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Odours of vertebrates often contain information about the major histocom-
patibility complex (MHC), and are used in kin recognition, mate choice or
female investment in pregnancy. It is, however, still unclear whether
MHC-linked signals can also affect male reproductive strategies. We used
horses (Equus caballus) to study this question under experimental conditions.
Twelve stallions were individually exposed either to an unfamiliar MHC-
similar mare and then to an unfamiliar MHC-dissimilar mare, or vice
versa. Each exposure lasted over a period of four weeks. Peripheral blood
testosterone levels were determined weekly. Three ejaculates each were
collected in the week after exposure to both mares (i.e. in the ninth week)
to determine mean sperm number and sperm velocity. We found high tes-
tosterone levels when stallions were kept close to MHC-dissimilar mares
and significantly lower ones when kept close to MHC-similar mares.
Mean sperm number per ejaculate (but not sperm velocity) was positively
correlated to mean testosterone levels and also affected by the order of pres-
entation of mares: sperm numbers were higher if MHC-dissimilar mares
were presented last than if MHC-similar mares were presented last. We con-
clude that MHC-linked signals influence testosterone secretion and semen
characteristics, two indicators of male reproductive strategies.

1. Introduction

The major histocompatibility complex (MHC) is a group of highly polymorphic
genes that play a critical role in the immune system of vertebrates [1]. The MHC
also has important functions in the social signalling of various mammals, birds,
reptiles, amphibians and fish (recent examples include [2-13]). Rulff et al. [14]
therefore suggested that MHC social signalling may be the basis of a ver-
tebrate-wide chemosensory communication system. MHC-linked signals are
often used in individual recognition or as a signal of genetic relatedness, for
example, to facilitate cooperative behaviour among kin, or they are used in
mate choice as indicators of genetic compatibility (including inbreeding avoid-
ance) or genetic quality [15]. Both males and females have been found to
express MHC-linked odour preferences [16—18]. However, little is known
about potential further effects of MHC-linked signals on male reproductive
strategies. We chose the horse (Equus caballus) as experimental model to test
whether female MHC types can affect male reproductive strategies. We concen-
trated on blood testosterone levels and semen characteristics as potential
indicators of male strategies.

Testosterone is a steroid hormone that has numerous functions in various
contexts, including the regulation of time and energy put into competitive and
sexual behaviour such as mate seeking, male—male competition, dominance,
mating effort, paternal behaviour and the degree of polygyny [19,20], with
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Figure 1. Schematic of the experiment. Six stallions were distributed to six separate stables and sequentially exposed over four weeks each to an MHC-similar mare
followed by an MHC-dissimilar mare or vice versa (balanced and full-factorial within-subject design). Three ejaculates per stallion were collected during the ninth
week. Then the stables were emptied and cleaned, and the experiment repeated with six new stallions.

testosterone secretion typically showing high inter- and
within-species plasticity [21]. Several studies in mice and
other mammals have found that exposure of males to females
or their scent induces a “testosterone surge’ that activates a var-
iety of courtship and mating behaviours [22-24]. Wingfield
et al. [25] predicted that patterns of testosterone secretion are
useful proxies of male reproductive strategies (see also [26]).

Sperm production is costly [27]. Therefore, ejaculate
characteristics are predicted to be plastic traits that change
in response to the social context, including the perceived
quality of females [28,29]. Arguably the most important eja-
culate characteristic that is typically discussed in this
context is sperm number [29], but sperm velocity could
potentially be plastic too [30,31]. Both traits are predicted to
be physiologically expensive and positively linked to fertili-
zation success [32-35].

Here, we sequentially exposed stallions each to an MHC-
similar and an MHC-dissimilar mare (or vice versa) over a
total period of eight weeks, so that each mare would ovulate
at least once during each type of exposure. As potential
correlates of male reproductive strategies, we determined
blood testosterone levels during each type of exposure and
collected ejaculates in the ninth week to study semen charac-
teristics. We predicted that if MHC sharing between mares
and stallions plays a role, male testosterone levels should
be high when paired with a MHC-dissimilar mare (because
stallions are expected to invest in attractiveness and mate
guarding) and low when paired with a MHC-similar
mare [36]. We also tested whether stallions invested more
in ejaculates (i.e. ejaculate more and/or faster sperm) after
exposure to MHC-dissimilar mares than after exposure to
MHC-similar mares.

2. Material and methods
(a) Exposure to stallions and mares

Twelve clinically healthy and sexually experienced stallions
(Franches-Montagnes horses, 7-20 years old, with proved fertility)
and six healthy mares (three Franches-Montagnes and three
Warmblood horses, 9-14 years old) were used. Seven experi-
mental stables were available for the study: six identical stables
consisting of 2 x 2 boxes (12 m? per box) and a corridor (2.9 m

wide) in between, with solid wood up to a height of 1.3 m and
a metal grille above as separation between the boxes and towards
the corridor. This allowed visual, olfactory and limited tactile con-
tact between the animals. The seventh stable consisted of 2 x 4
boxes but was otherwise identical to the others. All boxes were
bedded with straw.

The stallions were randomly allocated to two groups of six
stallions each. The experiment was carried out in a crossed
design during two periods (figure 1). In period 1, six stallions
were housed together with one mare in one of the six separate
stables each, with the stallion and the mare in adjacent boxes.
(The other six stallions were distributed to six of the eight
boxes of the large stable without any contact to mares in the
course of a parallel study on the effects of perceived risks of
sperm competition [37].) Half of the stallions were housed with
an MHC-similar mare (i.e. sharing at least one MHC antigen
with the respective stallion) for four weeks and then with a
MHC-dissimilar mare (i.e. sharing no MHC antigens) for the
remaining four weeks. The other stallions received the reverse
treatment (i.e. first paired with an MHC-dissimilar and then
with an MHC-similar mare). No contact with other stallions or
mares was allowed for these stallions over the entire eight
weeks. After a transitory week during which ejaculates were col-
lected (see below), all 12 stallions were switched from one group
type to the other and the experiments were repeated (period 2)
so that, by the end of the study, all 12 stallions had each been
exposed to an MHC-similar and an MHC-dissimilar mare, and
the design was fully balanced with respect to the order of
presenting MHC-similar or MHC-dissimilar mares.

All stimulus mares turned out to be cycling normally
throughout the experiment and were at least once (range 1-2)
in oestrus during each exposure to a stallion. The mares and
the stallions were not familiar to each other (i.e. it was unlikely
that they had met before the experiment).

(b) Major histocompatibility complex and testosterone
analyses

Equine leucocyte antigen (ELA) class I and class II were deter-
mined serologically in microcytotoxicity tests with alloantisera
detecting 18 internationally recognized (Al, A2, A3, A4, A5,
A6, A7, A8, A9, A10, W11, Al4, A15, Al6, Al7, A18, A19 and
A20) and five locally defined (Be22, Be25, Be27, Be28 and
Bel08) ELA-A (MHC class I) specificities. The ELA-C allele
W21 and MHC class II alleles DW13, DW22, DW23, DBe200
and DBeVIII were tested in a classical two-step microcytotoxicity
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test in Terasaki plates according to Lazary ef al. [38]. Briefly, per-
ipheral blood lymphocytes of horses were obtained from
heparinized blood samples by Ficoll density gradient centrifu-
gation. The cells were washed twice in PBS, re-suspended in
RPMI and then diluted to 2 x 10° cells ml~*. Two microlitres of
the cell suspension was added to each well on the Terasaki
typing plates. The wells contained defined antisera against the
different ELA specificities. After 20 min incubation at room
temperature, 2 ul rabbit complement was added to each well.
Incubation for 1h at room temperature followed. Visualization
of the reaction was performed by adding 5 pl eosin to each
well, followed by 5 pl formaldehyde for fixation. The reaction
was analysed using an inverted microscope. A positive reaction
led to killing of more than 50% of target cells. Stallions and
mares were classified into pairs sharing or not sharing at least
one ELA. The number of shared ELA varied from one to four
within MHC-similar pairings.

During the entire experiment, blood samples (EDTA) were
collected from the stallions once per week for testosterone analy-
sis. This was done every Wednesday between 10 and 10.30 via
jugular venipuncture. The samples were immediately centri-
fuged (4000g for 10 min) and the plasma frozen (—80°C for less
than three months) until analysis. Testosterone was determined
via electrochemiluminescence immunoassay (Elecsys 2010,
Roche Diagnostics, Basel, Switzerland) as described and vali-
dated by Janett et al. [39] (inter- and intra-assay coefficients of
variation were 2.2% and 1.4%, respectively).

(c) Semen characteristics

We concentrated on two semen characteristics: sperm number
per ejaculate and sperm velocity. If there is plasticity in these
characteristics, sperm number per ejaculate may be quickly
adjusted while plasticity in sperm velocity (i.e. changes in
sperm morphology and/or ATP content [31,35,40]), is likely to
require more time to be implemented. In horses, spermiogenesis
takes 57 days [41]. In order not to miss any potential treatment
effects, we only collected ejaculates during the week that fol-
lowed each eight-week block of exposure to mares (figure 1).
Semen was collected three times (Monday, Wednesday and
Friday) to record total sperm number per ejaculate and average
sperm velocity. Semen collection was done in a separate room
using an artificial vagina (Avenches model, Switzerland) and a
phantom, with always the same ovariectomized teaser mare
standing in a box in front of the phantom (i.e. following a stan-
dard procedure that all stallions had frequently experienced
before). This teaser mare had not been included in the other treat-
ments. Her MHC type was also determined in order to test for
possible effects on ejaculate characteristics. Extra-gonadal
sperm reserves [42,43] were minimized in daily semen collections
(Monday—-Friday) the week before each (i.e. during the eighth
week of each experimental period).

Immediately after semen collection, total sperm number was
calculated from ejaculate volume and sperm concentration as
determined in a nucleocounter (SP-100, ChemoMetec, Allerad,
Denmark). Sperm velocity was assessed in 10 pl raw semen
diluted in 20 ul INRA 96™ (IMV, L’Aigle, France) and with a
computer-assisted sperm analyser (HTM-IVOS, v. 12, Beverly,
MA, USA) using a 20 um standard count analysis chamber
(Art. Nr. SC 20-01-C, Leja, Nieuw-Vennep, The Netherlands).
Sperm velocity (wm s~ ') was determined as straight-line velocity
(VSL, ie. the mean distance between the sperm heads’ first
detected positions to their last), as curvilinear velocity (VCL,
i.e. the curvilinear path the sperm heads took) and as average-
path velocity (VAP, ie. the smoothed paths the sperm heads
took during an observational period).
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T while exposed to MHC-similar mares

Figure 2. (orrelation between average peripheral plasma testosterone (T)
levels (in nmol 1”") while exposed to MHC-similar and to MHC-dissimilar
mares (Kendall's 7= 0.67, p = 0.003). Stallions were either first exposed
to an MHC-dissimilar mare and then to MHC-similar ones (open circle) or
vice versa (filled circle). The line gives the regression over all treatment groups.

(d) Statistics and ethical note

Treatment effects on testosterone blood levels were tested as
repeated measures in a MANOVA (Huynh-Feldt corrected),
with the order of presenting MHC-dissimilar or -similar mares
included as fixed factors to account for potential order effects.
General linear models (GLMs) were used to test whether
semen characteristics could be predicted by the order of present-
ing MHC-dissimilar or -similar mares and the sharing of MHC
antigens with the teaser mare during semen collection. The inter-
action between these two main effects was never significant and
therefore excluded from the final models (i.e. the final models
were based on type II sums of squares). Mean testosterone
blood levels had to be added to the latter GLM because Burger
et al. [37] found it to be correlated to mean sperm number, i.e.
its effect on semen characteristics had to be controlled for in
order to study possible MHC effects. Correlations were analysed
with Kendall’s rank correlation coefficient 7 .

The animals had ad libitum access to water and were fed
three times per day with hay, oats, barley, corn and pellets sup-
plemented with minerals. The stallions were regularly and
individually exercised, and had daily access for about 1h to a
paddock without any direct contact to other stallions or mares.
Mares were turned out daily in groups for 3 h in paddocks with-
out any stallion contact. All horses had been dewormed before
the experiments and absence of intestinal parasites could be con-
firmed using the McMaster method with a detection limit of 50
EpG [44] on faeces samples.

3. Results

Average peripheral plasma testosterone levels were signifi-
cantly correlated across treatments (i.e. some stallions had
consistently higher testosterone levels than others; figure 2).
Nevertheless, the experimental treatment affected average
peripheral plasma testosterone levels. In 10 of 12 stallions,
average testosterone levels were lower when exposed to
an MHC-similar mare than to an MHC-dissimilar mare
(Wilcoxon signed-rank test: p = 0.016; figure 3 and table 1).
Peripheral testosterone levels were on average 19.2% lower
(95% CI = 4.2-34.2) when stallions were exposed to MHC-
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dissimilar and then to MHC-similar mares, and (b) the six stallions that were first exposed to MHC-similar and then to MHC-dissimilar mares.

Table 1. MANOVA on mean plasma testosterone levels in stallions exposed
to an MHC-similar and an MHC-dissimilar mare.

F df. p
MHC sharing (within subjects) 5.46 1,10 0.04
order of presentation (between <0.1 1,10 0.98
subjects)
MHC sharing x order of 0.36 1,10 0.56
presentation

similar mares as compared exposure with MHC dissimilar
ones (figure 3). The order of presenting MHC-similar and
MHC-dissimilar mares showed no significant effect on
mean testosterone levels (table 1).

Mean sperm number after eight weeks of exposure to
mares was affected by the order of presenting the MHC-
dissimilar and the MHC-similar mare: stallions that had first
been exposed to MHC-similar and then to MHC-dissimilar
mares showed higher sperm numbers at the end of the
study than stallions that had last been exposed to MHC-
similar mares (figure 4 and table 2). The three velocity
measures were all correlated (comparing means: VSL versus
VCL: 7+ =0.58; VSL versus VAP: + = 0.52; VCL versus VAP:
T = 0.45; p always <0.05). None of these velocity measures
seem to be affected by the order of presentation (electronic
supplementary material, table S1) and was neither correlated
with mean sperm number (0.00 < 7< 0.30, p always >0.05)
nor with mean testosterone levels in either of two treatment
groups (—0.03 < 7< 0.42, p always >0.05). Sharing MHC anti-
gens with the teaser mare during semen collection did not lead
to any significant effects on sperm numbers or sperm velocity
(table 2; electronic supplementary material, table S1).

4. Discussion

Male and female reproductive strategies of mammals are gen-
erally expected to differ because of the differences in potential
reproductive rates [45,46]. Females are therefore predicted to

10 —

average sperm number (x109)
o
I

similar—dissimilar
order of presentation

dissimilar—similar

Figure 4. Average sperm number per ejaculate (means of six stallions each
+95% (I) in relation to the order of exposure to MHC-similar and MHC-
dissimilar mares. See table 2 for statistics.

be, on average, choosier than males. This might explain why
previous research on MHC-linked mate preferences has
focused on females [14]. Here, we concentrated on males
and tested whether MHC sharing also affects male reproduc-
tive strategies. We used three possible indicators of such
strategies, namely testosterone blood levels, average sperm
numbers per ejaculate and average sperm velocity. We found
male testosterone levels to be dependent on the sharing of
MHC antigens between mares and stallions. Exposure to
MHC-dissimilar mares provoked higher testosterone levels
than exposure to MHC-similar mares. We found no significant
MHC effects on sperm velocity, but average sperm numbers
per ejaculate were correlated to both average testosterone
blood levels (as shown in [37]) and the order of presenting
MHC-dissimilar and -similar mares. Stallions first exposed to
MHC-similar and then to MHC-dissimilar mares ejaculated
higher numbers of sperm than stallions last exposed to
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Table 2. GLM on mean sperm number per ejaculate after eight weeks of
exposure to mares, in response to mean plasma testosterone levels during
these eight weeks, the order presentation of the MHC-similar and the
MHC-dissimilar mare, and whether the teaser mare was MHC-similar or
-dissimilar to the stallion (full model: F35 = 6.17, p = 0.018).

intercept —2929.3 (2882.1)  —1.02 0.34

order of presentation —1801.2 (781.4) —231 0.05
(MHC sharing)

mean testosterone level 2592.6 (807.9) 3.21 0.01

MHC of teaser mare —994.2 (904.3) —1.10 0.30

MHC-similar mares. We conclude from our observations that
(i) horses can reveal their MHC type (i.e. communication
between horses can be based on MHC-linked signals, most
likely to be MHC-linked odours), and horses can be added
to the increasing list of species that show some form of
MHC-based social signalling [14]; (ii) as in other species, the
receiver’s own MHC influences the interpretation of MHC-
linked signals in horses, either because receivers have learned
MHC-linked signals during ontogeny as in mice [47,48], or
because the MHC or closely linked genes such as olfactory
receptor genes [49] directly influence odour perception; and
(iii) stallions adjust their reproductive strategy either in
response to the MHC types of the mares they are exposed to
or in response to the behaviour mares display when exposed
to an MHC-dissimilar stallion.

We concentrated on blood testosterone levels in reaction
to the treatment because numerous studies have found
links between this hormone and the behaviour males show
towards females [26]. From these previous studies, it could
be predicted that if MHC sharing plays a role, male testoster-
one levels should be high when stallions are paired with
MHC-dissimilar mares (because stallions are then expected
to invest in attractiveness and mate guarding) and low
when paired with an MHC-similar mare [36]. This turned
out to be the case. However, the fact that we isolated pairs
of stallions and mares over longer periods could have
played an important role here, because male testosterone
levels are expected to be influenced also by the presence or
absence of other stallions [50]. Indeed, when stallions were
kept in groups and repeatedly exposed to oestrous and dioes-
trous mares (in another study that was designed to test for
MHC-linked female preferences; D. Burger 2015, unpub-
lished data), average male testosterone levels were found to
be elevated with increasing number of MHC-similar mares
the stallions had been exposed to. This suggests that mares
are, on average, perceived differently by stallions when
alone or when housed with other stallions. One possibility
is that, in the group situation, MHC-linked signals were
mostly used as an indicator of the average level of relatedness
between the stallions and the mares. The high testosterone
levels could then reflect the stallions” willingness to protect
and support kin. Kin recognition is indeed essential for var-
ious forms of cooperative behaviours and requires that an
individual is able to discriminate between related and unre-
lated conspecifics, and ideally even to recognize varying
degrees of genetic relatedness [51]. Several possible mechan-
isms for kin recognition have been identified [52], including

MHC-linked signals [14]. It is therefore possible that individ-
uals with similar MHC types are perceived as related even if,
as in our studies, they are not related and not even familiar to
each other. Whatever the causalities, the observation that stal-
lions reacted very differently to the MHC of mares when kept
in a group of other stallions (D. Burger 2015, unpublished
data) or alone (this study) supports previous findings in
other species that reactions to MHC-linked signals can be
very context-specific [14,36].

Despite the observed MHC effects on testosterone levels,
stallions still showed much consistency in overall testosterone
blood levels across exposure to the different types of mares
(this study) and across exposure to mares or stallions over
longer periods [37] (i.e. there are important between-subject
differences in testosterone levels that remain unexplained).
By taking weekly blood samples, we concentrated on average
testosterone levels over longer periods of time. It would also
be interesting to study short-term changes in testosterone
levels (e.g. during the first minutes or hours after the intro-
duction of a female [22-24]) and to test whether such
short-term changes can influence semen characteristics.

Sperm competition theory predicts differences in semen
characteristics to be plastically adjusted to how males per-
ceive female quality (i.e. to reflect male mate preferences)
[28,29]. This may be especially the case in polygynous species
such as the horse [53]. Indeed, we found sperm number per
ejaculate (but not sperm velocity) to be dependent either on
the order of presenting MHC-similar and -dissimilar mares
or on the MHC sharing to the last mares the stallions were
exposed to. Kelly & Jennions [29] argued that of all semen
characteristics, sperm number is the trait that is most likely
to show phenotypic plasticity because rapid changes may
be comparatively easily achieved. Moreover, sperm number
in horses is positively correlated with blood testosterone
levels in males when exposed to females [37], and testoster-
one levels can be expected to react quickly to social stimuli.
Plasticity in sperm velocity is likely to require more time to
be implemented than plasticity in sperm number because
changes in velocity may involve changes in sperm mor-
phology and ATP content that would have to be realized at
one stage during the 57 days of spermiogenesis [31,35,40]
while relative expenditure of available sperm could poten-
tially be determined during ejaculation only. The fact that
we found significant treatment effects on sperm number
but not on sperm velocity therefore suggests that MHC shar-
ing with the last mares the stallions were exposed to was
responsible for the effects we observed. We cannot exclude
that longer exposure to the same type of mare would affect
sperm velocity. Burger et al. [37] compared longer periods
of exposure to stallions or to mares (eight weeks each) and
found one of three sperm velocity measures (VCL) to be elev-
ated when stallions were exposed to other stallions. However,
very short exposures to a novel ovariectomized mare did not
seem to influence strategic ejaculation: the MHC of the teaser
mare during semen collection did not produce significant
effects on any semen characteristics.

Our study was based on 12 stallions only (i.e. on a com-
paratively small sample size as compared with other studies
on MHC effects). We compensated for this fact by using
powerful within-subject comparisons, averaging repeated
measures over a period of in total 18 weeks under very stan-
dardized conditions and concentrating a priori on only three
dependent variables level,

(testosterone blood sperm

L0V0SLOT 28T § 205 Y 20id  biorbuiysiigndfranosiesorqdsi H



number and sperm velocity). Even if sperm velocity was
determined in three ways, these three measures were highly
correlated and showed no treatment effect, while testosterone
blood level and sperm number did. It seems unlikely that
there are many similar experiments on large mammals that
remained unpublished because of no significant treatment
effects. We therefore argue that despite the low sample size,
our study is not specifically prone to type I error.

In conclusion, male testosterone levels and sperm number
per ejaculate changed in reaction to the sharing of male and
female MHC types. Stallions appeared to invest more in
attractiveness and ejaculate quality when exposed to an
MHC-dissimilar mare than when exposed to an MHC-similar
mare. These changes are likely to reveal male preferences
that have evolved to reduce inbreeding (MHC-linked cues
being used as marker of kinship), or to increase MHC

heterozygosity [36] and hence improve resistance, especially
to co-infections [54].
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