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Abstract

Maternal lineage influences performance traits in horses. This is probably caused by differ-
ences in mitochondrial DNA (mtDNA) transferred to the offspring via the oocyte. In the pres-
ent study, we investigated if reproductive traits with high variability—gestation length and fetal
sex ratio—are influenced by maternal lineage. Data from 142 Warmblood mares from the
Brandenburg State Stud at Neustadt (Dosse), Germany, were available for the study. Mares
were grouped according to their maternal lineage. Influences on the reproduction parameters
gestation length and sex ratio of offspring were analyzed by simple and multiple analyses of
variance. A total of 786 cases were included. From the 142 mares, 119 were assigned to six
maternal lineages with n>10 mares per lineage, and 23 mares belonged to smaller maternal
lineages. The mean number of live foals produced per mare was 4.6+3.6 (+SD). Live foal rate
was 83.5%. Mean gestation length was 338.5+8.9 days (+SD) with a range of 313 to 370
days. Gestation length was affected by maternal lineage (p<0.001). Gestation length was
also significantly influenced by the individual mare, age of the mare, year of breeding, month
of breeding and sex of the foal (p<0.05). Of the 640 foals born alive at term, 48% were male
and 52% female. Mare age group and maternal lineage significantly influenced the sex ratio
of the foals (p<0.05). It is concluded that maternal lineage influences reproductive parameters
with high variation such as gestation length and foal sex ratio in horses. In young primiparous
and aged mares, the percentage of female offspring is higher than the expected 1:1 ratio.

Introduction

Genetic and genomic studies mostly focus on the variation that can be traced back to chromo-
somal deoxyribonucleic acid (DNA) representing the main part of genetic material transferred
to the next generation. However, the dam is contributing further genetic material to her oft-

spring via mitochondrial DNA (mtDNA). Mitochondria in the conceptus are strictly inherited
through the maternal lineage. In contrast, paternal mitochondria disintegrate soon after fertili-
zation [1] and transmission of paternal mtDNA does virtually not exist [2]. As in other species
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[3-6], heterogeneity in mtDNA assists in disentangling the origins and geographical dispersal
of populations in equines because mtDNA characterizes maternal lineages [7].

An influence of maternal lineage on racing performance in the Thoroughbred race horse
has been demonstrated [8,9]; and a similar impact on performance traits has also been assumed
for other horse breeds [10]. It is so far unknown if and how performance selection via maternal
lineages affects reproductive traits in horses. Such effects may most likely be demonstrable for
reproductive traits with high variability within the population such as gestation length and
fetal sex ratio. Because both parameters vary considerable in horses, this species was chosen for
the present investigation.

Gestation length in horses can vary between 335 and 345 days, but viable foals are also born
with extreme gestation lengths between 320 and 360 days [11-15]. Therefore when gestation
length is >340 days and mares do not conceive before the second postpartum ovulation, i.e. 30
days after foaling, the date of parturition will be gradually postponed with every year, resulting in
increasingly late birth of offspring. Loss of synchronization between the time of foaling and opti-
mal environmental conditions will impair survival and development of the neonate in non-man-
aged, i.e. wild and feral horses. In stabled or captured horses, more accurate prediction of
parturition in mares would contribute to prevention of foal loss because early recognition of a
foaling problem and rapid, appropriate intervention are critical to the survival of a foal [16]. A
more profound knowledge on factors that influence gestation length in horses is therefore desir-
able. Gestation length is already known to be affected by exogenous factors such as year or month
of breeding, but also by various endogenous factors like age and parity of the dam, and the sex of
the fetus (reviewed by [14]). In addition, considerable individual differences among mares have
been described [17], and heritability of gestation length was considered high enough to respond
to selection (Valera et al., 2006 [17]: h* = 0.21; Langlois and Blouin, 2012 [18]: h* = 0.08-0.16).
The influence of maternal lineage on gestation length in horses has not been investigated so far.

Considerable variation has also been reported for the fetal sex ratio in the horse, with both
environmental and genetic influences. Differences in nutritional status can shift the percentage
of male foals from as low as 3% in mares losing body condition at the time of conception to 80%
when mares gained weight at conception [19]. In the horse, early conceptus loss is relatively
high and seems to contribute to preference of one or the other sex apparently because female
conceptuses have a better chance to survive suboptimal intrauterine conditions (reviewed by
[20]). On the other hand, mitochondrial dysfunction or abnormalities in the oocyte contribute
to conceptus loss and may at least in part be caused by defects at the mtDNA level [1].

The aim of the present study was analyzing differences in gestation length and fetal sex ratio
among mares kept under identical management and environmental conditions, with particular
focus on the maternal lineage of the mares. Considering several factors of potential relevance
for these traits, we followed the hypothesis that maternal lineage influences gestation length
and sex ratio of offspring in the horse.

Materials and Methods
Animals and experimental design

Breeding records of mares from the Brandenburg State Stud at Neustadt (Dosse), Germany,
were analyzed retrospectively for this study. No specific permissions were required for the
activities with the animals (horses) as all animal work consisted of routine breeding manage-
ment at the Brandenburg State Stud and was not conducted for experimental purposes. Pedi-
gree information of all mares was made available by the Brandenburg- Anhalt Breed registry,
Neustadt (Dosse), through the central animal data base at Vereinigte Informationssysteme
Tierhaltung w.V., Verden (Aller), Germany.
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Table 1. Distribution of data among the maternal lineages. Numbers of Warmblood mares, breeding records (breeding seasons x mares) and pregnan-
cies that resulted in birth of a living foal and their affiliation to the five individual mare families with more than 10 members.

Stratification variable

Mares
Breeding records
Foals

doi:10.1371/journal.pone.0139358.1001

Maternal lineage Total
1 2 6 7 8

46 27 10 17 19 119
272 161 39 95 89 656
220 130 35 82 71 538

The stud keeps a broodmare herd of approximately 40 animals with the aim to annually
produce one foal per mare. Mare lineage has been continuously recorded since 1946, and for
some mares can be traced back until foundation of the stud in 1788. Data from 142 Warm-
blood mares including their breeding history were available for the study beginning with the
breeding season 1992 and lasting until 2011. In 1992, ultrasound examination of the genital
tract was introduced into the stud’s breeding management and the exact day of ovulation was
always reliably determined.

In the stud, mares are entered into the broodmare herd as maiden mares at the age of three
years. If mares do not fulfil the expectations of the stud management with regard to quality of
the offspring or fertility for more than one consecutive year, they are mostly excluded from the
herd and sold. Only mares meeting these requirements were included into the study.

At the stud farm, the breeding season lasts from 1 February to 15 June. During this time,
mares are monitored for signs of estrus every other day. When a mare displays estrous behav-
ior, she is referred to the stud’s veterinarian. Mares are assigned for breeding if a preovulatory
follicle together with endometrial edema is detected by gynecological examination including
transrectal ultrasound. Mares are inseminated with raw or cooled-shipped semen or in excep-
tional cases also bred by natural covering every other day until detection of a corpus luteum
(Day 0). If mares are inseminated with frozen semen this is done within 6 hours after detection
of a corpus luteum. Pregnancy diagnosis is performed between days 14 and 18 after ovulation
and repeated at approximately day 35 by transrectal ultrasound. For the study, gestation length
was calculated from the day of ovulation until the day of parturition of a viable foal. In case of
pregnancy loss, abortion or stillbirth, data were excluded from analysis.

Using maximum depth of the pedigrees, the proportions of genes contributed by different
breeds or breed groups were calculated on the basis of the breed specifications in the pedigree
data. Inbreeding coefficients were determined using the software PEDIG [21]. For all mares,
pedigree information was complete over the first four ancestral generations, decreased from
98% in the fifth to 67% in the tenth, and was still > 50% in the 25™ generation. The mares of
the stud were grouped according to their maternal lineage, i.e. all mares directly descending
from one founder mare were assigned to the same maternal lineage. On this basis, the 142
mares could be assigned to 13 mare families. The pedigree based affiliation of mares to the dif-
ferent maternal lineages was confirmed in a total of 38 active broodmares that were available at
the stud in 2011 by mtDNA sequencing (results not shown). Only maternal lineages that con-
sisted of at least ten mares were considered individually in the subsequent analyses (i.e. lineages
1,2,6,7 and 8;n = 119; Table 1).

Statistical Analysis

Influences on the reproduction parameters gestation length and sex ratio of offspring were ana-
lyzed by simple and multiple analyses of variance using the procedures GLM and MIXED of
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the SAS software package, version 9.2 (Statistical Analysis System; SAS Institute Inc., Cary,
NC, USA, 2014). In each case, the reproduction parameters (gestation length in days and foal
sex with repeated observations, and the proportion of male foals with single observations per
mare) were considered as dependent variables, and potential influencing factors were consid-
ered individually and in different combinations as independent variables. From the breeding
records (N = 786) and the basal data of the mares, information on the mare's age at breeding,
year and month of breeding, foal sex, and the size of the mare (height at withers as measured at
the time of studbook entry) were available. From the pedigree analyses, inbreeding coefficients
and gene proportions were further accessible for all mares. According to the data structure and
to maximize power of the statistical analyses, class variables were derived and used for the
modelling where applicable. To identify possibly co-linearity among the factors to be tested,
extensive cross distribution analyses were performed. This allowed ensuring that only mutually
independent variables were jointly considered in the model.

Choice of models was based on model fit statistics and performed in two steps. First, fixed
effects and interactions were tested singularly and jointly with GLM. The multiple alternative
models were compared with the respective full model to identify the most parsimonious one
which still captured the structure of our data. Selection criteria were the proportion of
explained variance and the results of likelihood ratio tests and only effects with error probabili-
ties of P < 0.05 were retained. To account for the repeated observations per mare, the individ-
ual mare was subsequently added as random effect in the final analyses which were performed
with MIXED. The inconsistent use of sires interfered with their individual consideration in the
statistical analyses (viable foals descending from 188 sires with on average 3.4 foals in the data,
36% of these sires represented with single foal, 82% with less than five foals) and was therefore
not considered.

Statistical models were as follows:

Model A (gestation length; 640 breeding records):

= u+ Age, + BYear, + BMonth, + MLine, + FSex,, + PBreed, + mare, + e

yijklmnpq ijklmnpq

Model B (foal sex; 650 breeding records):

Yikiopg = U + Age; + BYear, + BMonth, + MLine, + Size, + mare, + e;y,,,
with

¥i.. q = gestation length (in days) or foal sex (1 = male, 0 = female) of the i. . .q-th breeding
record,

p = model constant (population sample average),

Age; = fixed effect of the i-th age at breeding (i = 1-4; 3 years, 4 to 8 years, 9 to 12 years, >12
years),

BYear; = fixed effect of the j-th year of breeding (j = 1-5; before 1995, 1996-1999, 2000
2003, 2004-2007, 2008-2011),

BMonth,, = fixed effect of the k-th month of breeding (k = 1-4; March, April, May, June to
February),

MLine, = fixed effect of the 1-th maternal lineage (1 = 1-6; 5 individual mare families plus
remaining herd),

FSex,,, = fixed effect of the m-th sex of the foal (m = 1-2; male, female),

PBreed,, = fixed effect of the n-th proportion of Arabian and Thoroughbred genes (n = 1-2;
< 25%, > 25%),

Size, = fixed effect of the o-th size of the mare (0 = 1-3; 160-163 cm, 164-166 cm, 167-176
cm),
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mare, = random effect of the p-th mare (p = 1-139),
€. q = random residual.
Data are given as least square means (LSM) + standard error of mean (SEM) unless other-
wise indicated. An error probability (p-value) <0.05 was considered significant. Because of the
consistency of the results obtained with the different models in the simple and multiple
ANOVA, only the results obtained with the final models and the procedure MIXED are

reported.

Results

Pedigree information was 100% complete for at least 4 ancestor generations and 56% for the
20™ generation. Mean (+SD) degree of inbreeding was 0.31+0.57%, with a maximum of 2.63%.
The mare population did not differ in its composition with regard to maternal lineages during
the study period. The mares were used for breeding between one and nineteen consecutive
breeding years (5.4+4.4 breeding years per mare; mean+SD; Fig 1). The mean number of live
foals produced per mare was 4.6+3.6 (+SD) with a maximum of 15 live foals produced in one
mare. Live foal rate was 83.5% (640 pregnancies with live foals in 786 breeding seasons). In a
total of 127 cases, the mare either did not become pregnant or lost her pregnancy (abortion or
birth of a non-viable foal). In 14 cases (12 mares in one year and one mare in two years), mares
were not bred due to management reasons, 4 mares died during the respective breeding seasons.
Mean gestation length (£SD) was 338.5+8.9 days, with a range of 313 to 370 days. Gestation
length was affected by maternal lineage (Model A, p<0.001) and was longer in mares of line-
ages 1 and 8 than in all other maternal lineages (p< 0.05; Fig 2). Gestation length was also sig-
nificantly influenced by the individual mare, age of the mare (Model A, p = 0.005; Fig 3), year
of breeding, month of breeding and sex of the foal but not by the percentage of Arab and Thor-
oughbred ancestors in the pedigree (Model A; Table 2; S1 Table). Gestation length increased
from the beginning until the end of the period evaluated (before 1995: 336.0+1.4 d; 1996-1999:
335.9+1.1 d; 2000-2003: 337.1£0.9 d; 2004-2007: 336.7+0.9 d; 2008-2011: 339.2+0.9 d; Model
A, p=0.0243). It was also influenced by the time of the year the mares were bred (March:
339.7+0.9 d; April: 338.7+0.8 d; May: 336.8+0.9 d; June-February: 332.9+1.0 d; Model A,

150+
1254

< 100+
754
50+
254
0-

Cases

3 5 7 9 11 13 15 17 19 21
Mare age (years)

Fig 1. Mare age at breeding. Distribution of cases included into the analysis (n = 786) in relation to the age
of the respective mare at breeding—mares (n = 142) were bred for the first time at the age of 3y and remained
within the herd for up to 19 years.

doi:10.1371/journal.pone.0139358.g001
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346 a b bc C a

344+
342+
340+
338+
3361
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328+

Gestation length (d)

Maternal Lineage

Fig 2. Influence of maternal lineage on gestation length. Maternal lineage (1: n =220; 2: n = 130; 6:
n=235; 7: n=82; 8: n=71) influences gestation length (Model A p<0.001; abc: groups with different
superscript letters differ significantly; p<0.05; LSM + upper and lower confidence limits).

doi:10.1371/journal.pone.0139358.g002

p<0.0001). Gestation length for male foals (338.3+0.8 d) was longer than for female foals
(335.7+0.8 d; Model A, p<0.001).

Of the 640 foals born alive at term, 48% (310) were male and 52% (330) female with no sig-
nificant deviation from an expected 1:1 sex ratio. Mare age group and maternal lineage signifi-
cantly influenced the sex ratio of the foals (Model B, p<0.05; Table 3; S2 Table). Differences for
mares grouped by age and maternal lineage are shown in Figs 4 and 5, respectively.

342+ a b ab ab
~ 3404 T
> 3381 T
336-
334-
332-
330-

d)

th

Gestation len

3 48 912 >12
Mare age group (years)

Fig 3. Influence of mare age at conception on gestation length. Gestation length in mares is influenced
by mare age at conception (Model A p = 0.005; groups: 3 years: n =116, 4-8 years: n = 337, 9—12 years:

n =124, >12years: n = 63; ab: groups with different superscript letters differ significantly; p<0.05;

LSM + upper and lower confidence limits).

doi:10.1371/journal.pone.0139358.9003
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Table 2. Influence of different factors on gestation length (n = 640 pregnancies) in Warmblood mares
(n=142).

Model A

Mixed— Covariance Parameter Estimates

Explanatory variables z P
Mare 5.93 <0.001
Mixed— Type 3 Tests of Fixed Effects

Explanatory variables F P
Maternal lineage 5.79 <0.001
Age of mare 4.30 0.005
Year of breeding 2.83 0.024
Month of breeding 21.06 <0.001
Sex of the foal 24.00 <0.001
Percentage of Arabian and Thoroughbred ancestors in pedigree 0.79 0.375

doi:10.1371/journal.pone.0139358.t002

Discussion

In the present study maternal lineage significantly influenced gestation length and foal sex
ratio in horses. To the best of our knowledge, this has neither been proven for the horse nor for
other mammalian species so far. In the horse, gestation length is highly variable. Selection
against maternal lineages with prolonged gestation length could be an interesting approach to
avoid the gradual postponement of the birth date of offspring in mares with every year. The
mare explains 13 to 18% of this variation whereas the sire contributes only 2 to 3% [18]. The
maternal effect consists of two components, maternal genetics and environment [18]. Maternal
genetics results from both chromosomal and mitochondrial DNA. Mitochondria in the fetus
and its membranes exclusively originate from the mother because paternal mitochondria are
destroyed after fertilization [1]. Mitochondrial function depends on the coordinated expression
of nuclear and mitochondrial genomes. Mutation of mtDNA is responsible for the develop-
ment of mitochondrial haplogroups which can modulate mitochondrial metabolism, cell respi-
ration and defense mechanisms against reactive oxygen species (reviewed by [20]). Maternal
lineages of the mare population involved in the present study are clearly distinguishable by dif-
ferences in the sequence of their mtDNA (data not shown). In two of the haplogroups mean
gestation length was significantly prolonged which is suggested to be a result of differences in
mitochondrial function.

Table 3. Influence of different factors on foal sex ratio (n = 640 pregnancies) in Warmblood mares
(n=142).

Model B

Mixed— Covariance Parameter Estimates

Explanatory variables z P
Mare 0.26 0.399
Mixed— Type 3 Tests of Fixed Effects

Explanatory variables F P
Maternal lineage 2.56 0.027
Age of mare 4.70 0.003
Year of breeding 1.37 0.243
Month of breeding 0.48 0.698
Mare size 1.82 0.164

doi:10.1371/journal.pone.0139358.t003
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Fig 4. Percentage of male foals among the offspring of mares from different age groups. Mare age at
conception has an impact on the proportion of fillies and colts born (Model B, p = 0.003; 3 years: n= 116, 4-8
years: n = 338, 9—12 years: n = 124, >12 years: n = 63; LSM * upper and lower confidence limits; ab: groups
with different superscript letters differ significantly, p<0.05; red horizontal line indicates expected 50% ratio of
male foals born).

doi:10.1371/journal.pone.0139358.9004

The effect of mare age on gestation length is controversially discussed. While a linear
increase in gestation length with maternal age has been reported [18], differences in gestation
length with regard to age were not found in other studies [11,13]. In the present investigation,
a longer mean gestation length was found in three year-old maiden (i.e. primiparous) mares
and in aged mares, but only when the mare itself was added as a random factor into the statisti-
cal model. It is suggested that differences in gestation length between young primiparous and
aged pluriparous mares on the one side and mature pluriparous mares on the other side

707 a ab b ab ab
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T
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?

Male foals (%)
283

-
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L 1

Maternal Lineage

Fig 5. Percentage of male foals among the offspring of mares from different maternal lineages.
Maternal lineage has an impact on the proportion of fillies and colts born (Model B, p = 0.027). Foals from
maternal lineages: 1: n=220,2: n=130,6:n=35,7:n=82,8:n=71 (LSM % upper and lower limit of
confidence; ab: groups with different superscript letters differ significantly, p = 0.0459; red horizontal line
indicates expected 50% ratio of male foals born).

doi:10.1371/journal.pone.0139358.9005
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depend on differences in endometrial function. In primiparous (maiden) mares, the fetomater-
nal contact area of the placenta as well as the surface density of chorionic microcotyledons is
smaller than in multiparous mares [22]. A similar picture as in maiden mares exists in mares
older than 15 years. A less optimal development of the placenta contributes to smaller fetuses
in these two mare groups [22]. Detrimental effects of a less-developed placenta are likely to
also increase gestation length.

Similarly, in the present study, in maiden and aged mares the sex ratio of foals markedly
deviated from the expected 1:1 ratio with a higher percentage of female offspring in these two
categories. Hence, breeding maiden and aged mares should not be done with the aim to pro-
duce male offspring because the sex ratio might be female-biased in these mares. In the horse,
the uterine environment at conception and during early pregnancy has a pronounced effect on
sex ratio of the offspring at birth (reviewed by [20]). Findings of the present study are thus in
agreement with the hypothesis that the early female horse conceptus has mechanisms that
counteract its death under detrimental uterine conditions [20,23]. In further support of this
suggestion, a better placental adaptation to adverse conditions in female than in male pregnan-
cies has been postulated [24]. Therefore, on average a higher proportion of female foals has to
be expected from maiden or aged mares. Influences of maternal lineage on fetal sex ratio in the
present study suggest that mtDNA haplotype also affects early sex-specific conceptus develop-
ment and endometrial function which is in agreement with studies in ruminants [25-27] and
has already been suggested for the horse [28]. In agreement with the hypothesis by Trivers and
Willard [29], variations in sex ratio are often related to food availability and condition of the
mother at conception [30]. Camargue mares kept under semi-feral conditions [31] and feral
horses in New Zealand [32] produced an increased percentage of female foals following breed-
ing seasons with poor food availability. In contrast, in the Warmblood mares in our study no
effect of year of breeding on foal sex ratio could be detected under intensively managed stud
farm conditions. Feeding in these mares is adjusted to maintain body condition, i.e. poorer pas-
ture quality is compensated by addition of hay or concentrates to the mares’ daily feeding
ration. An age related bias of sex ratio towards females in the progeny of younger and aged
mares as in the present study is in agreement with findings from different wild ass subspecies
[33] but not in feral or semi-feral horses [31,34]. However, in these studies the number of pri-
miparous mares was low, they were not intensively managed and were kept under varying envi-
ronmental conditions.

The gestation length in the Warmblood mares of our study showed a range of almost two
months for live foals. Effects of month of breeding and sex of the foal on gestation length
reported previously [12,16,17] could be confirmed. Although the relatively short breeding
period used on the stud with the majority of mares bred within an interval of three months
reduced the occurrence of seasonal effects, gestation length was shorter when mares were bred
very early or late in the year. The fact that less fertile, i.e. less productive mares are sometimes
excluded from the herd may have biased the results of the present study in a balancing, but not
in an exaggeratory way. Many of these mares are excluded because they do not conceive within
the relative short breeding season of the stud. This often affects mares with above-average ges-
tation length foaling late in the year. Therefore, in many cases, low fertility is not based on
reproductive problems but on the fact that a mare is not pregnant at the end of the season. If
these mares had been remained in the herd, the number of cases with above-average gestation
length might have been even higher.

Even though the mean duration of pregnancies producing male foals was longer than preg-
nancies resulting in birth of female foals, the range of gestation length was still large for both
sexes. In contrast to the suggestion by Langlois and Blouin [18], determination of foal sex dur-
ing pregnancy [20] is therefore not helpful for prediction of pregnancy length in the horse. In

PLOS ONE | DOI:10.1371/journal.pone.0139358 October 5, 2015 9/12



@’PLOS ‘ ONE

Maternal Lineage and Reproduction in Horses

addition, prediction of gestation length based on the average of previous pregnancies as sug-
gested in a study on Draft mares [35] does not appear sensible enough because in the present
population in six mares that carried at least 12 foals to term, gestation length varied by 16 to 35
days in individual mares.

In the present study, gestation length increased from the beginning to the end of the obser-
vation period. At present we cannot satisfyingly explain this finding. During this time period,
the mares were mainly bred by artificial insemination, the percentage of mares mated by natu-
ral cover was constantly low and could thus not contribute to this development. The level of
inbreeding of the Warmblood mares in the present study is similar to the mare population in
France [18] or in Hanoverian Warmblood mares [36], but much lower than in Standardbred
trotters or Finnhorses [37]. The degree of inbreeding is therefore unlikely to contribute to this
increase in gestation length. Because Arabian as well as Thoroughbred mares have been
reported to have longer mean gestation lengths than mares from other breeds kept under simi-
lar conditions (e.g. [11,17]), we tested if the percentage of Arabian and Thoroughbred ances-
tors in the pedigree of the mares influenced gestation length but this hypothesis was not
supported.

Supporting Information

S1 Table. Influence of different factors on gestation length in Warmblood mares. Fixed
effects model A—raw means.
(PDF)

S2 Table. Influence of different factors on foal sex ratio in Warmblood mares. Fixed effects

model B—raw means.
(PDF)
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