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ABSTRACT

In this paper, we present a comprehensive study of ges-
tation length (GL) in 16 cattle breeds by using large gen-
otype and animal record databases. Data included over
20 million gestations since 2000 and genotypes from one
million calves. The study addressed the GL variability
within and between breeds, estimation of its direct and
maternal heritability coefficients, association with fit-
ness and several economic traits, and QTL detection. The
breed average GL varied from 279.7 to 294.4 d in Hol-
stein and Blonde d’Aquitaine breeds, respectively. Stan-
dard deviations per breed were similar and ranged from
5.2 to 5.8 d. Direct heritability (i.e., for GL defined as a
trait of the calf) was moderate to high (h* = 0.40-0.67),
whereas the maternal heritability was low (0.04-0.06).
Extreme breeding values for GL were strongly associated
with a higher mortality during the first 2 d of life and
were associated with milk production of dams for dairy
breeds and precocity of females. Finally, several QTL
were detected affecting GL with cumulated effects up to
a few days, and at least 2 QTL were found to be shared
between different breeds. Our study highlights the risks
that would be associated with selection toward a reduced
GL. Further genomic studies are needed to identify the
causal variants and their association with juvenile mor-
tality and other economic traits.

Key words: gestation length, cattle, genetic parameters,
GWAS

INTRODUCTION

Gestation length (GL) is a trait of increasing interest
to the cattle industry, as a way to manage calving periods
in seasonal reproduction systems (Norman et al., 2009;
Washburn and Mullen, 2014; LIC, n.d.). Differences in
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average GL are also a source of competition between
breeds, either for the choice of purebred mating and
above all for beef-on-dairy crossbreeding, where shorter
GL are preferred to reduce nonproductive time and the
risk of dystocia (Berry, 2021; Basiel et al., 2024). For
these reasons, over the past 20 years, several breeding
organizations have developed genetic evaluations for GL
(Haile-Mariam and Pryce, 2019), proposing either tar-
geted use of bulls with shorter gestation breeding values
(for example, in New Zealand; Winkelman and Spelman,
2001) or selecting for an intermediate optimum objective
(Hansen et al., 2004; Norman et al., 2011; Eaglen et al.,
2013).

Gestation length can be easily measured as the inter-
val between successful insemination or mating and the
calving date, and probably for this reason it is one of
the oldest traits to arouse interest in animal science, with
the first article on the subject being published in 1899
(Andersen and Plum, 1965). Since then, several studies
(Gilleland et al., 2021; Stachowicz et al., 2023) have
been devoted to the statistical and genetic analysis of
GL in several breeds. In particular, the large number of
breeds reared in France, combined with the centraliza-
tion of livestock records in a unique national database,
has allowed 4 comparative studies to be carried out over
the last 50 years (Bougler and Derveaux, 1969; Marion,
1995; Guerrier et al., 2007; Ledos and Moureaux, 2013).
The latter reported a high variability in mean GL across
23 breeds, ranging from about 280 d for Holstein to
295 d for Blonde d’Aquitaine. The ranking of breeds
was particularly stable over time (Brakel et al., 1952;
Signoret et al., 1956; Andersen and Plum, 1965; Bou-
gler and Derveaux, 1969; Marion, 1995; Guerrier et al.,
2007; Ledos and Moureaux, 2013), as was the variability
within breeds, with SD ranging from 5 to 6 d. However,
this variability hides extreme phenotypes that have often
been associated with adverse effects on calf survival or
subsequent milk production and reproductive disorders
of the dam (Hansen et al., 2004; Norman et al., 2011;
Jenkins et al., 2016; Vieira-Neto et al., 2017; Corbeau et
al., 2024).
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The direct heritability (as a calf trait) of GL has been
reported to be moderate in approximately a dozen breeds
with h? estimates ranging from 0.2 to 0.5 (Wray et al.,
1987; Mujibi and Crews, 2009; Norman et al., 2009;
Kumar et al., 2016), whereas the maternal genetic effect
has been less studied and found to be of lesser magnitude
(~0.05). Finally, with the development of genomic evalu-
ations and the availability of growing genotype datasets,
several articles have been published in the last decade
dedicated to the detection of QTL for GL (e.g., peak in
BTA18 in Maltecca et al., 2011; Fang et al., 2019; and
Purfield et al., 2019).

In this article, we present a comprehensive analysis of
GL in 16 cattle breeds, taking advantage of the wealth of
records (i.e., dates of insemination, births, and deaths)
and genotype data generated for genomic evaluation in
France. In particular, we present genetic parameters for
direct and maternal effects, report environmental factors
influencing GL, investigate the possible consequences
of a selection using GEBYV, and perform individual
GWAS and a meta-analysis to identify QTL influencing
direct GL.

MATERIALS AND METHODS

Phenotypic Data

Insemination and calving dates, as well as additional
information (breed, pedigree over 3 generations, herd ID,
age and parity of the cow, stillbirths, twinning events,
embryo transfer, milk production, and type traits mea-
sured after calving) were obtained from the French na-
tional cattle database.

Gestation Length

The dates of Al and subsequent calving were com-
pared for each female to calculate GL. Calving events
occurring between January 1, 2000, and December 31,
2021, in parity 1 to 5 for dairy breeds and 1 to 10 for
beef breeds were considered. For each calving, the GL
record with the value the closest to the breed reference
(Ledos and Moureaux, 2013) was kept. If 2 Al had the
same gap from the reference GL, only the second one
was considered. Gestation lengths within £ 17 d of
this reference were retained, as it is classically done in
France for parentage certification. Data from twin births
were excluded because their GL is shorter than for single
births by 3.2 to 6.2 d, depending on the breed (Ledos and
Moureaux, 2013), and it is not possible to identify which
calf induced parturition. Pregnancies following embryo
transfer were also excluded. The declared sire of the calf
had to be the same as the bull used in the selected Al,
and the parents had to be of the same breed. This resulted
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in 39,955,142 GL records. Note that during this period,
most Al in France were made by Al center technicians,
and Al dates were very accurately recorded. Errors in the
estimation of GL are therefore expected to be low. The
distribution between breeds is shown in Table 1.

Calving events between 2000 and 2009 were used only
for long-term statistics, in order to observe the trends in
GL change over several years. All other analyses were
performed with data corresponding to calves born be-
tween 2010 and 2021. This edit was made with the aim
of analyzing animals that are genetically close to the cur-
rent population, and because the number of genotyped
animals born before 2010 was small. As the datasets were
already large, this time limitation also limited the com-
putational burden.

Genotypic Data

A SNP genotyping dataset of 2,205,594 animals was
used, of which 1,321,383 had a direct GL phenotype.
These genotypes were obtained from different Illumina
SNP arrays over time (LD [7k; 1.8%], custom LD [10—
20k; 29.3%], BovineSNP50 [50k; 10.1%], EuroGMD
[63k; 58.6%] and HD [777k; 0.2%]). Raw genotypes
were all phased and imputed for 53,469 autosomal SNPs
(including those genotyped with larger density panels)
using Fimpute3 (Sargolzaei et al., 2014), as part of the
French routine bovine genomic evaluation, as described
in Mesbah-Uddin et al. (2019). The genomic markers
used were mapped according to the current ARS-UCD1.2
bovine genome assembly (Rosen et al., 2020).

Statistical Analyses: Genetic Parameters

Genetic parameters were estimated by restricted
maximum likelihood within each breed using Wombat
(version 25-02-2020; Meyer, 2007). As GL is influenced
by the calf and by its dam, the animal model included
correlated genetic direct and maternal effects. The model
included the fixed effects of the combinations of herd-
birth year, region-month-year, and calf sex with parity
and dam age, and the random permanent environment
effect of the dam:

y=Xp+Zd+Vm+ Wp +¢g,

where y is the vector of GL phenotypes; B is the vector of
fixed effects as defined above; d is the vector of random
direct genetic additive effects; m is the vector of random
maternal genetic effects; p is the vector of random per-
manent maternal environmental effects; X, Z, V, and W
are the corresponding incidence matrices; and € is the
vector of random errors. Genetic effects d and m were
assumed to be normally distributed with 0 mean and
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N

59 8,833
43

46

1,187

33

5.0
5.5
5.5
5.4

Multiparous dams

280.4
283.2
285.7
286.3
286.7
286.7
287.0
287.6
288.1

Average GL SD
283.6

N

Primiparous dams
5.1
52
5.6
5.4
5.6
5.4

280.8
282.2

Average GL SD
278.6

N

52 17,272
910

25

1,669

5.1
5.6
4

Female calves
5.4

279.2
281.9
284.7
285.7

Average GL SD
282.5

828
185
918
532
235
395

N
54 6,632
1,300

5.4
5.5
5.5
5.5
5.5

Male calves

280.3
283.5
283.9
285.8

Average GL  SD
287.1

357
380
952
299
954
904

N

63
67
1,802
49
2,969

Total
53
5.2
5.6

5
5
5.5

279.7
282.4
285.3
2859
286.3

Average GL SD
283.2

Table 1. Summary of breed statistics for gestation lengths (GL, in days) completed between 2010 and 2021 (breeds are sorted from shortest to longest GL)

Breed
Holstein
Jersey
Aubrac
Normande
Salers
Montbéliarde
Tarentaise
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5.4
5.7
5.6

5

7
5.6

285.9

285.6

5.4
5.7

6
5.6

287.2
287.2
287.9

771
281
851
984

1,259
88
48

5.4
5.7
5.6

6

286.4
286.5
287.1
287.3

Rouge des Prés
Abondance

Charolaise
Parthenaise

10, 2024

5.8
5.6

286.9

5.8
5.6

287.7

5.5

287.1

288.1 5.5

266
745

289.3

293.4

187

67
216
227

5.6
5.4

288.6
289.5

287.9
288.7
289.1

Simmental

Vosgienne

Brown Swiss
Limousin

289.7
294.4

Blonde d’Aquitaine

2
d Ogda Ogdm

m

var| |[=A® , where A is the pedigree-

9gdm  gm
based relationship matrix, Ué.d is the direct genetic vari-

2

ance, o, , is the maternal genetic variance, and o is

g,dm
the direct-maternal genetic covariance. To limit the com-
putational burden, 3 generations (the calf itself, and its
parents and grandparents) were traced in the pedigree.
For genetic parameter estimation in the Holstein, Mont-
béliarde, Normande, Charolaise, Limousin, and Blonde
d’Aquitaine breeds, a random sample was drawn in the
phenotype dataset. This sampling based on herd ID aimed
at keeping the number of animals in the pedigree below 2
million.

Direct and maternal GEBV were calculated for each
animal using a single step animal model with the HSSG-
BLUP software (version 26; Tribout et al., 2020).

Association with Other Traits

To estimate the potential impact of GL as a trait on
other selected traits in cattle, GEBV were distributed
into 9 classes defined by breed-specific genetic SD (i.e.,
<-3.5,-3.5to 2.5, -2.5to —1.5, -1.5 to —0.5, —0.5 to
0.5,0.5t01.5,0.5t0 1.5, 1.5 t0 2.5, 2.5 to 3.5, and >3.5)
and the class mean was calculated for each trait analyzed.

Mortality Rates. Juvenile mortality rates were calcu-
lated separately for the perinatal (0-2 d), postnatal (3—14
d), preweaning (15-55 d), and postweaning (56—365 d)
periods, as described in Besnard et al. (2023).

Growth and Age at AI. The relationship between the
direct GEBV of each female calf and its own age at the
first insemination was then computed. We hypothesized
that age at first insemination would be linked to growth,
because on dairy farms, breeders are advised to man-
age the age at first insemination based on heifer weight.
Inseminations are typically performed when the heifer
reaches 60% of her estimated adult weight (Le Cozler et
al., 2008), which led us to consider age at first insemina-
tion as a proxy for growth.

Milk Production. The effect of the GL calf GEBV
class on the 305-d milk yield of the dam following calf
birth was analyzed. Milk yield was first corrected with a
model that included the fixed effects of age at first calv-
ing, herd, and year of calving. Only lactations of 305 d
or more were considered. Annual correlations are calcu-
lated and summarized as a weighted average based on the
number of events recorded each year (i.e., calving of the
cow or birth of the calf).

Genome-Wide Association Studies

For each breed, a GWAS at the 50k SNP level (using
the 53,469 autosomal SNP dataset that is routinely used
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for national genomic evaluation) was performed for GL
as a calf trait using the GCTA software (version 1.26;
Yang et al., 2011). Yield deviation corrected for the fixed
effects were obtained as a byproduct of the genomic
evaluation. For large breeds, we limited the size of the
cohort to 20,000 genotyped individuals randomly se-
lected across the dataset.

The mixed linear model association (MLMA) ap-
proach was used. The genomic relationship matrix was
built with all 50k markers with minor allele frequencies
(MAF) larger than 0.02. The MLMA analysis was carried
out on all markers, but results were interpreted only for
variants with at least 20 copies of the minor allele in the
sample (i.e., MAF had to be 0.001 for large breeds with
>20,000 animals, and 0.05 if the number of data points
available was only 400). This level of MAF was fixed to
avoid false discovery in small breeds and allow discover-
ing rare variants in large breeds.

To account for the multiplicity of tests, a Bonferroni
correction was applied. The significance threshold (P =
0.05) was adjusted for 53,469 tests, resulting in a —
log;o(P-value) of 6.03. The inflation factor was estimated
from the median of P-values as follows:
[A = x{ (median P-value)/x} (().5)]. Inflation is considered

as not significant if this factor is below 1.10 (Sahana et
al., 2023).

The GWAS results were then combined in a meta-
analysis using the fixed effects approach as implemented
in the METAL software (version 2011-03-25; Willer et
al., 2010). In this approach, the fixed effects from each
within-breed analysis are combined with weights equal
to the inverse of their standard errors. The new estimates
are divided by the square root of their new error vari-
ance to define new ¢-tests. The fixed effect approach is
especially appropriate here because it is slightly more
powerful than the z-score and because the trait is defined
exactly in the same way in the different breeds.

Genes in the detected regions and that may contain
variants associated with variability in GL were listed
using the UCSC Genome Browser (https://genome.ucsc
.edu/). We then searched literature data that mention ges-
tation length, parturition, fetal growth, juvenile mortal-
ity, and affiliated (i.e., any disease or characteristic that
could lead to these losses).

RESULTS AND DISCUSSION

Basic Statistics on Raw Data and Determination
of Factors Influencing GL

Results from the raw GL data of more than 21.6 million
cattle from 16 breeds born in France between 2010 and
2021 were consistent with those from studies on older co-
horts (Brakel et al., 1952; Signoret et al., 1956; Andersen
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and Plum, 1965; Bougler and Derveaux, 1969; Marion,
1995; Guerrier et al., 2007; Ledos and Moureaux, 2013;
Figure 1), with mean GL ranging from 279.7 £ 5.3 d in
Holstein to 294.4 = 5.8 d in Blonde d’Aquitaine (Table
1; Supplemental Figures S1 to S16; see Notes). However,
our estimates are all lower than these references and on
average 1.2 d shorter than those of Ledos and Moureaux
(2013). We hypothesize that the difference with Ledos
and Moureaux may be because we filtered out extremely
long gestation, possibly due to errors in Al records,
which does not seem to be the case in their study. This
observation led us to look at the evolution of GL means
per breed over the last 2 decades. Overall, their trend has
been stable to slightly decreasing (Supplemental Table
S1; see Notes) possibly because of coselection with other
traits. The biggest change concerns the Simmental breed,
whose mean GL decreased from 290.7 d in 2006 to 287.2
d in 2018 (Student t-test P < 2.2 x 10'%). For Holstein,
the GL decreased from 282.0 d in 2001 to 279.5 in 2014
(P <2.2 x 107'°) and seems to have stabilized thereafter.
The Jersey breed is the only exception, with a significant
increase from 280.6 d in 2002 to 282.9 d in 2021 (P <2.2
x 107'%). It is noteworthy that this breed has expanded
strongly in France during this period, with 1,092 calvings
recorded in 2002 to 8,984 in 2021, and the gene pool of
the breed may have changed in the meantime.

Our study also confirmed and strengthened previous
findings on the effect of various factors influencing GL
(Figure 2). The sex of the calf contributes to a difference
of about 1.2 d (Supplemental Figures S1C to S16C) and
up to 1.8 d in Brown Swiss cattle. On average, gestation
is longer for male calves than for female calves in all
breeds. GL is one day shorter if birth occurs in spring
and summer than in fall and winter. Cow parity is also
an important factor, with a difference of up to 2 d be-
tween primiparous and multiparous cows (Supplemental
Figures S1F to S16F). In almost all breeds, primiparous
cows had significantly shorter GL than multiparous cows.
Moreover, the youngest quartile of first-calving females
had a systematically shorter GL than the oldest across the
16 breeds (Supplemental Figures S1E to S16E). Thus,
the real effect behind the effect of the parity on the GL
appears to be caused by the age at calving, as the oldest
first-calving females have a longer GL by ~3 d than the
opposite group. Taken together, these results support an
effect of maternal stature (and thus of the space left to the
developing fetus) on GL in cattle, as previously reported
in humans (Myklestad et al., 2013).

Genetic Parameters

Estimates of genetic parameters are shown in Table 2.
Estimates of direct heritability ranged from 0.40 in Hol-
stein to 0.67 in the regional Vosgienne breed (mean and
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Figure 1. Average gestation length for 12 breeds in the literature data and in the present results across breeds and studies (Brakel et al., 1952;
Signoret et al., 1956; Andersen and Plum, 1965; Bougler and Derveaux, 1969; Marion, 1995; Guerrier et al., 2007; Ledos and Moureaux, 2013; our

results for 2024). Blonde Aq = Blonde d’Aquitaine.

SD across the 16 breeds: 0.51 and 0.07, respectively),
which was consistent with previous studies (e.g., Nor-
man et al., 2009). Despite relatively high heritability co-
efficients, the genetic variability was low, with a genetic
SD of about 3.5 d and a genetic coefficient of variability
(genetic SD/mean) of less than 1%. Maternal heritability
was low but significantly different from 0, ranging from
0.04 in Jersey to 0.10 in Vosgienne (mean and SD equal
to 0.06 and 0.02, respectively). These results indicate
that the genetics of the calf have a much greater effect on
its own GL than the genetics of its dam. In addition, the
direct and maternal genetic effects appeared to be slightly
negatively correlated, with values ranging from —0.05 to
—0.37 in all breeds except Holstein, for which this cor-
relation was +0.05. Only 5 coefficient estimates ranging
from —0.24 to —0.37 were significantly different from
zero (Table 2). This balance between direct and maternal
effects has been reported previously in cattle (Hansen et
al., 2004; Ibi et al., 2008; Mujibi and Crews, 2009) and
in other species, such as horses (Vassilev et al., 2002).
However, the magnitude of this negative correlation is
moderate and consistent across our datasets and weaker
than that reported in Ibi et al. (2008) in Japanese black
cattle (—0.73).

Interestingly, several breeds of common ancestry and
geographic origin showed close direct and maternal h”.
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This was the case, for example, with the Alpine breeds
(Abondance, Simmental, and Montbéliarde), or for the
Northwestern breeds, that used Durham bulls in the
19th century (Normande and Rouge des Prés [formerly
Maine-Anjou]).

The genetic change in GL over the years was estimated
by averaging the EBV per year of birth. Among the dairy
breeds (Figure 3), the direct GL of the Simmental breed
decreased by more than 2 genetic standard deviations
since 2000. The Holstein breed followed a similar trend.
Conversely, the level of the maternal genetic effect has
increased, which is consistent with the observed negative
correlation previously reported. Furthermore, the change
in Holstein is in agreement with the observations of Gal-
luzzo et al. (2024) and Stachowicz et al. (2023), who
found that the genetic trend of direct GL genetic level
decreased by approximately 1 to 6 d between 1995 and
2020 depending on the country of evaluation.

Relationships with Other Traits

Because the relationship between GL and other traits
of interest is suspected to be nonlinear, we preferred to
study the evolution of these traits according to GL GEBV
categories. In all breeds, reduced GL was associated with
increased perinatal mortality. For example, in the Hol-
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stein breed, animals with a GEBV in the lowest 5% had
a mortality rate of 7.4% before 2 d of age, corresponding
to a +57% increased risk compared with the intermedi-
ate category (4.7%). This effect was not symmetrical:
the 10% of calves with the highest GEBV had only a
slightly increased mortality rate (5.0%, corresponding to
a 6% increased risk). For all breeds, intermediate genetic
values (GEBV from —1.5 to +1.5 SD) for GL seem to
be optimal to avoid perinatal mortality (Figure 4). For
instance, in the Brown Swiss breed, the perinatal mortal-
ity rate was 6.7%, 3.9%, and 4.9%, for low, intermediate,
and high GL GEBY, respectively. Extreme GL were also
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linked with increasing neonatal mortality in the Holstein
breed in Nogalski and Piwczynski (2012). Calves with
low GEBV are more prone to die in connection with
their short gestation, as in humans, where the risks and
causes of death associated with late preterm parturition
have been extensively studied (Engle, 2011; Parikh et al.,
2014). The mortality rate also increases with the highest
GEBYV, most likely due to calving difficulties associated
with a larger size of the calf with longer gestation or pla-
cental insufficiency, as it is described in humans (Camp-
bell et al., 1997; Galal et al., 2012). This is consistent
with Nogalski and Piwczynski (2012), who demonstrated
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Table 2. Estimates of genetic parameters for all the breeds

Permanent
Direct h? Maternal h? maternal Direct-maternal
Breed (SE) Calves (n) (SE) Dams (n)  environment correlation
Holstein 0.40 (0.01) 393,565 0.05 (0.003) 207,345 0.027 0.05
Jersey 0.47 (0.03) 55,052 0.04 (0.008) 26,007 0.024 -0.07
Aubrac 0.52 (0.04) 58,118 0.06 (0.01) 35,358 0.044 —0.29*
Normande 0.46 (0.01) 350,556 0.05 (0.004) 177,282 0.022 -0.05
Salers 0.49 (0.04) 41,774 0.06 (0.01) 25,353 0.062 —0.34*
Montbéliarde 0.58 (0.02) 370,124 0.09 (0.005) 187,238 0.027 -0.37*
Tarentaise 0.56 (0.04) 48,229 0.07 (0.01) 23,883 0.025 -0.19
Charolaise 0.53 (0.02) 350,699 0.06 (0.005) 182,944 0.037 —0.24*
Parthenaise 0.47 (0.04) 85,447 0.05 (0.01) 45,656 0.035 —-0.13
Rouge des Prés 0.41 (0.04) 44,943 0.07 (0.01) 26,351 0.023 —-0.06
Abondance 0.54 (0.03) 136,864 0.07 (0.008) 68,729 0.039 -0.29*
Simmental 0.56 (0.02) 119,502 0.07 (0.007) 57,030 0.038 —0.27*
Vosgienne 0.67 (0.07) 11,063 0.10 (0.02) 4,872 0.027 -0.28
Brown Swiss 0.49 (0.02) 103,993 0.05 (0.007) 53,516 0.030 -0.15
Limousin 0.49 (0.02) 329,935 0.07 (0.006) 187,760 0.043 -0.16*
Blonde d’Aquitaine 0.48 (0.02) 338,918 0.07 (0.007) 180,627 0.040 —0.14*
*QGenetic direct maternal correlations significantly different from 0 (P < 0.05).
B.
1
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Figure 3. Genetic changes in gestation length (GL) over time. Estimated breeding values for direct effect on GL in dairy (A) and beef (B) breeds.
Estimated breeding values for maternal GL in dairy (C) and beef (D) breeds (year of birth on x-axis). The number of observations considered in these
graphs ranged between 100 and 1,337,572.
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that long gestations require human assistance more often
than short gestations.

The analysis of the mortality rates for periods later
than the first 2 d of life (i.e., postnatal, preweaning, and
postweaning periods) showed no association with the GL
GEBYV categories considered.

To conclude on this section, a selection to reduce or in-
crease gestation length is not recommended because the
association between extreme GL and perinatal mortality
with its economic and social consequences outweighs
the small potential gain in preterm birth. Still, mating
animals for producing calves that are genetically inter-
mediate for GL could contribute to reducing mortality
during the first 2 d of life.

Using age at first insemination as a proxy, we then
focused on the growth of females as a function of their
own GL GEBV. A significant positive association was
observed for the 3 main dairy breeds (Holstein, Mont-
béliarde, and Normande), whereas it was negative
for 2 of the major beef breeds (Charolaise and Blonde
d’Aquitaine) reared in France. However, these correla-
tions are very low, e.g., 0.037 and —0.029 for Holstein
and Blonde d’Aquitaine heifers, respectively (Figure 5
and Supplemental Figures SIH to S16H). On average,
Holstein females in the lowest GL GEBV decile are in-
seminated 25 d earlier than those in the highest decile.
For Blonde d’Aquitaine heifers, the highest percentile
has an advantage of 12 d. Taken together, these results
indicate that the impact of GL on the age at first insemi-
nation in the population scale is moderate. In a previous
study, Bourdon and Brinks (1982) also found a nega-
tive correlation between GL and growth traits in 2 beef
breeds, namely Angus and Hereford.
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Finally, we studied the influence of the calf’s GL on its
dam’s milk production during the lactation following this
birth. For the first lactation, we found significant cor-
relations close to zero for most breeds, with the highest
correlation being —0.053 for the Simmental breed, which
means that the shortest gestations lead to an increased
yield. For the Holstein calves and their dams, the correla-
tion was also negligible (0.025). The results are similar
for the second lactation, with correlations close to zero
for most breeds (from —0.042 for Holstein to 0.040 for
Jersey; Figure 6). Among the dairy breeds, we found a
clear trend toward a low but positive correlation between
calf GL GEBV and dam milk production (Supplemental
Figures S1I to S14I). The possible small positive effect
in some breeds may not be sufficient to offset the nega-
tive aspects of the mortality.

As a conclusion to the correlations with other traits,
we would like to highlight the potentially detrimental
consequences of a genetic decrease in GL. Indeed, there
is a major risk of increasing the mortality rate of young
calves. In dairy breeds, the effects of short GL on age
at first insemination of the heifer progeny (a proxy for
their growth) or on dam milk production are generally
unfavorable, but the link is negligible. In short, selection
to reduce GL should not be undertaken until the biologi-
cal processes are fully understood.

GWAS Results

To gain insight into the genetic background of GL, we
performed a GWAS using 50K SNP array genotypes for
direct effects on GL in each of the 16 breeds indepen-
dently. Of these, 12 showed significant associations (P
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Figure 5. Distribution of age at first insemination according to gesta-
tion length direct genomic estimated breeding values. (A) Holstein. (B)
Blonde d’Aquitaine. Classes are defined by 0.5 genetic SD intervals;
significance expressed from controls (intermediate gestation length):
#*¥kpP < 0.001, **P < 0.01, *P < 0.05; number of animals in each class
are represented below bars. Midlines of boxes indicate median values,
upper and lower edges indicate the 0.25 and 0.75 quantiles, and whiskers
represent 99% of the values.

< 107%; except those performed in Aubrac, Salers, Rouge
des Prés, and Parthenaise, where the number of genotypes
was too small to provide sufficient power). The GWAS
performed in Jersey and Tarentaise had no peak reaching
the corrected minimum P-value. Inflation estimates for
the breeds that had at least 1 significant SNP were all
below 1.10 (ranging from 1.015 for the Limousin breed
to 1.099 for Montbéliarde). Thus, no inflation factor was
applied to adjust P-values.

Considering the reduction potential in each breed, some
breeds could potentially reduce their GL by 1 wk by fix-
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Figure 6. Relationship between calf’s genomic estimated breeding
values and dam’s milk production in Holstein second-lactation cows.
Number of births indicated below boxes; significance level indicated
compared with controls (i.e., intermediate animals): ***P < 0.001.
Midlines of boxes indicate median values, upper and lower edges in-
dicate the 0.25 and 0.75 quantiles, and whiskers represent 99% of the
values.

ing short GL segregating alleles (Table 3). Regarding the
3 main dairy breeds in France (Holstein, Montbéliarde,
and Normande), the GL reduction potential would be
higher in Montbéliarde, which currently has the longest
GL of the 3 breeds. Only 2 peaks were found in Blonde
d’Aquitaine, which has a particularly long GL, and its
reduction potential would be only 3.2 d. This breed, as
a specialized beef breed, has a low number of avail-
able genotypes, which reduces the power of a GWAS
approach. In this approach, we considered each peak
separately from the others. In the facts, we assume some
possible epistatic interactions, and therefore the real re-
duction that would be achieved by a selection would be
lower than suggested in Table 3.

We found 39 peaks reaching the Bonferroni corrected
P-value, 24 of which were located on only 4 chromo-
somes (Figure 7; Supplemental Table S2 and Supplemen-
tal Figures S1J to 16J, see Notes). We found that 8 breeds
showed a QTL at the beginning of BTA21, which, to our
knowledge, had not been reported in any of the previous
studies. The 95% CI of this peak encompassed 4 genes,
including MKRN3, which is known to be highly expressed
at birth and paternally imprinted in mice (Abreu et al.,
2013). In addition, some variants in this gene were found
to be involved in body mass and advanced puberty in
humans (Perry et al., 2014), which may also indicate an
accelerated in utero development. For the Holstein breed,
which has been the subject of most previous studies, we
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Table 3. Effects of significant SNP for each breed; most significant peak and peaks with —log10(P-value) > 10"

Potential phenotypic

Peak considered Effect Frequency of effect of selecting for
Breed (chr:position) —log(P) (B value) short GL allele the strongest peak
Abondance 21:2,109,801 18.1 —0.90 0.44 -1.7
Brown Swiss 7:51,106,002 9.1 0.69 0.37 -0.4
Limousin 21:2,702,004 7.4 —0.62 0.28 -1.1
Simmental 21:2,049,253 13.9 -0.99 0.45 -1.6
Charolaise 21:489,512 17.4 0.52 0.65 —-0.5
Montbéliarde 9:101,768,658 21.1 -1.02 0.14 -1.9

21:2,416,354 359 1.26 0.58 -1.4
Normande 13:77,131,352 25.7 0.32 0.09 -1.5

21:489,512 21.6 0.72 0.69 —0.6
Vosgienne 3:104,094,726 8.9 1.11 0.71 -0.6
Holstein 19:28,726,588 10.0 0.46 0.59 -0.3
Blonde d’Aquitaine 2:94,432,972 12.0 -1.32 0.06 -2.1

'Other peaks are presented in Supplemental Table S2.
Zchr = chromosome.

found very similar peaks to Fang et al. (2019), Purfield
et al. (2019), and Maltecca et al. (2011). In particular,
we confirmed the QTL on BTA18 around position 57.7
Mb, for which they proposed ZNF613 as a functional
candidate because this gene is involved in the regulation
of cell fate commitment in mice (Oliver et al., 2012).
However, with a frequency in Holstein of 0.98 of the
SNP favoring short gestations, the variant involved is
probably major in the breed. If the mutant allele is the
one favoring short gestation, it is unlikely to be deleteri-
ous for other phenotypes.

The frequencies of the alleles under the peaks we
found are difficult to discuss because they are certainly
in linkage disequilibrium with the variant involved in the
biological process of the variability, which has a differ-
ent frequency. Nevertheless, 23 of the peaks had an MAF
higher than 0.25, which could be a sign of a necessary
balance between the variants due to the correlated conse-
quences of short or long gestation.

In a second step, to focus on the most important QTL
across breeds, we performed a meta-analysis by combin-
ing the GWAS results of the 16 breeds (Figure 7A). The

50 3
20 '
s i
4 H
> 10 2
(=] “
! - = £ + . Sy% ¥ T o N T
0 -
1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 0 21 23 25 27 29
Chromosome
104 ]
B o c ¥
94 e Ox Legend for B & C: +
@ X Abondanc + 30 -
X0 +
81 1
X mousin
Limousin: ¢ o
o Simmental: + 204 +
74 ° + Cr'm“‘o\mse. o o} %»O +
g Normande: o 0
64 o >6 ;} Vosgienne: x 104 5 +‘ 4+
+ =
e} o ;*; i
54 ————— ol I 43?__0@} ______ X_+_1&__:§L_xo_° ____________
40 45 50 55 60 0 5 10 15 20
BTA 7 (Mb) BTA 21 (Mb)

Figure 7. Results of GWAS meta-analysis. (A) Meta-analysis of the 16 GWAS. The blue and red lines correspond to —log10(P) =10~ and 10°°,
respectively. (B, C) Focus on regions on chromosome 7 and 21, respectively. Dashed lines correspond to —log10(P) = 10°.
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results highlighted the 2 main regions that segregate in
several breeds. The most significant peak was located in
a large interval between 478,537 bp and 6,330,388 bp
on BTA21 (Figure 7C). Within this region, SNORD116
and UBE3A are very good candidate genes. For the first
of these, a publication on mice explains that an induced
heterozygous knockout leads to a decreased development
with no implication in behavior, aging, and reproductive
system (Ding et al., 2008). Note that this induced muta-
tion in mice was under maternal imprinting. These phe-
notypes would be consistent with an effect of a mutant
allele in cattle that would affect the fetal development
and induce variability in the maturity of the calf and the
parturition. UBE3A4 polymorphisms have also been ex-
tensively studied in mice, but knockouts regarding this
gene seem to result in abnormal phenotypes (Dindot et
al., 2008; Meng et al., 2013), and homozygous carriers
die at the juvenile stage in large proportions (Jiang et al.,
1998). We did not search for an association with morpho-
logically deviant phenotypes in our study, but the risk of
mortality in case of homozygosity could be a genomic
evidence for the high neonatal mortality rates observed
in all the breeds. The second most significant peak was
found to have a significant effect in 8 breeds and was
found in BTA7 (50,974,963-51,785,251 bp; Figure 7B).
In this region are located 3 genes (NRG2, CYSTM1, IK).
Variants in each of these have been described in mice,
and some consequences of these mutations may be in-
teresting in our case. A homozygous targeted knockout
in NRG2 led to decreased body and litter size and post-
natal lethality (Britto et al., 2004). In /K, embryonic and
preweaning mortality rates were increased in a homozy-
gous mutant (IMPC, 2014). Also, from Mouse Genome
Informatics (https://informatics.jax.org/), CYSTM1 was
described as causing problems in body mass and fat,
as well as respiratory quotient. Another peak in BTA7
(90,855,265 bp) was close to ARRDC3, which is involved
in decreased body mass and increased basal metabolism
in heterozygotes, complemented by perinatal lethality in
homozygous animals (Patwari et al., 2011). These dif-
ferent annotations are not clearly related to parturition
and the potential implication of these genes remains to
be demonstrated. Only CYSTM1 has been highlighted by
Purfield et al. (2019). A last significant peak in BTA9
(24,163,108 bp) held our attention, as it is located in
RSP3, which has mutations involved in embryo growth,
vascular development, and lethality in mice (Kazanskaya
et al., 2008; Neufeld et al., 2012; Cambier et al., 2014).
Using 50K genotypes, we cannot postulate on causal
variants. Deepening the GWAS results at the imputed
whole-genome sequence level with a larger number of
individuals would allow us to identify candidate variants
in these regions and could also highlight peaks that are
missed with the medium density of the current study.
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CONCLUSIONS

We report one of the most comprehensive genetic stud-
ies of GL in cattle. By analyzing 20 million births and 1.3
million 50K genotypes from 16 breeds, we highlighted
the high variability of this trait between breeds, with 2
wk separating the longest average from the shortest. Cal-
culation of genetic parameters showed high direct and
moderate maternal heritability, suggesting the possibility
of selection for GL, although the potential for reduction
is limited. In addition, quantitative selection for the trait
would result in increased juvenile mortality. If selection
for GL is to be planned, the first step should be to exam-
ine the effect of each QTL individually and retain only
those that do not negatively affect calf fitness.

NOTES

J. Jourdain and C. Fouéré are supported by CIFRE PhD
grants from Eliance (Paris, France), with financial sup-
port from the Association Nationale de la Recherche et
de la Technologie and APIS-GENE (Paris, France) with
projects named FertiliGest and GenEpi. Supplemental
material for this article is available at http://www.dx.doi
.org/10.6084/m9.figshare.25540168.vl. No human or
animal subjects were used, so this analysis did not re-
quire approval by an Institutional Animal Care and Use
Committee or Institutional Review Board. The authors
have not stated any conflicts of interest.

Nonstandard abbreviations used: Blonde Aq =
Blonde d’Aquitaine; GL = gestation length; MAF =
minor allele frequency; MLMA = mixed linear model
association.

REFERENCES

Abreu, A. P., A. Dauber, D. B. Macedo, S. D. Noel, V. N. Brito, J. C.
Gill, P. Cukier, I. R. Thompson, V. M. Navarro, P. C. Gagliardi, T.
Rodrigues, C. Kochi, C. A. Longui, D. Beckers, F. de Zegher, L. R.
Montenegro, B. B. Mendonca, R. S. Carroll, J. N. Hirschhorn, A.
C. Latronico, and U. B. Kaiser. 2013. Central precocious puberty
caused by mutations in the imprinted gene MKRN3. N. Engl. J. Med.
368:2467-2475. https://doi.org/10.1056/NEJMoal1302160.

Andersen, H., and M. Plum. 1965. Gestation length and birth weight in
cattle and buffaloes: A review. J. Dairy Sci. 48:1224-1235. https://
doi.org/10.3168/jds.S0022-0302(65)88431-4.

Basiel, B. L., A. A. Barragan, T. L. Felix, and C. D. Dechow. 2024. The
impact of beef sire breed on dystocia, stillbirth, gestation length,
health, and lactation performance of cows that carry beef x dairy
calves. J. Dairy Sci. 107:2241-2252. https://doi.org/10.3168/jds
.2023-24112.

Berry, D. P. 2021. Invited review: Beef-on-dairy—The generation of
crossbred beef x dairy cattle. J. Dairy Sci. 104:3789-3819. https:/
/doi.org/10.3168/jds.2020-19519.

Besnard, F., H. Leclerc, M. Boussaha, C. Grohs, N. Jewell, A. Pinton, H.
Barasc, J. Jourdain, M. Femenia, L. Dorso, B. Strugnell, T. Floyd, C.
Danchin, R. Guatteo, D. Cassart, X. Hubin, S. Mattalia, D. Boich-
ard, and A. Capitan. 2023. Detailed analysis of mortality rates in the
female progeny of 1,001 Holstein bulls allows the discovery of new


https://informatics.jax.org/
http://www.dx.doi.org/10.6084/m9.figshare.25540168.v1
http://www.dx.doi.org/10.6084/m9.figshare.25540168.v1
https://doi.org/10.1056/NEJMoa1302160
https://doi.org/10.3168/jds.S0022-0302(65)88431-4
https://doi.org/10.3168/jds.S0022-0302(65)88431-4
https://doi.org/10.3168/jds.2023-24112
https://doi.org/10.3168/jds.2023-24112
https://doi.org/10.3168/jds.2020-19519
https://doi.org/10.3168/jds.2020-19519

Jourdain et al.: GENETICS OF GESTATION LENGTH IN FRENCH CATTLE

dominant genetic defects. J. Dairy Sci. 106:439-451. https://doi.org/
10.3168/ds.2022-22365.

Bougler, J., and P. Derveaux. 1969. Etude des durées de gestation dans
I’espéce bovine. Union Nationale des Livres Généalogiques.

Bourdon, R. M., and J. S. Brinks. 1982. Genetic, environmental and phe-
notypic relationships among gestation length, birth weight, growth
traits and age at first calving in beef cattle. J. Anim. Sci. 55:543-553.
https://doi.org/10.2527/jas1982.553543x.

Brakel, W. J., D. C. Rife, and S. M. Salisbury. 1952. Factors associated
with the duration of gestation in dairy cattle. J. Dairy Sci. 35:179—
194. https://doi.org/10.3168/jds.S0022-0302(52)93690-4.

Britto, J. M., S. Lukehurst, R. Weller, C. Fraser, Y. Qiu, P. Hertzog, and
S. J. Busfield. 2004. Generation and characterization of neuregulin-
2-deficient mice. Mol. Cell. Biol. 24:8221-8226. https://doi.org/10
.1128/MCB.24.18.8221-8226.2004.

Cambier, L., M. Plate, H. M. Sucov, and M. Pashmforoush. 2014. Nkx2-
5 regulates cardiac growth through modulation of Wnt signaling by
R-spondin3. Development 141:2959-2971. https://doi.org/10.1242/
dev.103416.

Campbell, M.. K., T. Ostbye, and L. M. Irgens. 1997. Post-term birth:
Risk factors and outcomes in a 10-year cohort of Norwegian births.
Obstet. Gynecol. 89:543-548.  https://doi.org/10.1016/S0029
-7844(97)00049-5.

Corbeau, J., C. Grohs, J. Jourdain, M. Boussaha, F. Besnard, A. Barbat,
V. Plassard, J. Riviére, C. Hamelin, J. Mortier, D. Boichard, R. Guat-
teo, and A. Capitan. 2024. A recurrent de novo missense mutation
in COL1A1 causes osteogenesis imperfecta type Il and preterm
delivery in Normande cattle. Genet. Sel. Evol. 56:39. https://doi.org/
10.1186/s12711-024-00909-3.

Dindot, S. V., B. A. Antalffy, M. B. Bhattacharjee, and A. L. Beaudet.
2008. The Angelman syndrome ubiquitin ligase localizes to the
synapse and nucleus, and maternal deficiency results in abnormal
dendritic spine morphology. Hum. Mol. Genet. 17:111-118. https://
doi.org/10.1093/hmg/ddm288.

Ding, F., H. H. Li, S. Zhang, N. M. Solomon, S. A. Camper, P. Cohen,
and U. Francke. 2008. SnoRNA Snord116 (Pwcrl/MBII-85) dele-
tion causes growth deficiency and hyperphagia in mice. PLoS One
3:e1709. https://doi.org/10.1371/journal.pone.0001709.

Eaglen, S. A. E., M. P. Coffey, J. A. Woolliams, and E. Wall. 2013. Direct
and maternal genetic relationships between calving ease, gestation
length, milk production, fertility, type, and lifespan of Holstein-
Friesian primiparous cows. J. Dairy Sci. 96:4015-4025. https://doi
.org/10.3168/jds.2012-6229.

Engle, W. A. 2011. Morbidity and mortality in late preterm and early
term newborns: A continuum. Clin. Perinatol. 38:493-516. https://
doi.org/10.1016/j.c1p.2011.06.009.

Fang, L., J. Jiang, B. Li, Y. Zhou, E. Freebern, P. M. Vanraden, J. B. Cole,
G. E. Liu, and L. Ma. 2019. Genetic and epigenetic architecture of
paternal origin contribute to gestation length in cattle. Commun.
Biol. 2:100. https://doi.org/10.1038/s42003-019-0341-6.

Galal, M., I. Symonds, H. Murray, F. Petraglia, and R. Smith. 2012. Post-
term pregnancy. Facts Views Vis. ObGyn 4:175-187.

Galluzzo, F., G. Visentin, J. B. C. H. M. van Kaam, R. Finocchiaro,
S. Biffani, A. Costa, M. Marusi, and M. Cassandro. 2024. Genetic
evaluation of gestation length in Italian Holstein breed. J. Anim.
Breed. Genet. 141:113-123. https://doi.org/10.1111/jbg.12828.

Gilleland, C., K. J. Retallick, D. H. Poole, Z. Peppmeier, and M. Knauer.
2021. Estimates of genetic variation for angus gestation length. J.
Anim. Sci. 99(Suppl. 2):14-15. https://doi.org/10.1093/jas/skab096
.023.

Guerrier, J., L. Journeaux, Y. M. Chatelain, and H. Ledos. 2007. Durée
de gestation des races bovines francaises. Page 140 in Proc. 14th
Renc. Rech. Ruminants. Paris, France.

Haile-Mariam, M., and J. E. Pryce. 2019. Genetic evaluation of gesta-
tion length and its use in managing calving patterns. J. Dairy Sci.
102:476-487. https://doi.org/10.3168/jds.2018-14981.

Hansen, M., M. S. Lund, J. Pedersen, and L. G. Christensen. 2004.
Gestation length in Danish Holsteins has weak genetic associations
with stillbirth, calving difficulty, and calf size. Livest. Prod. Sci.
91:23-33. https://doi.org/10.1016/j.livprodsci.2004.06.007.

Journal of Dairy Science Vol. 107 No. 10, 2024

8168

Ibi, T., A. K. Kahi, and H. Hirooka. 2008. Genetic parameters for gesta-
tion length and the relationship with birth weight and carcass traits
in Japanese Black cattle. Anim. Sci. J. 79:297-302. https://doi.org/
10.1111/§.1740-0929.2008.00530.x.

IMPC (Mouse Genome Informatics and the International Mouse Phe-
notyping Consortium). 2014. Obtaining and Loading Phenotype
Annotations from the International Mouse Phenotyping Consortium
(IMPC) Database. Database Release.

Jenkins, G. M., P. Amer, K. Stachowicz, and S. Meier. 2016. Pheno-
typic associations between gestation length and production, fertility,
survival, and calf traits. J. Dairy Sci. 99:418-426. https://doi.org/10
.3168/jds.2015-9934.

Jiang, Y. H., D. Armstrong, U. Albrecht, C. M. Atkins, J. L. Noebels,
G. Eichele, J. D. Sweatt, and A. L. Beaudet. 1998. Mutation of the
Angelman ubiquitin ligase in mice causes increased cytoplasmic p53
and deficits of contextual learning and long-term potentiation. Neu-
ron 21:799-811. https://doi.org/10.1016/S0896-6273(00)80596-6.

Kazanskaya, O., B. Ohkawara, M. Heroult, W. Wu, N. Maltry, H. G. Au-
gustin, and C. Niehrs. 2008. The Wnt signaling regulator R-spondin
3 promotes angioblast and vascular development. Development
135:3655-3664. https://doi.org/10.1242/dev.027284.

Kumar, A., A. Mandal, A. K. Gupta, and P. Ratwan. 2016. Genetic and
environmental causes of variation in gestation length of Jersey
crossbred cattle. Vet. World 9:351-355. https://doi.org/10.14202/
vetworld.2016.351-355.

Le Cozler, Y., V. Lollivier, P. Lacasse, and C. Disenhaus. 2008. Rearing
strategy and optimizing first-calving targets in dairy heifers: Areview.
Animal 2:1393-1404. https://doi.org/10.1017/S1751731108002498.

Ledos, H., and S. Moureaux. 2013. Durée de gestation pour les princi-
pales races. Collection résultats IDELE. Institut de I'Elevage.

LIC. n.d. Short Gestation Length Semen. Accessed Nov. 22, 2023. https:
//www.lic.co.nz/products-and-services/artificial-breeding/short
-gestation-length-semen/.

Maltecca, C., K. A. Gray, K. A. Weigel, J. P. Cassady, and M. Ashwell.
2011. A genome-wide association study of direct gestation length in
US Holstein and Italian Brown populations. Anim. Genet. 42:585—
591. https://doi.org/10.1111/j.1365-2052.2011.02188.x.

Marion, G. 1995. Etude statistique des durées de gestation en bovins.
MSc thesis. Institut National Agronomique Paris-Grignon, Paris,
France.

Meng, L., R. E. Person, W. Huang, P. J. Zhu, M. Costa-Mattioli, and
A. L. Beaudet. 2013. Truncation of Ube3a-ATS unsilences paternal
Ube3a and ameliorates behavioral defects in the Angelman syn-
drome mouse model. PLoS Genet. 9:¢1004039. https://doi.org/10
.1371/journal.pgen.1004039.

Mesbah-Uddin, M., C. Hoze, P. Michot, A. Barbat, R. Lefebvre, M.
Boussaha, G. Sahana, S. Fritz, D. Boichard, and A. Capitan. 2019.
A missense mutation (p.Tyr452Cys) in the CAD gene compro-
mises reproductive success in French Normande cattle. J. Dairy Sci.
102:6340-6356. https://doi.org/10.3168/jds.2018-16100.

Meyer, K. 2007. WOMBAT—A tool for mixed model analyses in
quantitative genetics by restricted maximum likelihood (REML). J.
Zhejiang Univ. Sci. B 8:815-821. https://doi.org/10.1631/jzus.2007
.B0815.

Mujibi, F. D. N., and D. H. Crews Jr.. 2009. Genetic parameters for calv-
ing ease, gestation length, and birth weight in Charolais cattle. J.
Anim. Sci. 87:2759-2766. https://doi.org/10.2527/jas.2008-1141.

Myklestad, K., L. J. Vatten, E. B. Magnussen, K. A. Salvesen, and P.
R. Romundstad. 2013. Do parental heights influence pregnancy
length?: A population-based prospective study, HUNT 2. BMC Preg-
nancy Childbirth 13:33. https://doi.org/10.1186/1471-2393-13-33.

Neufeld, S., J. M. Rosin, A. Ambasta, K. Hui, V. Shaneman, R. Crowder,
L. Vickerman, and J. Cobb. 2012. A conditional allele of Rspo3 re-
veals redundant function of R-spondins during mouse limb develop-
ment. Genesis 50:741-749. https://doi.org/10.1002/dvg.22040.

Nogalski, Z., and D. Piwczynski. 2012. Association of length of preg-
nancy with other reproductive traits in dairy cattle. Asian-Australas.
J. Anim. Sci. 25:22-27. https://doi.org/10.5713/ajas.2011.11084.

Norman, H. D., J. R. Wright, M. T. Kuhn, S. M. Hubbard, J. B. Cole, and
P. M. VanRaden. 2009. Genetic and environmental factors that affect


https://doi.org/10.3168/jds.2022-22365
https://doi.org/10.3168/jds.2022-22365
https://doi.org/10.2527/jas1982.553543x
https://doi.org/10.3168/jds.S0022-0302(52)93690-4
https://doi.org/10.1128/MCB.24.18.8221-8226.2004
https://doi.org/10.1128/MCB.24.18.8221-8226.2004
https://doi.org/10.1242/dev.103416
https://doi.org/10.1242/dev.103416
https://doi.org/10.1016/S0029-7844(97)00049-5
https://doi.org/10.1016/S0029-7844(97)00049-5
https://doi.org/10.1186/s12711-024-00909-3
https://doi.org/10.1186/s12711-024-00909-3
https://doi.org/10.1093/hmg/ddm288
https://doi.org/10.1093/hmg/ddm288
https://doi.org/10.1371/journal.pone.0001709
https://doi.org/10.3168/jds.2012-6229
https://doi.org/10.3168/jds.2012-6229
https://doi.org/10.1016/j.clp.2011.06.009
https://doi.org/10.1016/j.clp.2011.06.009
https://doi.org/10.1038/s42003-019-0341-6
https://doi.org/10.1111/jbg.12828
https://doi.org/10.1093/jas/skab096.023
https://doi.org/10.1093/jas/skab096.023
https://doi.org/10.3168/jds.2018-14981
https://doi.org/10.1016/j.livprodsci.2004.06.007
https://doi.org/10.1111/j.1740-0929.2008.00530.x
https://doi.org/10.1111/j.1740-0929.2008.00530.x
https://doi.org/10.3168/jds.2015-9934
https://doi.org/10.3168/jds.2015-9934
https://doi.org/10.1016/S0896-6273(00)80596-6
https://doi.org/10.1242/dev.027284
https://doi.org/10.14202/vetworld.2016.351-355
https://doi.org/10.14202/vetworld.2016.351-355
https://doi.org/10.1017/S1751731108002498
https://www.lic.co.nz/products-and-services/artificial-breeding/short-gestation-length-semen/
https://www.lic.co.nz/products-and-services/artificial-breeding/short-gestation-length-semen/
https://www.lic.co.nz/products-and-services/artificial-breeding/short-gestation-length-semen/
https://doi.org/10.1111/j.1365-2052.2011.02188.x
https://doi.org/10.1371/journal.pgen.1004039
https://doi.org/10.1371/journal.pgen.1004039
https://doi.org/10.3168/jds.2018-16100
https://doi.org/10.1631/jzus.2007.B0815
https://doi.org/10.1631/jzus.2007.B0815
https://doi.org/10.2527/jas.2008-1141
https://doi.org/10.1186/1471-2393-13-33
https://doi.org/10.1002/dvg.22040
https://doi.org/10.5713/ajas.2011.11084

Jourdain et al.: GENETICS OF GESTATION LENGTH IN FRENCH CATTLE

gestation length in dairy cattle. J. Dairy Sci. 92:2259-2269. https://
doi.org/10.3168/jds.2007-0982.

Norman, H. D., J. R. Wright, and R. H. Miller. 2011. Potential conse-
quences of selection to change gestation length on performance of
Holstein cows. J. Dairy Sci. 94:1005-1010. https://doi.org/10.3168/
jds.2010-3732.

Oliver, C. H., W. T. Khaled, H. Frend, J. Nichols, and C. J. Watson.
2012. The Stat6-regulated KRAB domain zinc finger protein Zfp157
regulates the balance of lineages in mammary glands and compen-
sates for loss of Gata-3. Genes Dev. 26:1086—1097. https://doi.org/
10.1101/gad.184051.111.

Parikh, L. 1., U. M. Reddy, T. Méannist6, P. Mendola, L. Sjaarda, S. Hin-
kle, Z. Chen, Z. Lu, and S. K. Laughon. 2014. Neonatal outcomes in
early term birth. Am. J. Obstet. Gynecol. 211:265.e1-265.¢11. https:
//doi.org/10.1016/j.ajog.2014.03.021.

Patwari, P., V. Emilsson, E. E. Schadt, W. A. Chutkow, S. Lee, A. Marsili,
Y. Zhang, R. Dobrin, D. E. Cohen, P. R. Larsen, A. M. Zavacki, L.
G. Fong, S. G. Young, and R. T. Lee. 2011. The arrestin domain-
containing 3 protein regulates body mass and energy expenditure.
Cell Metab. 14:671-683. https://doi.org/10.1016/j.cmet.2011.08.011.

Perry, J. R. B, F. Day, C. E. Elks, P. Sulem, D. J. Thompson, T. Ferreira, C.
He, D. I. Chasman, T. Esko, G. Thorleifsson, E. Albrecht, W. Q. Ang,
T. Corre, D. L. Cousminer, B. Feenstra, N. Franceschini, A. Ganna, A.
D. Johnson, S. Kjellgvist, K. L. Lunetta, G. McMahon, I. M. Nolte, L.
Paternoster, E. Porcu, A. V. Smith, L. Stolk, A. Teumer, N. TSernikova,
E. Tikkanen, S. Ulivi, E. K. Wagner, N. Amin, L. J. Bierut, E. M.
Byrne, J.-J. Hottenga, D. L. Koller, M. Mangino, T. H. Pers, L. M.
Yerges-Armstrong, J. Hua Zhao, I. L. Andrulis, H. Anton-Culver, F.
Atsma, S. Bandinelli, M. W. Beckmann, J. Benitez, C. Blomgqvist, S.
E. Bojesen, M. K. Bolla, B. Bonanni, H. Brauch, H. Brenner, J. E. Bu-
ring, J. Chang-Claude, S. Chanock, J. Chen, G. Chenevix-Trench, J.
M. Collée, F. J. Couch, D. Couper, A. D. Coviello, A. Cox, K. Czene,
A. P. D’adamo, G. Davey Smith, I. De Vivo, E. W. Demerath, J. Den-
nis, P. Devilee, A. K. Dieffenbach, A. M. Dunning, G. Eiriksdottir, J.
G. Eriksson, P. A. Fasching, L. Ferrucci, D. Flesch-Janys, H. Flyger,
T. Foroud, L. Franke, M. E. Garcia, M. Garcia-Closas, F. Geller, E. E.
J. de Geus, G. G. Giles, D. F. Gudbjartsson, V. Gudnason, P. Guénel,
S. Guo, P. Hall, U. Hamann, R. Haring, C. A. Hartman, A. C. Heath,
A. Hofman, M. J. Hooning, J. L. Hopper, F. B. Hu, D. J. Hunter, D.
Karasik, D. P. Kiel, J. A. Knight, V.-M. Kosma, Z. Kutalik, S. Lai, D.
Lambrechts, A. Lindblom, R. Mégi, P. K. Magnusson, A. Mannermaa,
N. G. Martin, G. Masson, P. F. McArdle, W. L. McArdle, M. Melbye,
K. Michailidou, E. Mihailov, L. Milani, R. L. Milne, H. Nevanlinna,
P. Neven, E. A. Nohr, A. J. Oldehinkel, B. A. Oostra, A. Palotie, M.
Peacock, N. L. Pedersen, P. Peterlongo, J. Peto, P. D. P. Pharoah, D.
S. Postma, A. Pouta, K. Pylkés, P. Radice, S. Ring, F. Rivadeneira, A.
Robino, L. M. Rose, A. Rudolph, V. Salomaa, S. Sanna, D. Schlessing-
er, M. K. Schmidt, M. C. Southey, U. Sovio, M. J. Stampfer, D. Stockl,
A. M. Storniolo, N. J. Timpson, J. Tyrer, J. A. Visser, P. Vollenweider,
H. Volzke, G. Waeber, M. Waldenberger, H. Wallaschofski, Q. Wang,
G. Willemsen, R. Winqgvist, B. H. R. Wolffenbuttel, M. J. Wright, D. L.
Boomsma, M. J. Econs, K.-T. Khaw, R. J. F. Loos, M. I. McCarthy, G.
W. Montgomery, J. P. Rice, E. A. Streeten, U. Thorsteinsdottir, C. M.
van Duijn, B. Z. Alizadeh, S. Bergmann, E. Boerwinkle, H. A. Boyd,
L. Crisponi, P. Gasparini, C. Gieger, T. B. Harris, E. Ingelsson, M.-R.
Jarvelin, P. Kraft, D. Lawlor, A. Metspalu, C. E. Pennell, P. M. Ridker,
H. Snieder, T. I. A. Serensen, T. D. Spector, D. P. Strachan, A. G.
Uitterlinden, N. J. Wareham, E. Widen, M. Zygmunt, A. Murray, D. F.
Easton, K. Stefansson, J. M. Murabito, and K. K. Ong. 2014. Parent-
of-origin-specific allelic associations among 106 genomic loci for age
at menarche. Nature 514:92-97. https://doi.org/10.1038/nature13545.

Purfield, D. C., R. D. Evans, T. R. Carthy, and D. P. Berry. 2019.
Genomic regions associated with gestation length detected using
whole-genome sequence data differ between dairy and beef cattle.
Front. Genet. 10:1068. https://doi.org/10.3389/fgene.2019.01068.

Journal of Dairy Science Vol. 107 No. 10, 2024

8169

Rosen, B. D., D. M. Bickhart, R. D. Schnabel, S. Koren, C. G. Elsik, E.
Tseng, T. N. Rowan, W. Y. Low, A. Zimin, C. Couldrey, R. Hall, W.
Li, A. Rhie, J. Ghurye, S. D. McKay, F. Thibaud-Nissen, J. Hoffman,
B. M. Murdoch, W. M. Snelling, T. G. McDaneld, J. A. Hammond,
J. C. Schwartz, W. Nandolo, D. E. Hagen, C. Dreischer, S. J. Schul-
theiss, S. G. Schroeder, A. M. Phillippy, J. B. Cole, C. P. Van Tassell,
G. Liu, T. P. L. Smith, and J. F. Medrano. 2020. De novo assembly
of the cattle reference genome with single-molecule sequencing. Gi-
gascience 9:giaa021. https://doi.org/10.1093/gigascience/giaa021.

Sahana, G., Z. Cai, M. P. Sanchez, A. C. Bouwman, and D. Boichard.
2023. Invited review: Good practices in genome-wide association
studies to identify candidate sequence variants in dairy cattle. J.
Dairy Sci. 106:5218-5241. https://doi.org/10.3168/jds.2022-22694.

Sargolzaei, M., J. P. Chesnais, and F. S. Schenkel. 2014. A new approach
for efficient genotype imputation using information from relatives.
BMC Genomics 15:478. https://doi.org/10.1186/1471-2164-15-478.

Signoret, J. P., J. Poly, and B. Vissac. 1956. Etude statistique des causes
de variation de quelques paramétres du cycle de reproduction des
vaches laitiéres. I. la durée de gestation dans les races bovines Nor-
mande et Frangaise Frisonne Pie Noire. Ann. Zootech. 5:273-294.
https://doi.org/10.1051/animres:19560401.

Stachowicz, K., E. C. Ooi, and P. Amer. 2023. Genetic trends in gestation
length. Interbull Bull. 59:171-176.

Tribout, T., V. Ducrocq, and D. Boichard. 2020. HSSGBLUP: A single-
step SNP-BLUP genomic evaluation software adapted to large
livestock populations. Page 248 in International Congress of Quan-
titative Genetics.

Vassilev, D., G. Dimov, and T. Tsankov. 2002. Direct, maternal and un-
correlated (co)variances for gestation length in Pleven warmblood
mares. Page 25 in Proc. 7th World Congress on Genetics Applied to
Livestock Production, Montpellier, France. INRA-CIRAD.

Vieira-Neto, A., K. N. Galvao, W. W. Thatcher, and J. E. P. Santos. 2017.
Association among gestation length and health, production, and re-
production in Holstein cows and implications for their offspring. J.
Dairy Sci. 100:3166-3181. https://doi.org/10.3168/jds.2016-11867.

Washburn, S. P., and K. A. E. Mullen. 2014. Invited review: Genetic
considerations for various pasture-based dairy systems. J. Dairy Sci.
97:5923-5938. https://doi.org/10.3168/jds.2014-7925.

Willer, C. J., Y. Li, and G. R. Abecasis. 2010. METAL: Fast and efficient
meta-analysis of genomewide association scans. Bioinformatics
26:2190-2191. https://doi.org/10.1093/bioinformatics/btq340.

Winkelman, A. M., and R. J. Spelman. 2001. Selection for reduced gesta-
tion length in New Zealand dairy cattle. Proc. Association for the
Advancement of Animal Breeding and Genetics 14:63-66.

Winkelman, A. M., and R. J. Spelman. 2001. Selection for reduced gesta-
tion length in New Zealand dairy cattle. Proc. Assoc. Advmt. Anim.
Breed. Genet. 14:63-66.

Wray, N. R., R. L. Quaas, and E. J. Pollak. 1987. Analysis of gestation
length in American Simmental cattle. J. Anim. Sci. 65:970-974.
https://doi.org/10.2527/jas1987.654970x.

Yang, J., S. H. Lee, M. E. Goddard, and P. M. Visscher. 2011. GCTA:
A tool for genome-wide complex trait analysis. Am. J. Hum. Genet.
88:76-82. https://doi.org/10.1016/j.ajhg.2010.11.011.

ORCIDS
Jeanlin Jourdain ® https://orcid.org/0000-0002-5245-7382
Romain Saintilan ® https://orcid.org/0009-0005-5999-5692
Chris Hozé ® https://orcid.org/0000-0002-5900-5506
Corentin Fouéré ® https://orcid.org/0009-0005-8735-2918
Sébastien Fritz ® https://orcid.org/0000-0002-3378-1048
Didier Boichard ® https://orcid.org/0000-0003-0361-2961
Anne Barbat ® https://orcid.org/0009-0001-9264-6225


https://doi.org/10.3168/jds.2007-0982
https://doi.org/10.3168/jds.2007-0982
https://doi.org/10.3168/jds.2010-3732
https://doi.org/10.3168/jds.2010-3732
https://doi.org/10.1101/gad.184051.111
https://doi.org/10.1101/gad.184051.111
https://doi.org/10.1016/j.ajog.2014.03.021
https://doi.org/10.1016/j.ajog.2014.03.021
https://doi.org/10.1016/j.cmet.2011.08.011
https://doi.org/10.1038/nature13545
https://doi.org/10.3389/fgene.2019.01068
https://doi.org/10.1093/gigascience/giaa021
https://doi.org/10.3168/jds.2022-22694
https://doi.org/10.1186/1471-2164-15-478
https://doi.org/10.1051/animres:19560401
https://doi.org/10.3168/jds.2016-11867
https://doi.org/10.3168/jds.2014-7925
https://doi.org/10.1093/bioinformatics/btq340
https://doi.org/10.2527/jas1987.654970x
https://doi.org/10.1016/j.ajhg.2010.11.011
https://orcid.org/0000-0002-5245-7382
https://orcid.org/0009-0005-5999-5692
https://orcid.org/0000-0002-5900-5506
https://orcid.org/0009-0005-8735-2918
https://orcid.org/0000-0002-3378-1048
https://orcid.org/0000-0003-0361-2961
https://orcid.org/0009-0001-9264-6225

	Genetic parameters, genome-wide association study, and selection perspective on gestation length in 16 French cattle breeds
	INTRODUCTION
	MATERIALS AND METHODS
	Phenotypic Data
	Gestation Length
	Genotypic Data
	Statistical Analyses: Genetic Parameters
	Association with Other Traits
	Genome-Wide Association Studies

	RESULTS AND DISCUSSION
	Basic Statistics on Raw Data and Determination of Factors Influencing GL
	Genetic Parameters
	Relationships with Other Traits
	GWAS Results

	CONCLUSIONS
	NOTES
	REFERENCES


