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ABSTRACT

Heifer early calving (HC) plays a key role in beef cattle herds’ economic sustainability and profitability by
reducing production costs and generation intervals. However, the genetic basis of HC in Nelore heifers at
different ages remains to be well understood. In this study, we aimed to perform a multi-trait weighted single-
step genome-wide association (MT w-ssGWAS) to uncover the genetic mechanism involved in HC at 24 (HC24),
26 (HC26), 28 (HC28), and 30 (HC30) months of age in Nelore heifers. The MT w-ssGWAS pointed out four
shared windows regions for HC24, HC26, HC28, and HC30 on BTA 5, 6, 14, and 16, explaining a larger pro-
portion of genetic variation from 9.2% for HC30 to 10.6% for HC28. The shared regions harbored candidate
genes related with the major gatekeeper for early puberty onset by controlling metabolic aspects related to
homeostasis, reproductive, and growth (IGF1, PARPBP, PMCH, GNRHR, LYN, TMEM68, PLAG1, CHCHD7, KISS1,
GOLT1A, and PPP1R15B). The MT w-ssGWAS and pathway analysis highlighted differences in physiological
processes that support complex interactions between the gonadotropic axes, growth aspects, and sexual precocity
in Nelore heifers, providing useful information for genetic improvement and management strategies.

1. Introduction

reproduction between 12 and 17 months or between 19 and 21 months
to determine the heifer’s early calving (HC) in 24 26, 28, and 30 months

Sexual precocity in heifers is a key trait to ensure profitability and
sustainability of the beef cattle production system by increasing the
number of heifers exposed to the breeding season and weaned calves in
cow’s lifetime production and the replacement rate of non-precocious
heifers by precocious heifers [1,2]. In recent years, greater attention
has been directed towards the sexual precocity in Nelore cattle aiming to
reduce production costs and generation intervals, leading to more ge-
netic gains rate by generation interval [3]. In this context, Nelore
breeding programs in Brazil have included traits related to heifer early
pregnancy as selection criteria [4,5]. These Nelore breeding programs
have emphasized the selection of sexual precocity, exposing heifers to

* Corresponding authors.

[5-7]. On the other hand, the age at which the heifers are exposed to the
breeding season of heifers is an important decision for beef cattle
farmers.

Attainment of sexual precocity is a complex process whereby a heifer
became able to becomes pregnant early and exhibits a complex associ-
ation with aspects related to genetic, nutritional, and environmental
factors, as well as its interactions [8,9]. Establishing a successful early
pregnancy in Nelore heifers is considered an intricated process regulated
by a polygenic effect involving physiological coordination between
growth, neuroendocrine and metabolic mechanisms that culminate in
ovulation followed by a regular estrous cycle [10,11]. The main aspect
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regarding the early sexual precocity in Nelore heifers has been eluci-
dated by the main biological aspects that regulate the phenotypic vari-
ation of early puberty in heifers through genome-wide association
studies (GWAS) [9,12,13].

The GWAS approach has found links between early pregnancy and
genomic regions, elucidating the major physiological mechanisms in
precocious heifers that are activated vs inactivated in heifers with the
highest genetic potential to attain early puberty [9,12,13]. In this
context, a better understanding of the genetic architecture underlying
sexual precocity can be useful in defining priors’ assumption about the
trait in genomic selection [14] and identifying candidate genes for
marker-assisted or gene-based selection. Furthermore, a better knowl-
edge of genomics and biological mechanisms related to sexual precocity
obtained from GWAS can aid design efficient genomic selection schemes
to improve heifer sexual precocity.

Most of the results from GWAS detected different regions of the
genome involved in the phenotypic variation of the traits related to
sexual precocity in beef cattle and the potential candidate genes
involved in the early puberty onset [12,13,15-17]. Furthermore, no
studies have exploited the genomic determinants of sexual precocity
throughout different ages. In this context, combining GWAS results and
biological enrichment of candidate genes associated with sexual pre-
cocity at a different age aid the development of more efficient strategies,
aiming to optimize genomic selection for sexual precocity. In addition,
the knowledge of the main biological mechanisms targeting genes able
to control the transition from pre- to post-puberty in heifers provides a
better understanding of biological signals that lead to differences in
sexual precocity in heifers [12,13,17] provides the opportunity to
develop new strategies that achieve better production without
compromising the genetic potential for sexual precocity. Thus, this study
was carried out to search genomic regions through multi-trait weighted
genome-wide association (MT w-ssGWAS) analysis for Nelore heifer
early calving (HC) evaluated at 24, 26, 28, and 30 months in commercial
breeding programs to uncover the major biological mechanism to
improve the biological knowledge underlying the phenotypic variability
for sexual precocity.

2. Materials and methods
2.1. Data source

The phenotypic and genomic information used to evaluate the sexual
precocity in Nelore heifers was provided by the Associacao Nacional de
Criadores e Pesquisadores (National Association of Breeders and Re-
searchers - ANCP, Ribeirao Preto - SP, Brazil; https://www.ancp.org.
br/), which conducts the Brazilian Nelore breeding program. The data
set includes records from 66,496 heifers with phenotypic information
for heifer early calving (HC), from those 8652 heifers were genotyped,
belonging to Nelore herds widely distributed in the Southeast and
Midwest regions of Brazil.

2.2. Phenotypic information

HC was evaluated at 24 (HC24), 26 (HC26), 28 (HC28), and 30
(HC30) months of age and defined attributing the value of 2 (success) for
heifers calving until 24, 26, 28, and 30 months of age respectively, and 1
(failure) otherwise. In addition, Nelore heifers aged between 13 and 17
months were exposed to sexual precocity performance tests in their
weaning year, at a breeding season for 90 days, to determine sexual
precocity, to attain the heifer early calving at 24 and 26 months. On the
other hand, herds exposed Nelore heifers aged between 18 and 21
months to reproduction for 60 days in an anticipated breeding season in
February and March, aiming to identify the sexually precocious animals
with age at first calving at 28 and 30 months. Heifers were generally
raised on pasture with adequate nutritional management (received
protein and mineral supplementation) without feed restrictions.
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The contemporary groups (CGs) were composed of the herd, year
and season of birth, and the management group from birth to year In the
study, the CGs (n = 1497) were considered as a random effect in the
model due to some of the CG showed the same response category (1 or
2), i.e., without variability [18]. The number of CG with heifers classi-
fied as precocious was 536 for HC24, 765 for HC26, 912 for HC28, and
1072 for HC30. The descriptive statistics are shown in Table 1.

2.3. Genomic information

A total of 8652 animals were genotyped with the low-density panel
(CLARIFIDE® Nelore 2.0) containing over 22,000 markers. The animals
genotyped with lower density were imputed to the Illumina BovineHD
BeadChip (770 k Illumina Inc., San Diego, CA, USA) using FImpute v.2.2
[19], considering the pedigree information as well as the parentage
testing option. In the imputation, the reference population came from
945 sires genotyped with Illumina BovineHD BeadChip assay from the
main Nelore lineages (i.e., Karvadi, Golias, Godhavari, Taj Mahal,
Akasamu, and Nagpur), which exhibit a high genetic connectedness with
the lower-density genotyped animals and the accuracy of imputation
was higher than 0.98 [20]. The quality control (QC) of genomic infor-
mation was performed by removing autosomal markers with a minor
allele frequency (MAF) lower than 0.05, a significant deviation from
Hardy-Weinberg equilibrium (P < 107°), and a call rate of markers and
samples lower than 0.90. After quality control, a total of 8545 animals
and 454,236 SNP markers have remained for the GWAS analyses.

2.4. Genome-wide association study

The genome-wide association study (GWAS) for heifer early calving
(HC) was performed considering a threshold animal model applying a
multi-trait weighted single-step genomic BLUP as follows:

l=Xp+Za+e

where [ is the matrix associated with underlying liabilities for HC at
different ages; g is the vector of random effect of CG; a is the additive
effect of animal and e is the residual effect. The X and Z are the incidence
matrices related to random effects of CG and animals. In the model an
underlying distribution was considered as follows: f(HC|I) = [[%11(; <
t)1(HC =1) 4+ 1(}; > ;)1(HC = 2), where HC is the binary trait (1 or 2) at
24, 26, 28, or 30 months of age, [; represents the underlying liability for
the binary observation i, t; is the threshold that defines the binary
response for the y scale and n; is the number of information for each trait.

The genetic and residual effects were assumed to be normally
distributed (N) as [ | , a, R~N(Xp + Za + R), in which a is the genetic
variance considering the H matrix and R is the residual variance. The
vector of random effects for CG () was assumed as f~p(). The additive
genetic effect was assumed as a | H, A~MVN(0,H ® a) considering the H
matrix and a the genetic variance. Moreover, the a was assumed to
follow an inverted Wishart distribution IW(v,,Vv4S;) combining the
pedigree and genomic information, respectively. The residual effect was
assumed as an inverse Wishart distribution R | ve~IW(v,VeSe). In the
ssGBLUP model, the combined pedigree-genomic relationship matrix

(H) was used and its inverse (H ) was calculated as follows [21]: H™! =

0 0

0 G'-A,
of the pedigree relationship matrix of the genotyped animals, and G~!
represents the inverse of the genomic relationship matrix according to
VanRaden [22].

In the MT w-ssGWAS the G matrix was constructed as follows: G =
ZDZ'q where Z is the SNP matrix assuming 0, 1, and 2 for genotypes AA,
AB, and BB; D is a diagonal weight matrix for each SNP marker and q is a
weighting factor given as ) j212p;(1 — p;) where p; is the second allele

Al where Aizl represents the subset of the inverse
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Table 1

Descriptive statistics and genetic parameters for heifer early calving (HC) at 24 (HC24), 26 (HC26), 28 (HC28), and 30 (HC30) months of age, genetic (62) and
phenotypic (ag) variance and heritability estimates (h%) using an animal threshold model through single-step GBLUP.

Trait HC %* Genotyped o2 (rﬁ h? HPD

Success Failure Low Upper
HC24 7.15% 1296 3893 0.77 (0.134) 1.77 (0.135) 0.43 (0.041) 0.25 0.50
HC26 13.61% 1630 3559 0.50 (0.067) 1.51 (0.068) 0.33 (0.031) 0.28 0.38
HC28 17.34% 1824 3365 0.47 (0.056) 1.50 (0.057) 0.31 (0.027) 0.27 0.36
HC30 20.80% 2004 3185 0.44 (0.048) 1.51 (0.049) 0.29 (0.025) 0.26 0.35

" Percentage of success for heifer early calving (HC) at 24, 26, 28, and 30 months of age from the total of phenotypic information (66,496 heifers). h? - heritability
computed as h? =62/ 0'12,, which the af, = 02 + 0% + 02 where o7 is the herd variance and 6?2 refers to the residual variance; HPD — 95% of the highest posterior density

interval.

frequency of the j-th SNP marker. The SNP marker effect and weights for
MT w-ssGWAS were estimated considering two iterations (first iteration
D =T and second D is the weight estimate obtained in step 6) as previ-
ously proposed by Wang et al. [23]:

1. In the first step D = I and second step D = w (step 6); 2. Calculate
the G matrix (G = ZDZ'q); 3. Estimation of the genomic breeding value
(GEBV) for animals using the ssGBLUP; 4. Estimation of the SNP marker
effect (1) based on the GEBV (@) of animals from the equation i =
DZ [zDZ|"'d; 5. Estimation of the SNP marker weight (D) to be used in

the second step as follows: D = ﬁ22pj (l —pj) where @ is the allele

substitution effect of each SNP marker; 6. The SNP marker weight (D) is
normalized to keep the total genetic variance constant. The percentage
of genetic variance explained by the SNP markers (032) was estimated as

_ var(zw)

described: 032 o~ x 100%, where 62 is the genetic variance; Z; is

the vector of the j-th SNP marker of animal and #; is the SNP effect of the
j-th markers.

2.5. Model inference and comparison

Samples of the posterior distributions of the genetic parameters were
obtained by Bayesian inference using the Gibbs sampling algorithm
implemented in the THRGIBBS1F90 program for HC at different ages
[24]. The Bayesian analysis consisted of a single chain of 500,000 iter-
ations, considering a burn-in of 50,000 iterations with samples stored at
every 100 iterations. The analysis converged through visual inspection
using the Bayesian Output Analysis [25], and for the Geweke test [26],
the convergence was attained for the evaluated traits with a p-value
higher than 0.25.

2.6. Statistical test for marker effect

The statistical test for SNP markers was performed by standardizing
the SNP effects from the MT w-ssGWAS [27]. In this way, the SNP
marker effect (uy) in each HC evaluated at different ages was estimated
using a linear transformation of GEBV (@) as ux = 2 G~'@ and the pre-

diction error variances of SNP effect estimates as 02 = Z G 'Zo?2 —
Uk

7 G1¢%G~1Z. In this framework the C* is the portion of the inverse of
the mixed model equations associated with the model [27]. Then, the
statistical test was performed by the standardization of the SNP effects
[27] as follows: 2 = de(‘—ﬁk) , where 2y is the statistical test for SNP marker
effects in each HC evaluated at different ages. The p-values for the SNP
effects were computed as p — value = 2(1 — ¢(| 2| )), where ¢(|z|) is the
cumulative function of the normal distribution for the z-score.

2.7. Gene mapping of significant SNP for M-T WssGWAS

The SNP markers explaining more than 1% of the genetic additive
variance for HC at 24, 26, 28, and 30 months of age were deemed sig-
nificant and grouped at the same chromosome. These grouped SNP

markers were used to identify genes located in these regions. After
selecting the windows deemed as significant, a search for overlapping
windows was defined by the group of significant SNP markers with at
least 0.4 Mb to be deemed a shared region. Finally, the linkage
disequilibrium (LD) analysis was performed in overlapping regions by
computing the r-square (rz) [28] values for pairwise SNP marker using
the Gaston R package [29].

The genes were identified using the NCBI BioSystems database for
cattle, using the Bos taurus ARS-UCD 1.2 assembly. Functional classifica-
tion for biological mechanisms and pathways (Gene Ontology - GO)
associated with the candidate genes set were identified using the cluster-
Profiler R Package [30], separately for each heifer early calving (HC 24, 26,
28, and 30), considering as background the bovine database from OrgDb
(http://bioconductor.org/packages/release/BiocViews.html#__OrgDb).
The enrichment analysis of the given gene set was assessed using Fisher’s
exact test [31] and considered significant when p-value < 0.05. Interactions
between protein-coding genes were predicted using the STRING database
with default settings, according to Szklarczyk et al. [32].

3. Results and discussion
3.1. Descriptive and genetic parameters

The observed proportion of heifers for HC24 (7.2%) and HC26
(13.6%) was low against HC26 (17.3%) and HC30 (20.8%; Table 1). This
lower proportion of Nellore heifers reaching puberty at an early age
(HC24 and HC26) may affect the current target of selection from
different Nelore breeding programs that have emphasized selection for
HC30 that increase its proportion on herds. The inclusion of sexual
precocity traits in the selection index has improved the reproductive
performance of heifers. The heritability estimates for sexual precocity in
heifers changed according to criteria used to define the precocity
ranging from high (0.43 + 0.04 for HC24) to moderate (0.29 + 0.02 for
HC30; Table 1) and are in agreement with previous estimations ranging
from 0.28 [33] to 0.37 [6,7]. Based on the results for genetic parameter
estimates, HC24 led to a rapid response due to a higher heritability es-
timate and reduction of the generation interval. There is evidence that
HC24 does not negatively impact traits related to reproductive perfor-
mance, growth, carcass and feed efficiency indicators in Nelore cattle
under a tropical production system [5]. In this context, considering
sexual precocity as a selection criteria in breeding programs showed that
selection for HC combined with improved management practices led to a
reduction in the phenotypic means of age at first, calving from nearly 38
to less than 28 months, with a genetic trend of almost —2 days/year
[34]. Thus, Nelore breeding programs exposing heifers to mating be-
tween 11 and 13 months to identify and select precocious females for
HC24, can achieve considerable reductions on phenotypic and genetic
trends for age at first calving. In addition, heifers evaluated in sexual
precocity tests at early ages (HC24) exposing heifers to mating in a
common breeding season in the herd, reduced the costs of an additional
breeding season to identify females with HC between 28 and 30 months.
However, increased attention has to be directed towards improving
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management strategies, mainly the nutritional management of heifers to
reach 60% - 65% of their mature body weight before the beginning of
the breeding season [8,35]. Consequently, HC24 in these herds has
increased from 10% to more than 60%, reducing the number of un-
productive females in the herds and promoting the economic sustain-
ability of beef cattle herds through better use of resources.

3.2. SNP variance for sexual precocity

The MT w-ssGWAS pointed out a total of 9, 9, 12 and 11 SNP-
windows explaining more than 1% of the genetic variance for HC24
(BTA 2, 3, 4,5, 6,9, 14, 16 and 22; Fig. 1 - A), HC26 (1, 4, 5, 6, 11, 14,
16, 22 and 28; Fig. 1 - B), HC28 (1, 2,4, 5,6,7,11,13, 14, 16, 22 and 28;
Fig. 1 - C) and HC30 (2, 5, 6, 7, 8, 11, 13, 14, 16, 18 and 24; Fig. 1 - D),
respectively. These regions explain more than 1% of additive genetic
variance were significantly associated with HC at different ages
considering a significant level of —log;o(p — value) > 5 (Supplementary
Fig. S1). Some of these genomic regions were shared among the sexual
precocity at different ages (Fig. 1 E) and can explain part of the observed
genetic correlations among HC at 24, 26, 28, and 30 months (Fig. 1 F).
The genetic correlation for HC at different ages decreased when
increasing the distance between ages, i.e., HC24 and HC30 (r = 0.60),
and showed values higher than 0.70 in the adjacent ages (Fig. 1 F). The
results of the genetic correlation led us to speculate that expressing HC
at different ages has an impact on the outcome of selection strategies for
sexual precocity in Nelore cattle. It is of note that the genetic correlation
lower than 0.80 leads to differences in the ranking of animals for HC
according to the age are expressed. Based on genetic correlation esti-
mation, HC at 24 and 26 months showed more similarity assessed by
hierarchical clustering and indicated a clear difference compared with
HC at 28 and 30 months (Fig. 1 F).

A higher number of shared windows was observed for HC24, HC26,
HC28, and HC30 (4 SNP windows), followed by HC 28 and HC 30 (3 SNP
windows) and HC24, HC26, and HC28 (2 SNP windows) which could be
explained by the observed genetic correlation coefficients (Fig. 1 F).
These results indicated that sexual precocity at different ages has in part
the same biological basis, and specific regions may be age-dependent
aspects affecting the expression of the mechanisms involved in the
transition process heifers from pre- to post-pubertal. Indeed, higher
specific genomic regions were observed affecting the HC24 and HC30 (3
SNP windows, Fig. 1 E).

3.3. Specific regions affecting sexual precocity at different months

Specific genomic regions affecting HC in each age evaluated were
identified on BTA 2, 3, and 9, for HC24, BTA 1 (139.65-139.87 Mb) for
HC26, BTA 1 (127.15-128.55 Mb) for HC28, and BTA 8, 18 and 24 for
HC30, implying in different physiology mechanisms leading to sexual
precocity in a specific age. The specific variants identified affecting
HC24 explained 4.9% of additive genetic variance (Table 2), surround
the major genes MAGI3 on BTA3 (29.65-29.78 Mb) and MYO7B on
BTA2 (4.94-5.16 Mb) associated with growth aspects, and MAP3K2
(MEK/ERK Kinase 2; BTA2 4.94-5.16 Mb) and GRIK2 (BTA9
48.03-48.91 Mb) as part of GnRH signaling cascades in the pituitary
cells. The gene MYO7B is related to muscular formation in different
breeds [36] and in ducks showed associations with muscle growth and
lipid deposition [37]. The MAP3K2 gene is related to MAPK pathway
activation, which plays an important role in growth and development
and insulin resistance [38]. Tosca et al. [38] observed that insulin
resistance in cattle affects oocyte maturation. Such findings support the
hypothesis that metabolic substrates (insulin and lipid) link nutrition
and reproduction, leading to different growth rates, allowing heifers to
reach puberty at an early age to become pregnant at 16 months [39]. On
the other hand, the genes MAP3K2 and GRIK2 are directly associated
with GnRH secretion. The MAP3k2 shows a key role in MEKK, ERK, and
JNK signaling cascade, mediating the secretion of LH and FSH hormone
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enabling regulation of physiological reproductive functions during the
onset of puberty [40]. The gene GRIK2 acts as an excitatory neuro-
transmitter in the central nervous system by opening ion-channel and
has been related to reproduction functions by its effect on gonadotropin-
releasing (GnRH) secretion control [41]. In this context, enrichment
analysis indicated specific biological processes related to lipid storage
(GO:0019915 and GO:0010883) and gonadotropin secretion
(G0:0032276) by the action of the major gene set (HILPDA, LEP, and
KISS1) were associated with HC at 24 months (Table 3). Indeed, these
genes and biological processes with a specific effect highlighted the
striking effect linking body energy aspects and early puberty onset by
the action of genes affecting the expression of metabolic hormones and
neuropeptides, which regulate the levels and release of GnRH hormone
[42,43].

A significant region on BTA1 with a specific effect on HC26 surround
the genes IGSF5 and B3GALT5 with unknown biological mechanisms
affecting reproduction aspects in female (Table 2). Although specific
biological processes related to adipose tissue development
(GO:0060612), regulation of lipid transport (G0:0032368), and
response to growth hormone (GO:0060416), by the action of genes LEP,
GHRL, REN, and LYN were pointed out to affect the HC26 (Table 3). The
association of these biological mechanisms occurs mainly because of a
direct effect on growth aspects affecting the growth rate, which is
related to muscle and fat deposition rate [35]. Thus, the relationship of a
gene involved in growth, adipose tissue, and lipid transport with HC26
occurs by the fact that cycling heifers need to reach a specific body
condition score, which is determined by the ideal fat deposition, i.e.,
delay in early puberty occurs until the heifers’ reach 60% to 65% of the
mature body weight and exhibit an ideal ratio of fat and muscle depo-
sition [8,35].

The candidate genes (GRK7, RNF7, RASA2, ZBTB38, PXYLP1, SPSB4,
TRIM42, and CLSTNZ2) surround the BT1 with a specific effect on HC28
play a key role on body size, lipid, and glucose metabolism (Table 2).
The gene ZBTB38 significantly affects body measurements traits, mainly
for cattle’s body structure [43] and eye muscle area [44]. This effect
could be associated with delayed puberty by increasing the body
structure, leading to delays in early pregnancy by increasing the weight
at maturity. In this context, heifers with high body weight at maturity
reach the age at first calving at older ages due to its unfavorable genetic
correlation (r = 0.52) [44]. Thus, increasing the mature body weight
delays the onset of heifer puberty until an adequate body condition score
is associated with their mature body weight [35]. The gene CLSTNZ is
related to lipid metabolism, principally influencing the increase of adi-
pocytes in subcutaneous fat [45] and rib-eye area [46].

Furthermore, the CLSTNZ2 expression is related to metabolic disor-
ders such as glucose and insulin [45]. These physiological changes in
insulin and glucose blood levels affect reproduction because the glucose
and insulin levels represent a key biological link between metabolic
factors and the endocrine axis [47] to attain sexual precocity [39].
Samadi et al. [39] observed that Brahman heifers with improved
metabolic homeostasis, mainly greater insulin and glucose levels, could
affect the development and oocyte quality leading to first ovulation and
puberty at an early age. The biological ontologies with a specific effect
on HC28 are related to the cellular response to peptide hormone stim-
ulus (GO:0071375), glucose metabolic process (GO:0006006), and
insulin-like growth factor receptor signaling pathway (G0:0048009;
Table 3). Physiological changes influence the amounts of metabolic
substrates peptide hormone signals which directly affect the age at first,
calving by its effect on oocyte quality and development of both oocyte
and embryo [48].

Three specific SNP regions were deemed as significant for HC30,
explained 5.5% of additive genetic variance, and mapped on BTA 8 (LPL,
SLC18A1, ATP6VI1B2, and LZTS1), BTA18 (CDH5), and BTA24 (Table 2).
The major genes LPL and ATP6VIB2 are associated with response to
insulin (GO:0032868; Table 3). The gene LPL synthesizes fatty acids
[49], playing an essential role in the lipid metabolic pathways
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Table 2
Specific regions for heifers early calving defined at 24, 26, 28, and 30 months
explaining more than 1% of the additive genetic variance (¢2) in Nelore cattle
heifers.
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Table 3

Gene ontology enrichment analysis for biological processes of the genes iden-
tified for heifer early calving (HC) at 24, 26, 28, and 30 months of age, with
specific effect across the sexual precocity trait.

D Description p- q- Gene
value value

BTA  Windows' Size N. o2 Genes
(Mb)  SNP* (%)
HC 24
MYO7B, IWS1,
2 4,942,729-5,158,856 0.22 65 1.4 PROC, MAP3K2
3 29,651,535-29,787,508 0.14 36 1.6 PHTF1, MAGI3
9 48,038,420-48,918,750 0.28 82 1.9 GRIK2
HC 26
1 139,653,452-139,875,117  0.22 36 1.1 IGSF5, B3GALTS
HC 28
GRK?7, RNF7,
RASA2, ZBTB38,
1 127,154,516-128,553,466  1.09 79 1.1 PXYLP1, SPSB4,
TRIM42, CLSTN2
HC 30
LPL, SLC18A1,
8 67,914,870-68,164,937 0.65 66 1.9 ATP6V1B2, LZTS1
18 33,761,475-34,135,077 0.37 74 1.4 CDH5
24 15,041,984-15,763,710 0.72 80 2.2 -

1 Represent the regions of the SNP markers explaining more than 1% of the
genetic variance.

2 Number of SNP markers explaining more than 1% of the additive genetic
variance.

associated with adipose tissue mass [50]. In addition, the LPL gene is
involved in the hydrolysis of circulating triglycerides and low-density
lipoprotein associated with growth and carcass quality traits [51,52].
The gene ATP6V1B2 has been related to energy homeostasis by its effect
on catabolism and anabolism, providing the generation of precursor
metabolites and energy [53] and being involved in regulating insulin
secretion [54]. The ATP6V1B2 gene was associated with feed efficiency
traits in beef cattle [55] and uniformity of yearling weight in Nelore
cattle [56]. Enrichment analysis identified biological processes related
to glucan metabolic process (GO:0044042) and response to insulin
(GO:0032868) are related to energy homeostasis stimulated by anabolic
and catabolic ratio metabolism with actions on the regulation of em-
bryonic development (GO:0045995) and reproductive system develop-
ment (GO:0061458; Table 3). The association of energy homeostasis in
HC30 occurs by regulating insulin and glucose, representing the major
energy source required for ovarian function and LH secretion [57,58].
Samadi et al. [39] in Brahman heifers raised under adequate nutrition
led to greater glucose and insulin levels and then reduced the age at first
calving (AFC) by improved metabolic homeostasis.

3.4. Shared regions surround genes for HC at different ages

3.4.1. HC at 26 and 28 months and 28 and 30 months

The significant SNP-window shared between HC at 26 and 28 map-
ped on BTA28 explained 1.2% and 2.5% of the additive genetic variance
respectively and surrounds the gene RYR2 and ZP4 (Table 4) and
showed a moderate LD in average (r? = 0.40) between the significant
SNP markers (Supplementary Fig. S2). The gene RYR2 mediates the
release of Ca" from intracellular stores and increases cytosolic Ca®* in
response to many different extracellular stimuli, including hormones
and neurotransmitters [59]. In addition, the gene RYR2 plays a key role
in amplifying the signal generated by voltage-gated calcium channels,
which might improve the LH release meditated by pituitary GnRH
because it is a calcium-dependent process [60]. On the other hand, the
gene ZP4 subunits of zona pellucida (ZP) glycoprotein with functions
during fertilization and preimplantation development [61]. The

Heifer early calving at 24 months

GO:0019915 lipid storage 0.015 0.047 HILPDA, LEP
regulation of

G0:0032276  gonadotropin 0.001 0.027 KISS1, LEP
secretion

GO:0010883  regulation of lipid 0.007 0.042  HILPDA, LEP
storage

Heifer early calving at 26 months

GO:0060612  2dipose tissue 0.007 0.036 LEP, GHRL
development

GO:003236g  "egulation of lipid 0.007 0.036 LEP, GHRL, REN
transport

GO:0060416 ~ response to growth 0.006 0.035 LYN, GHRL
hormone

Heifer early calving at 28 months
cellular response to SOGAL, GNRHR,

. INSR, LEP, LYN,
G0:0071375 :;ﬁf:llsshormone 0.001 0.011 GHRL, ATP6V1B1,
SRC, SLA2
. glucose metabolic SOGA1, IGF1, INSR,

G0:0006006 process 0.001 0.032 LEP, GHRL, SRC
insulin-like growth

G0:0048009  factor receptor 0.001 0.009 GHRH, IGF1, IGFBP2,

. . IGFBP5

signaling pathway

Heifer early calving at 30 months

1 boli

GO:0044042  8ucan metabolic 0.021 0.041  IGF1, INSR
process
regulation of

G0:0045995 embryonic 0.007 0.038 IGF1, INSR, TGIF2
development

. reproductive system INSR, PLAG1, ETNK2,
G0:0061458 development 0.010  0.039 BIRC6, REN
GO:0032868  response to insulin 0.001 0.033 INSR, LPL, LYN,

ATP6V1B2, SLA2

expression of ZP glycoprotein is required for optimal oocyte growth and
fertilization and early embryo migration to the oviduct [61].

A total of three specific SNP windows were shared between HC at 28
and 30 months, explaining from 1% to 2.6% of genetic variance (Fig. 1 C
and D) and harbor candidate genes on BTA2 (SMARCALI, IGFBP2, and
IGFBP5), BTA7 (INSR), and BTA13 (GHRH, MYL9, NNAT, NDRG3,
TGIF2, RABSIF, SLA2, and SAMHDI). The major genes region on BTA 2
(IGFBP2 and IGFBP5; 104.30-104.96 Mb) and BTA7 (INSR;
15.99-16.41) exhibits a striking effect in metabolic pathways whereby
control the insulin (GO:0008286; Table 5) and glucose levels that might
help explain the variability in the sexual precocity [62]. In addition, the
IGFBP gene family has been pointed out as a key factor to control follicle
growth by sensitivity to gonadotropins [62,63], and the INSR gene is
implicated in the regulation of the reproductive aspect due to its actions
in the hypothalamic-pituitary-gonadal (HPG) axis and ovaries [64].

Genes mapped on BTA13 (64.89-66.62 Mb), particularly the gene set
(GHRH, MYL9, and NNAT), highlighted the complex physiological
transition from the prepubertal phase (accelerated growth) to puberty
(sexual maturation) through regulation of growth hormone secretion
[65]. The gene GHRH affects the age at puberty by its direct function on
putative modulatory role in the HPG axis [66], and its action is related to
the growth and body condition such as average daily gain, fat thickness,
and meat content of carcass [67]. Thus, the gene GHRH affects the age at
puberty by its direct function on putative modulatory role in the HPG
axis, required as an energy homeostasis factor that in many tissues is
critical for the maintenance of their metabolic actions by a direct effect
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Table 4
Common regions for heifers early calving defined at 24, 26, 28, and 30 months explaining more than 1% of genetic variance (%) in Nelore cattle heifers.
BTA  Windows' N Size LD? Genetic variance (%) Genes
SNP (Mb)
HC24 HC26 HC28 HC30
ARL1, ASCL1, CHPT1, DRAM1, GNPTAB, IGF1, MYBPC1, NUP37, PAH,
5 65,278,733-66,955,623 135 1.67 0.41 2.37 1.88 3.62 2.28 PARPBP, PMCH, SPIC, SYCP3, WASHC3
6 82,880,362-83,641,329 100 0.42 0.52 3.37 3.05 1.95 3.1 CENPC, STAP1, UBA6, GNRHR, TMPRSS11D, TMPRSS11A
SOX17, RP1, XKR4, TMEM68, TGS1, LYN, RPS20, RF01277, RF00003, MOS,
14 22,136,921-23,959,114 200 1.82 0.47 212 2.49 2.4 2.37 PLAG1, CHCHD?, SDR16C5, SDR16C6, PENK, RF00026, IMPAD1
ATP2B4, BTG2, CHIT1, ETNK2, FMOD, GOLT1A, KISS1, LAX1, OPTC,
16 1,003,557-2,246,563 198 1.24 0.38 1.74 1.94 2.61 1.43 PLEKHAG6, PRELP, REN, SNRPE, SOX13, ZC3H11A, RF00026, PPP1R15B,
PIK3C2B, RF00334
GCC1, ARFS5, FSCN3, PAX4, SND1, LRRC4, MIR129-1, LEP, RBM28, PRRT4,
LOC537848, IMPDH1, HILPDA, FAM71F2, FAM71F1, CALU, OPN1SW,
4 91,827,295-93,055,139 105 1.24 0.31 228 209 212 - CCDC136, FLNC, MIR2422, ATP6V1F, ATP6V1FNB, KCP, IRF5, TNPO3,
MIR1843
ATP2B2, SLC6A20, SACM1L, LIMD1, LARS2, TMEM158, CDCP1, CLEC3B,
22 53,492,772-54,500,345 165 0.98 0.33 1.99 2.5 1.92 - EXOSC7, ZDHHC3, TMEM42, GHRL, SEC13
BTA  Windows' SNP  Size LD? Genetic variance (%) Genes
(Mb)
HC24 HC26 HC28 HC30
PAIP2B, NAGK, TEX261, ANKRD53, ATP6V1B1, VAX2, CD207, CLEC4F,
11 13,380,573-16,086,590 214 2.71 0.30 - 1.03 21 3.13 FIGLA, ADD2, TGFA, FAM136A, XDH, SRD5A2, MEMO1, DPY30, SPAST,
SLC30A6, NLRC4, YIPF4, BIRC6, TTC27, LTBP1, RASGRP3
28 10,063,004-10,660,998 90 0.60 0.40 - 1.18 2.5 - RYR2, RF00402, ZP4
2 104,302,088-104,963,531 100 0.66 0.44 - - 2.18 2.35 MARCH4, SMARCALL1, RPL37A, IGFBP2, IGFBP5, TNP1
7 15,996,443-16,410,917 85 0.41 0.37 - - 2.3 2.57 INSR, PEX11G, TEX45, ZNF358, MCOLN1, PNPLA6
NFS1, ROMO1, RBM39, PHF20, RF00001, SCAND1, CNBD2, EPB41L1,
13 64,894,313-66,622,751 158 173 0.35 B 1.22 1.02 AAR2, DLGAP4, MYL9, TGIF2, RABS5IF, SLA2, NDRG3, DSN1, SOGAL,

TLDC2, SAMHD1, RBL1, MROHS8, RPN2, RF00428, GHRH, MANBAL, SRC,
BLCAP, NNAT, CTNNBL1

! Represent the regions of the SNP markers explaining more than 1% of the additive genetic variance. N SNP — number of SNP within the Windows regions.
2 Represents the average of linkage disequilibrium (%) for the windows region (Supplementary Fig. S2 and S3).

Table 5

Gene ontology enrichment analysis for biological processes of the genes identified for heifer early calving (HC) at 24, 26, 28, and 30 months of age, with biological
processes shared across the traits (significance tests are shown in Supplementary Table S1 and S2).

D Description Gene associated with the GO
HC 24 HC 26 HC28 HC 30
G0:0070977 bone maturation IGF1, LEP IGF1, LEP IGF1, LEP -
G0:0032274  gonadotropin secretion KISS1, LEP KISS1, LEP KISS1, LEP -
G0:0046879 hormone secretion KISS1, LEP, LYN, REN KISS1, LEP, LYN, GHRH, KISS1, LEP, LYN, NNAT, -
GHRL, REN GHRL, REN
GO:0009914 hormone transport KISS1, LEP, LYN, REN KISS1, LEP, LYN, GHRH, KISS1, LEP, LYN, NNAT, -
GHRL, REN GHRL, REN
G0:0032275 luteinizing hormone secretion KISS1, LEP KISS1, LEP KISS1, LEP -
G0:0022602 ovulation cycle process KISS1, LEP KISS1, LEP KISS1, LEP, SRC -
GO0:0060123  regulation of growth hormone =~ GHRH, KISS1, GHRL KISS1, GHRL GHRH, KISS1, GHRL -
secretion
G0:0002791 regulation of peptide IGF1, KISS1, LEP, LYN, IGF1, KISS1, LEP, GHRH, IGF1, KISS1, LEP, LYN, -
secretion GHRL LYN, GHRL NNAT, GHRL, SRC
G0:0008286 insulin receptor signaling - - SOGAL1, INSR, LEP, ATP6V1BI1, INSR, ATP6V1B2, SLA2
pathway SRC, SLA2
G0:2000241 regulation of reproductive - - IGF1, INSR, MOS, ZP4, SRC IGF1, INSR, MOS
process
G0:0043434 response to peptide hormone GNRHR, LEP, LYN, BTG2, - - GNRHR, INSR, LPL, LYN,
ATP6V1F ATP6V1B2, BTG2, SLA2
GO:0060986  endocrine hormone secretion KISS1, LEP, REN KISS1, LEP, GHRL, KISS1, LEP, GHRL, REN KISS1, REN
REN
G0:0046323 glucose import IGF1, LEP IGF1, LEP IGF1, INSR, LEP IGF1, INSR
G0:0044060  regulation of endocrine KISS1, LEP, REN KISS1, LEP, GHRL, KISS1, LEP, GHRL, REN KISS1, REN

process

REN

on GH receptor (GHR), or indirectly by the mediation of IGF-1 [68].
The gene MYL9 on BTA13 regulates muscle contraction by control-
ling ATPase activity [69], and its effect on sexual precocity in heifers
could be associated with a change in muscle metabolism contributing to
a reduction in basal energy metabolism [69]. This can be a potential
mechanism for heifers raised under an extensive pasture production

system aiming to reduce muscle metabolism’s energy expenditure and
provide free metabolite concentrations for reproduction [9]. Supporting
this hypothesis, Consolo et al. [70] observed that selecting for a high
genetic potential for sexual precocity can affect fat and muscle meta-
bolism. The NNAT gene plays a significant role in body metabolism,
insulin secretion, adipogenesis differentiation process, and food intake
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[71].

3.4.2. HC at 24, 26, and 28 months and HC at 26, 28 and 30

Two common SNP-window genomic regions were identified with a
strong effect on sexual precocity evaluated between 24, 26, and 28
months of age (Fig. 1 E) on BTA4 (91.82-93.05 Mb) and BTA22
(65.95-66.58 Mb), explaining a substantial amount of genetic variance,
from 2.1% to 2.3% and 1.9% to 2.5%, respectively (Fig. 1 A-C). The
region on BTA4 harbors the gene set (ATP6VIFNB, IRF5, FSCN3, PAX4,
SND1, HILPDA, LRRC4, and LEP) that regulate the peptide signal-
regulating lipid metabolism and energy expenditure and region on
BTA22 harbors the genes set (GHRL, TNPO3, and SEC13) with effects on
hypothalamic signals and insulin and glucose metabolism (Table 4). The
genes LEP and GRHL are associated with energy pathways for the
metabolic regulation of age at puberty [72]. The gene LEP acts as an
adipose tissue hormone that regulates the feed intake and body energy
homeostasis, whereby provides a link between nutritional status and
functions on the HPG axis representing the gatekeeper signals to heifer
attain the early puberty and development reproductive function
[11,73]. The gene GRHL has been pointed out as an important regulator
of body weight by growth hormone secretion stimulation, increasing the
blood glucose levels free fatty acid, and reducing the glucose transport in
skeletal muscle [74].

The HILPDA on BTA4 was associated with the regulatory signal
responsible for adjusting the storage of triglycerides and the intracel-
lular availability of fatty acids [75]. Thus, these genes lead to differences
in metabolic hormone and glucose blood level integrating the metabolic
signals with the HPG axis in the control of puberty onset. Samadi et al.
[39] in Brahman heifers observed that this intricate pathway positively
influences reducing the age at puberty.

One SNP window on BTA 11 (13.58-16.08 Mb) was considered
shared by HC 26, 28, and 30, although this region shows a large size
(2.71 Mb), a medium LD on average (r2 = 0.30) was observed (Sup-
plementary Fig. S2). This region on BTA 11 surrounds the major genes
associated with growth factors LTBP1 and TGFA with a key role in the
TGF-p signaling associated with ovarian function, immunoregulation of
pregnancy, and embryo implantation [76]. In addition, these genes
affect the sexual precocity through direct effects on ovarian cells and
gonadotropins secretion by its association with the EGFR gene. The gene
FIGLA is a germ cell-specific transcription factor and was associated with
oogenesis, suggesting a role in follicle growth [77] and playing an
important aspect on multiple oocyte-specific genes [61].

3.4.2.1. HC at 24, 26, 28, and 30 months. The MT w-ssGBLUP targeting
the sexual precocity in Nelore heifers contributes to understanding the
common genetic background associated with HC variability at different
ages (Fig. 1). A total of four SNP-window regions shared between the
evaluated sexual precocity traits (HC24; HC26; HC28 and HC30) could
explain, in part, the genetic correlation estimates among them (Fig. 1 F).
These shared SNP windows located on BTA 5, 6, 14, and 16 explained
the highest percentage of additive genetic variance at 9.6% for HC24,
9.4% for HC26, 10.6% for HC28, and 9.2% for HC30 (Table 4) and
showed a moderate LD average (0.30 < r? > 0.52; Supplementary Fig. 52
and S3). The genes that surround these regions are related to mecha-
nisms that compose the essential gatekeepers for sexual precocity
through the integration of metabolic hormone action at the brain such as
IGF1 and PMCH (BTA5), GNRHR (BTA6), PLAG1, and PENK (BTA14),
and KISS1 (BTA16). These genes provide an integration of multiple
regulatory signals whereby links neuroendocrine and metabolic mech-
anisms, responsible for the transition from the pre- to post-puberty that
culminates in ovulation followed by a regular estrous cycle [72].
DeAtley et al. [11], applying the peptidomics approach in Brangus
heifers, observed changes in the hypothalamus and pituitary gland
activation before and after puberty that influence the sexual precocity.

The region on BTA5 (65.27-66.95 Mb) and BTA14 (22.14-23.96 Mb)
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surround genes with an important biological effect whereby links
metabolic homeostasis and endocrine axis, which contribute to heifers
achieving puberty at an early age [11], as well as explain the variability
in the sexual precocity and growth aspects [9,13,17]. The gene IGF1 on
BTAS5 and PLAGI on BTA14 has been directly associated with QTLs
affecting the different reproductive traits such as ovulation rate, age at
puberty, gestation length, postpartum anestrous interval, and calving
ease [9,78,79], indicating that IGF1 and PLAGI genes are related to the
different reproductive process by neuroendocrine regulation gatekeeper
pathways controlling GnRH release [58,80]. The PLAG1 gene shows a
pleiotropic function on growth and reproduction aspects [9,81,82].
Hence, the PLAGI gene can affect the age at puberty in heifers through a
direct effect on IGF1 and IGF2 levels and then stimulate GnRH neurons
[83]. In addition, the gene MOS on BTA14 shows a key function on
oocyte maturation by activating the MAP kinase cascade, which repre-
sents a crucial cellular energy sensor regulating essential roles in oocyte
maturation and fertilization [84,85].

The PENK gene maps on BTA14 had been associated with AFC in
Nelore cattle [9] and encodes an opioid precursor participating in
neuron stimulation during the endocrine transition to puberty in cattle
[11]. Thus, the BTA5 and BTA14 regions appear to have a potential
association with delayed puberty by metabolic-sensing pathways that
mediate the body energy reserves and metabolic status, leading to delays
in reproductive precocity in heifers until an adequate body condition
concerning their frame size is achieved. Several authors have been
highlighted the importance of metabolic aspects whereby the growth
and sexual precocity-related traits are associated through the metabolic
compounds (glucose and insulin) [8,9,13,39,78,79].

The PMCH gene on BTAS5 encodes three neuropeptides (MCH, NEI,
and NGE), and its biological actions are associated with energy ho-
meostasis, fat deposition, and feed intake [86,87]. PMCH variants
encoding these three neuropeptides show a key link between energy
balance and reproductive physiology [86]. Nelore heifers are raised
under different production systems and exposed to different nutrition
levels; such conditions demand a higher efficiency in heifers’ energy
balance during growth phases until they reach puberty [9]. Angulo-
Valenzuela et al. [88] observed a favorable effect of SNP within the
PMCH gene region in enhancing fertility in Angus and Brangus heifers
under desert environment, suggesting a genetic component associated
with balancing their reproductive performance and energy metabolism
reducing a negative effect of harsh environmental conditions. The
PARPBP (Poly[ADP-Ribose] Polymerase 1 binding protein) exhibits an
indirect effect on metabolism related to oocyte development through
PARP]1 gene regulation [89]. The region on BTA6 (82.88-83.64 Mb)
surrounding the major gene GnRHR that mediates the action of GnRH
responsible for controlling the reproduction stimulating the secretion of
peptide hormone such as luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) involved in the timing of puberty in
heifers [90]. An adequate secretion of GnRH represents an important
aspect for heifers to achieve early sexual precocity due to improvements
in growth rate and reducing the age at puberty in heifers [90].

The gene set (KISS1, GOLTIA, REN, and PPPIR15B) on BTA1l6
(1.00-2.25 Mb) is related to GnRH release, estrogen release regulation,
and pregnancy pathways. The gene KISS1 has been indicated as an
important gatekeeper regulating the onset of puberty and reproductive
function through its action on GnRH pulse by a complex metabolic
control [83]. The KISS1 gene integrates the key peripheral network
signals and central pathways linking the metabolic information to the
GnRH neurons driving the puberty onset [91]. Mutations or deletions on
the KISS1 gene reduce circulating levels of gonadotropin hormones (LH
and FSH), affecting reproductive functions in humans and mice [92,93].
The gene PPP1R15B was identified near the SNP markers significantly
associated with sexual precocity-related traits in tropical beef cattle
[13], and knockout gene studies showed its effects on growth retarda-
tion and early embryonic death [94]. The gene REN shows an important
effect on the renin-angiotensin-aldosterone system (RAS pathway),
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acting as a factor in steroidogenesis regulation and leading to changes in
ovarian antral development and ovulation [95].

3.5. Gene network and gene ontology annotation shared by HC

Analysis by STRING revealed interactions between candidate genes
with shared and specific effects on HC at different months (Tables 2 and
4) were involved in a single network. The key genes identified (LEP,
INSR, IGF1, IGFBP2, IGFBP5, PLAG1, KISS1, SHOX, GHRH, GHRL, LPL,
and PMCH) act as signaling factors that regulate the reproductive
functions and growth aspects by a pleiotropic biological effect through
metabolic homeostasis involved in physiological processes with impor-
tant effects in the HPG axis (Fig. 2). These genes are related to important
biological processes shared between HC evaluated at different ages,
highlighting the effect of the main gatekeepers of puberty onset through
regulation of the physiological mechanisms (GO:0008286,
G0:0046323) and HPG axis (GO:0032274, GO:0046879, GO:0009914,
G0:0032275, GO:0060123, GO:0060986, and GO:0044060; Table 5).
Age at puberty represents a process governed by the complex interaction
between genetic and nutritional aspects that regulate the sexual pre-
cocity [8,9,35,39].

Differences in early attainment of puberty come from the favorable
genetic merit for age at first calving and adequate nutrition leading to
the precocious or late process of the pubertal activation of the HPG axis,
a key event in the onset of puberty is the progressive increase of the
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neurosecretory activity of GnRH neurons in pre- and post-pubertal hy-
pothalamus in heifers [11]. The main metabolic signals related to the
puberty onset comes from the interactions of the main genes’ LEP, IGF1,
GHRL, and KISS1 [96], but the genes set INSR, IGFBP2, IGFBP5, SHOX,
GHRH, and PLAGI1 show a key role biological aspects for early puberty
that involves growth hormone (GH; GO:0046879 and GO:0060123),
glucose (GO:0046323) and insulin (GO:0008286; Table 5). Adequate
growth rates from pre-weaning and weaning to puberty (14-16 months)
are critical for Nelore heifer to attain HC early [35,97]. An increase in
growth hormone secretion is related to changes in growth rates of pre-
cocious heifers to achieve their weight “threshold,” occurring the tran-
sition of pre-puberty to puberty with an increase in adipose tissue
deposition against with lower genetic potential for early pregnancy.
Brunes et al. [97] observed that precocious Nelore heifers showed better
growth aspects (i.e., body weight from birth to 450 days of age and
average daily gain) with 75% and 62% more subcutaneous fat thickness
and rump fat thickness on average compared with non-precocious
Nelore heifers. These factors observed in precocious heifers could be
the key factor leading to an increase in hormonal action of LEP, IGF1, as
well as regions related to IGF1 hormone control PLAG1, IGFBP2, and
IGFBP5, PMCH, and KISS1 enhancing the metabolic signals for the start
of the pubertal event [10,62,72]. Hawken et al. [98] observed that
increasing body size is associated with the highest mature body weight
and correlated with lower IGF1 blood levels leading to puberty onset in
advanced ages. Thus, the GWAS results for HC at different ages showed

. HC 24, 26, 28 and 30 OHC 26,28 and 30

OHC 28 and 30
.HC 30

@ .HC 24,26 and 28
IRES .HC 24

Fig. 2. Network of candidate genes identified within SNP windows regions deemed significantly affecting HC at different ages (24, 26, 28, and 30 months). The gene
network was built from known protein-protein interactions (edges) between gene products (nodes) using the string database for Bos taurus. The node color represents

the shared or specific genes for HC across the 24, 26, 28, and 30 months.
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strong evidence of genomic regions affecting physiological events, with
changes in circulating metabolic signals, with a key role on reproductive
neuroendocrine system maturation to support the onset of puberty in
early ages. These results indicate that the functionality of the HPG axis is
sensitive to the metabolic status through hormones such as leptin, in-
sulin, Ghrelin (GHRL), and IGF1 are the proposed mediators of this
process.

3.6. Future perspectives for heifer early calving selection

Our results indicated the feasibility of direct selection for antici-
pating heifer reproductive life through selecting heifers for HC24, but
the heritability estimate (0.43), indicated a possible potential combi-
nation of genetics and environmental factors that could potentially
affect the sexual precocity in Nelore heifers. In addition, under tropical
environments, Nelore heifers are raised under heterogeneous produc-
tion systems that represent an important source for attaining sexual
precocity. In this context, breeding programs selecting for HC24 must
consider this effect in their selection decisions or reduce the environ-
mental variance to obtain a lower variability across the production
system. These differences across environments where heifers are raised
could lead to environmentally dependent SNP markers, whereby
genomic regions show an important effect in a specific environmental
level and not in others, changing its magnitude and direction [7]. The
GWAS results indicated a significant list of genes related to body energy
homeostasis, metabolic status, and signaling mechanisms as the relevant
modifiers of sexual precocity, mainly for HC24. Altogether, there are
notable differences in the biological processes for HC expressed at
different ages that are useful for predicting the sexual precocity poten-
tial in Nelore heifers. Knowledge about these genomic regions might aid
in designing efficient selection strategies to improve HC24 in Nelore
cattle raised under harsh conditions due to HC at different ages being an
energy-dependent process.

4. Conclusions

Heifer early calving (HC) showed a polygenic architecture with a
moderate to high heritability according to the threshold age considered,
which respond favorably to genomic selection. The genetic correlation
obtained for HC defined at different ages suggests that common varia-
tion is likely to be explained by mutations in shared genomic regions
that surround genes able to control early puberty onset and specific
physiological processes associated with sexual precocity for each age
Nelore heifers. These results indicated significant SNP markers sur-
rounding genes related to energy homeostasis and a signaling mecha-
nism in the hypothalamus as the main factor to induce early puberty in
Nelore cattle. The pleiotropic genomic regions between HC evaluated at
24, 26, 28, and 30 months were located on BTA 5 (65.28-66.95 Mb), 6
(82.88-83.64 Mb), 14 (22.14-23.96 Mb), and 16 (1.00-2.24 Mb)
confirmed a group of genes that are important for metabolic homeostasis
as gatekeeper messengers for modulating the sexual precocity. In gen-
eral, the genomic regions identified for HC across different ages are
linked by metabolic conditions and genes that regulate reproduction
functions through the hypothalamic-pituitary-gonadal axis and endo-
crine parameters associated with precocity.
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