0.1) calculated with DESeq2 in hypothalamic transcriptome samples of pure
Iberian and Iberian x Large White crossbreds females at 60 days-old.

Gene

FAMI160B2

SLA-DQBI
ENSSSCG00000018073
PGGHG
ENSSSCG00000018096
USP16

GYPC

TARBPI

TRPC4AP

SEPTINI

Complete gene name Counts Log2FC | B-H adjusted p value
IBxIB | IBXLW

FHF Complex Subunit HOOK Interacting Protein 2B 2428 | 11.02 | -1.12 0.082
Swine leukocyte antigens DQB1 88.20 | 45.18 | -0.98 0.025
Novel Mt tRNA 237.76 | 137.89 | -0.78 0.016
Protein-glucosylgalactosylhydroxylysine glucosidase 385.33 | 23549 | -0.71 0.001
Mt tRNA 480.75 | 299.21 -0.69 0.020
Ubiquitin Specific Peptidase 16 537 | 17.24 1.82 0.025
Glycophorin C 7.27 | 2471 1.77 0.021
TAR (HIV-1) RNA Binding Protein 1 7.00 | 19.49 1.50 0.025
Transient Receptor Potential Cation Channel Subfamily C Member 4 Associated Protein |  7.89 | 18.89 1.24 0.089
Septin 1 17.22 | 39.12 1.17 0.002

IBxIB = pure Iberian pigs; IBXLW: Iberian x Large White crossbreds; FC = fold change; B-H = Benjami Holchberg

https://doi.org/10.1371/journal.pone.0272775.t1005
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Table 6. Ten most significant differentially expressed genes (B-H adjusted p value < 0.1) calculated with DESeq2 in hypothalamic transcriptome samples of 60
days-old pure Iberian and Iberian x Large White crossbred male pigs.

Gene Complete gene name Counts Log2FC B-H adjusted p value
IBxIB IBxLW
ENSSSCG00000035000 Novel protein coding gene 146.62 59.89 -1.28 0.000
CDADCI Cytidine And DCMP Deaminase Domain Containing 1 52.81 25.72 -1.04 0.011
ITGA2 Integrin Subunit Alpha 2 112.71 58.64 -0.94 0.006
GRPEL2 GrpE Like 2 96.58 52.04 -0.90 0.001
EPHB4 EPH Receptor B4 63.49 35.32 -0.85 0.049
TBCD Tubulin Folding Cofactor D 33.43 83.49 1.32 0.000
POMC Proopiomelanocortin 17.86 40.49 1.16 0.028
SGCA Sarcoglycan alpha 70.00 149.80 1.10 0.067
DUT Deoxyuridine Triphosphatase 26.59 45.53 0.77 0.071
WDR45B WD Repeat Domain 45B 25.67 42.22 0.72 0.081

IBxIB = pure Iberian pigs; IBXLW: Iberian x Large White crossbreds; FC = fold change; B-H = Benjami Holchberg

https://doi.org/10.1371/journal.pone.0272775.t006

When functional analysis was performed with the set of DEGs detected in only females,
results in STRING showed a reactome pathway related to the tricarboxilic acid (TCA) cycle
and respiratory electron transport, with two genes implicated (CHD8 and SLA-DQBI; overex-
pressed in IBxIB females). Since both genes implicated in this pathway were overexpressed in
IBxIB females, this result could mean higher oxidation rates in pure Iberian animals than
crossbreds and, therefore, an impairment of the modulation of energy balance at the hypotha-
lamic level [67], with possibly higher production of reactive oxygen species (ROS) during the
oxidative phosphorylation reactions, since both processes are linked [68].

The genotype effect was also evaluated within males. Accordingly to their higher differences
in phenotype characteristics [24], IBxIB and IBXLW males showed a greater number of DEGs
than females (158 DEGs, 120 overexpressed in IBxIB and 38 in IBXLW males). Excluding a
novel gene, CDADCI and TBCD were the two genes with the highest log2FC (-1.04 and 1.32,
respectively; Table 6 and S6 Table).

CDADCI (or NYD-SP15) is a protein coding gene, highly overexpressed in IBxIB males. It
has a potential inhibitory effect on cell growth [69], and also has important implications in
spermatogenesis and testicular development [70]. This result is in accordance to CRISPI (also
related to male fertility, [71]) overexpression observed in pure animals when the total number
of animals (IBxIB vs. IBXLW) were analysed. Thus, both findings could be related to an earlier
onset of puberty in IBxIB animals. However, it should be highlighted that these piglets were
castrated during the first week of life, so further research is needed to confirm this hypothesis.

TBCD, overexpressed in IBXLW pigs, is pivotal in the correct folding of microtubulins [72].
Therefore, it plays a major role in the adequate function and development of the body, espe-
cially the nervous system, since mutations in this gene have been related to different neuropa-
thologies [73, 74]. This outcome agrees with results obtained at the phenotype level. Although
IBXLW females also overexpressed this gene, they did it in a lesser extent than males. As
explained before, differences between males in body-weight and size were greater than
between females [24], an outcome in which TBCD gene could be implicated. This would be in
accordance with previous results in Iberian pigs in which a higher growth rate was seen in
early development in females when compared to males in IUGR conditions [56]. The higher
growth of females in the early development compared to males has also been described in
humans [75] and rats [76, 77], where a different feeding behaviour between females and males
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NDUFS2

ATP6

Fig 1. Clustering of mitochondrial DEGs related to electron transport and oxydative phosphorilation obtained
with the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) software. Line thickness indicates
the strenght of data suport.

https://doi.org/10.1371/journal.pone.0272775.9001

controlled by the hypothalamus was hypothesized. Even though the animals selected in the
present study were not IUGRs animals, it is plausible that, being a rustic breed, Iberian females
may be better prepared for survival, given their importance in the species continuity. This
would explain the limited differences observed in females at the transcriptome level in com-
parison to males, with a lower number of DEGs or, in the case of some essential genes for
development as TBCD, with the difference in expression being less significant.

The list of male-specific DEGs was analysed to study its functional implications. In this
case, processes related to mitochondrial respiration, electron transport and oxidative phos-
phorylation showed a high relevance, with a great number of DEGs implicated in such biologi-
cal functions. STRING software allowed the clustering of functionally related DEGs involved
in these processes (Fig 1).

Results obtained with the software IPA also showed significant differences in functions
such as Cellular Assembly and Organization, Cell-To-Cell Signalling and Interactions, Lipid
Metabolism or Organismal Development (number of molecules ranging from 16 to 40, p value
ranging from 6.87x107 to 3.82x107°). Ten regulators showed significant z-scores (Table 7).
Five of them were activated in the IBxIB genotype (negative z-score), whereas the other five
were activated in IBXLW animals (positive z-score).

When analysing IBxIB vs. IBXLW males, mitochondrial gene regulators such as LONP]I,
ALKBHI, NSUN3 or DAP3 showed negative significant z-scores (activated in IBxIB males),
and the canonical pathway Oxidative Phosphorylation showed a significant z-score (z-score =
-2.121; overrepresented in IBxIB animals), implying a higher activation of this pathway in
pure Iberian males. In fact, the genes implicated in the canonical pathway were the same
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Table 7. Regulators predicted by IPA to be activated in 60 days-old pure Iberians (IBxIB; negative z-score) and in Iberian x Large White crossbred pigs (IBxXLW;
positive z-score). These regulators potentially control the differences in the hypothalamic transcriptome observed in males.

Upstream Molecule Type Predicted Activation Activation z- p-value of Target Molecules in Dataset
Regulator State score overlap
ALKBH1 Enzyme IBxIB -2.000 1.21E-07 MT-ATP6, MT-CO2, MT-ND4, MT-ND5
NSUN3 Enzyme IBxIB -2.000 1.21E-07 MT-ATP6, MT-CO2, MT-ND4, MT-ND5
LDB1 Transcription regulator IBxIB -2.000 1.17E-01 CPSF7, EPHB4, GPRC5B, RASGRP1
LONP1 Peptidase IBxIB -2.236 1.51E-04 MT-ATP6, MT-CO2, MT-ND3, MT-ND4,
MT-ND5
DAP3 Other IBxIB -2.236 1.38E-08 MT-ATP6, MT-CO2, MT-ND3, MT-ND4,
MT-ND5
SIRT3 Enzyme IBxLW 2.236 1.24E-05 MT-ATP6, MT-CO2, MT-ND3, MT-ND4,
MT-ND5
IL10RA Transmembrane IBXLW 2.000 1.34E-01 CCN1, NDRG2, POMC, STAT1
receptor
NUPR1 Transcription regulator | IBXLW 2.449 1.15E-01 AP5M1, CCN1, MMS22L, MSH6, SLC2A12,
TOLLIP
DICER1 Enzyme IBxLW 2.000 1.40E-02 CCN1, CCNG1, CDKN2B, ITGA2, MT-ND5,
RASGRP1
PKM Kinase IBxLW 2.213 8.38E-05 MT-ATP6, MT-CO2, MT-ND3, PC, UQCRC2

https://doi.org/10.1371/journal.pone.0272775.t007

highlighted by the STRING software. All mitochondrial genes except NDUFS2 were overex-
pressed in IBxIB animals (Table 8). In fact, the hypothalamic mitochondrial gene regulation
found in this research was similar to the one found in the muscle in previous studies, since
these results are in accordance with recent work reporting gene expression differences between
lean and fatty Serbian pig breeds analysing the muscle transcriptome of adult animals [37], in
which oxidative phosphorylation was the main process affected by genotype, being activated in
the muscle of the fat Mangalitsa breed.

Oxidative phosphorylation (OXPHOS) is the process in which ATP is formed because of
the transfer of electrons from NADH or FADH2 to O2 by a series of electron carriers (com-
plexes). It constitutes the major source of ATP in aerobic organisms, being performed in the
inner layer of the mitochondria [78]. Fig 2 illustrates this process, with genes overexpressed in
IBxIB or IBXLW males coloured in green or red, respectively. Concretely, ND3, ND4 and ND5
(overexpressed in IBxIB pigs) and NDUFS2 (overexpressed in IBXLW pigs) are implicated in
the correct function of the complex I [79], which is the major entry point for electrons. Thus,

Table 8. Significant (B-H adjusted p value < 0.1) differentially expressed genes, observed in 60 days-old pure Iberians (IBxIB) and Iberian x Large White crossbreds
pigs (IBXLW) males, related to mitochondrial functions and the respiratory chain complex they belong to.

Gene Complete gene name Counts log2FC B-H adjusted p value Complex
IBxIB IBxLW

ND3 NADH dehydrogenase subunit 3 261591 2008.97 -0.38 0.079 I

ND4 NADH dehydrogenase subunit 4 16488.40 12760.69 -0.37 0.081 I

ND5 NADH dehydrogenase subunit 26752.54 20832.45 -0.36 0.090 I

NDUFS2 NADH:Ubiquinone Oxidoreductase Core Subunit S2 247.47 319.66 0.37 0.069 I

UQCRC2 Ubiquinol-Cytochrome C Reductase Core Protein 2 44.63 25.60 -0.81 0.061 111

COX2 Cytochomes C oxidase subunit 2 3505.57 2650.93 -0.40 0.081 v

COX6C Cytochomes C oxidase subunit 6 343.53 275.55 -0.31 0.095 v

ATP6 Mitochondrially encoded ATP synthase membrane subunit 6 5440.89 4276.71 -0.35 0.079 \

FC = fold change; B-H = Benjami Holchberg

https://doi.org/10.1371/journal.pone.0272775.1008
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Fig 2. Oxidative phosphorylation pathway with genes predicted to be activated in pure Iberian (IBxIB; coloured in green) males when compared with
Iberian x Large White crossbreds (IBXLW; coloured in red), obtained using Ingenuity Pathway Software (IPA).

https://doi.org/10.1371/journal.pone.0272775.g002

it is considered the rate-limiting step in mitochondrial respiration, playing an essential role in
energy metabolism [80]. UQCRC2 is a core protein of the complex III [81], which is overex-
pressed in IBxIB males. In this complex, electrons, after passing through the coenzyme Q, are
transferred from one subunit to other to produce ATP [82]. Afterwards, electrons are trans-
ferred to complex IV, being the DEGs COX2 and COX6 (more expressed in IBxIB males) part
of this complex. The electrons are transferred to oxygen and hydrogen (with high levels of
energy yielded) [83], whereas protons are pumped across the membrane [84]. ATP6 is a DEG
also with higher expression levels in pure males than crossbreds involved in the complex V,
the last step of the respiratory chain, which transforms ADP to ATP in the mitochondrial
matrix using the energy provided in the previous steps of the process [85].

OXPHOS has been related to obesity and type 2 diabetes, being considered a key factor in
the development of these disorders [86-88]. The excessive intake of nutrients (or leptin resis-
tance states) makes the mitochondria overloaded with nutrients such as glucose and fatty
acids, which increases the production of Acetil-CoA, NADH and, therefore, the proportions of
electrons that enters the mitochoncrial intermembrane space [89]. This process is a major pro-
ductor of reactive oxygen species (ROS; reviewed in [90]). In fact, another canonical pathway
affected by genotype in males was Production of Nitric Oxide and Reactive Oxygen Species in
Macrophages (enriched in IBxIB males when compared with same-sex piglets from the IBXLW
group; z-core = -1.000). Both, nitric oxyde (NO) and ROS lead to oxydative stress [91], which
is related to inflammation, adiposity, metabolic syndrome and insulin resistance [92, 93].
Specifically, the production of NO is closely associated with the hypothalamic inflammation in
obese states, being mediated by macrophages [94]. These inmune cells play a major role in
the diabetes progression, since they are also major producers of ROS [95]. ROS also mediates
the higher differentiation of macrophages to M1 type, which are proinflammatory, and impli-
cated in the chronic inflammation found in obese and diabetic individuals [96]. These results
obtained at the hypothalamic level in the present study are in agreement with the outcomes
found when comparing the muscle transcriptome of Mangalitsa and Moravka Pigs [37], in
which genes related to OXPHOS and mytochondrial dysfunction were also upregulated in the
fatty breed (Mangalitsa) when compared to lean ones (Moravka), even if the age, breeds and
tissues are different between both studies. Thus, results seemed to be more probably related to
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Fig 3. Causal network predicted for STAT3 regulator showing its relationship with obesity and inflammatory response, obtained using
Ingenuity Pathway Analysis (IPA). IBxIB = pure Iberian pigs; IBXLW = Iberian x Large White crossbreds.

https://doi.org/10.1371/journal.pone.0272775.9003

the obesity and lean-type of each breed than the genotype itself. This fact could implicate a
relation of the increased phosphorylation with obesity and diabetoid states, as seen in humans
[97, 98].

Results from IPA also showed potential differences in important metabolism regulators
such as STAT3 (z-score = -1.000; its causal network is represented in Fig 3). The STAT is a
family of transcription factors with important functions in signal regulation [99-101]. Con-
cretely, STAT3 has multiple isoforms, and regulatory effects [102]. This regulator is being
increasingly studied in the hypothalamus because of its important relation with leptin levels
and, therefore, leptin resistance (as reviewed by Liu et al [103]). Thus, in response to leptin, a
transcriptional cascade is activated, including STAT3, which has important effects on energy
balance [104]. At the hypothalamus level, the stimulation by leptin makes STAT3 bind proo-
piomelanocortin (POMC) [105]. POMC is a propeptide expressed in the hypothalamus which
produces in this location the rising of different substance, such as o and B-melanocyte stimu-
lating hormones. Those hormones have anorexigenic functions, also enhancing insuling senti-
tivity and stimulating energy expenditure [106]. Thus, a lower POMC expression leads to
severe hyperphagia and obesity in humans, mice and pig [107-109]. Obesity produces hypo-
thalamic inflammation and higher stress, impairing, in turn, POMC function [110-112].
Accordingly to the greater ingestion capacity of the Iberian pig compared to commercial
breeds [113], the POMC gene was overexpressed in IBXLW in comparison to IBxIB males
(Table 6, red node in Fig 3). This result is in agreement with the leptin resistance syndrome,
characteristic of Iberian pigs, because a reduced leptin signalling leads to a lower expression of
downstream anorexigenic genes such as POMC, although, as explained before, no expression
difference was observed at the LEPR gene level. Also, as represented in the figure, STAT3 has
important implications in the mitochondrial gene expression and oxidative metabolism [114],
which agrees with results regarding differences in oxidative stress between IBxIB and IBxXLW
stated before. All these outcomes are related to obesity and inflammatory response, being acti-
vated in IBxIB animals, as previously demonstrated [8, 46].

The canonical pathway Sirtuin Signaling Pathway was potentially enriched in IBXLW male
piglets when compared with IBxIB males (z-score = 0.447). Sirtuins are a protein family highly
conserved from bacteria to mammals and implicated in the regulation of many biological pro-
cesses, such as stress, metabolism, development or longevity [115]. Concretely, SIRT3, a mito-
chondrial sirtuin [116], was detected by IPA as an upstream regulator activated in IBXLW
animals (z-score = 2.236). It has been suggested that SIRT3 has important implications in
mitochondrial activity regulation, especially by deacetylation of different molecules [117]. This
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enzyme rises during fasting or caloric restriction [118-121], and declines as response to high-
fat diets or in insulin-resistant states [119, 122, 123]. Since diet in both groups was the same
throughout the experiment, it is possible that the difference in SIRT3 activation is associated to
the natural insulin-resistant state of the Iberian pig [8], which would explain why it is more
activated in crossbreds than in pure males.

All in all, results found when only comparing males were mostly correlated with mitochon-
drial dysfunction (leading to higher OXPHOS and, therefore, with oxidative stress and inflam-
mation mediated by proinflammatory macrophages), and with differences in metabolism
regulated by STAT3 and sirtuins. However, further research is required to fully clarify the
implications of these findings in the differences between lean and obese individuals.

Comparative analysis of results among datasets

A comparative analysis was performed between results obtained in the studies of the genotype
effect, the genotype effect within each sex and the interaction effect to fully understand them,
which is summarized in Fig 4. Most genes were unique in each dataset, which further states the
idea of the relevant differences found in each sex in the present study. However, the compari-
son of all IBxIB vs all IBXLW pigs shared 8 genes with both the analyses using only females and
only males (TBCD, TMEM138, CYR61, SLC6A9, DUT, TMEM9B, TACC3 and SGCA). These 8
genes are those for which the genotype effect is clearest and independent of sex. The overall
genotype analysis with all animals also shared 9 genes with the comparison IBxIB vs. IBXLW

Genotype female

Genotype male

Fig 4. Venn diagram of the analyses of the genotype effect performed in the present study. Genotype:
Hypothalamic transcriptome analysis of all IBxIB vs. all IBXLW 60 days-old pigs; Genotype females: Hypothalamic
transcriptome analysis of IBxIB vs. IBXLW 60 days-old females; Genotype males: Hypothalamic transcriptome analysis
of IBxIB vs. IBXLW 60 days-old males; Interaction: Hypothalamic transcriptome analysis of the genotype by sex
interaction in 60 days-old pigs. IBxIB = pure Iberian pigs; IBXLW = Iberian x Large White crossbreds.

https://doi.org/10.1371/journal.pone.0272775.9004
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females (PRR19, PGGHG, CHDS, USP16, GYPCA, SEPTINI, TARBP1, CNOT7 and
FAM160B2) and other 9 with the analysis comparing only males (WDR45B, TMEM120B,
LRRC45, CCDC84, CPSF7, PDZK1, ADCYAPI1, KRRI and SMAPI). Moreover, the datasets
from the comparison of IBxIB vs. IBXLW males and the interaction also had 8 genes in com-
mon (LIN37, RBM12B, PLPP1, CELSRI, PSAP, DYNCI1H1, GRPEL2 and TMEM165), for
which the evidence of a male-specific effect is stronger. Some of them had, as stated before,
important implications in explaining phenotypic differences between IBxIB and IBXLW ani-
mals, like SGCA, GRPEL2 or TBCD, which may explain the coincidences among analyses.

Result validation with qPCR

To validate the RNA-seq results, the relative expression of a selected group of DEGs was
assessed (S7 Table). Due to the particularities of the results obtained, with substantial effect of
sex in the differences of the transcriptome between genotypes, the genes selected for validation
were differentially expressed in one of the following analyses: all animals, females, or males.
Therefore, the RNA-seq and real time qPCR correlation was calculated separately for each sub-
sampling group. As expected, in the group where the gene showed the higher difference of
expression, the correlation showed high values, whereas poorer results were obtained when
the difference of expression in the RNA-seq analyses was lower or non-significant.

As found in other studies [38, 124], differences tend to be more notable with the RNA-seq
approach than with the Real-Time qPCR. However, the concordance correlation coefficient
(CCC) showed an acceptable correlation between techniques (CCC in all samples = 0.73; CCC
in females = 0.66; CCC in males = 0.60).

Conclusions

Differences between 60 days-old pure Iberian and Iberian x Large White crossbreds were
found at the hypothalamic transcriptome level, even when bred under the same prenatal and
early postnatal environments. In accordance with the phenotype data, genotype effect on tran-
scriptome was greater in males than in females. Given the importance of the hypothalamus in
growth patterns and adiposity, these findings help to better understand the metabolic and
physiological basis of phenotypic differences between lean and fatty pigs, which are important
from a productive and biomedical point of view.
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