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Sexual selection for genetic compatibility: the role of the
major histocompatibility complex on cryptic female choice
in Chinook salmon (Oncorhynchus tshawytscha)

C Gef3nerl, S Nakagawa2’3, M Zavodna! and NJ Gemmell!

Cryptic female choice (CFC), a form of sexual selection during or post mating, describes processes of differential sperm
utilization by females to bias fertilization outcomes towards certain males. In Chinook salmon (Oncorhynchus tshawytscha) the
ovarian fluid surrounding the ova of a given female differently enhances the sperm velocity of males. Sperm velocity is a key
ejaculate trait that determines fertilization success in externally fertilizing fishes, thus the differential effect on sperm velocity
might bias male fertilization outcomes and represent a mechanism of CFC. Once sperm reach the oocyte, CFC could potentially
be further facilitated by sperm-egg interactions, which are well understood in externally fertilizing marine invertebrates. Here,
we explored the potential genetic basis of both possible mechanisms of CFC by examining whether the genotypic combinations
of mates (amino-acid divergence, number of shared alleles) at the major histocompatibility complex (MHC) class | and Il explain

the variation in sperm velocity and/or male fertilization success that is not explained by sperm velocity, which might indicate
MHC-based sperm—egg interactions. We recorded sperm velocity in ovarian fluid, employed paired-male fertilization trials and
evaluated the fertilization success of each male using microsatellite-based paternity assignment. We showed that relative sperm
velocity was positively correlated with fertilization success, confirming that the differential effect on sperm velocity may be a
mechanism of CFC in Chinook salmon. The variation in sperm velocity was independent of MHC class | and Il. However,

the MHC class Il divergence of mates explained fertilization success, indicating that this locus might influence sperm-egg

interactions.
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INTRODUCTION

In many species, ejaculates from several males are present during the
time of fertilization, which creates the opportunity for sexual selection
to continue post mating. There are two forms of sexual selection post
mating: sperm competition and cryptic female choice (CFC).
Although the former entails the competition among sperm to achieve
fertilization of the ova (Parker, 1970), CFC comprises processes that
bias fertilization success towards sperm from certain males in order to
increase female reproductive success (Thornhill and Alcock, 1983;
Eberhard, 1996; Birkhead, 1998).

There is evidence for two mechanisms of CFC in externally
fertilizing species: one facilitated by sperm—ovarian fluid interactions,
the other by interactions between the sperm and egg. Prior work in
several fish species has shown that ovarian fluid, a viscous substance
surrounding the spawned ova, enhances sperm longevity, per cent
motility, path linearity and sperm velocity compared to water (for
example, Litvak and Trippel, 1998; Turner and Montgomerie, 2002;
Rosengrave et al, 2008; Galvano et al, 2013). The degree of
stimulation of sperm velocity by the ovarian fluid is greatly explained
by male—female interactions, which is indicative of the presence of
CFC acting to promote gamete fusions of particular female-male
combinations (Urbach et al., 2005; Rosengrave et al, 2008). Because

sperm velocity is positively linked with fertilization success in fish
(Gage et al., 2004; Boschetto et al., 2011; Evans et al., 2013; Rosengrave
et al., 2016), it is possible that the differential stimulation of sperm
velocity by ovarian fluid represents a mechanism of CFC (Rosengrave
et al., 2008). Evidence for a second mechanism of CFC in external
fertilizers via gamete interactions derives from studies of marine
invertebrates, including tunicates (Scofield et al., 1982), sea urchins
(Palumbi, 1999), abalone (Swanson et al, 2001), where proteins on
the gamete surfaces facilitate non-random sperm—egg fusions. Similar
gamete interactions likely exist in fish (Yeates et al, 2009), where
sperm might interact with the inner canal walls of the micropyle
(Hart, 1990).

To date, it is not fully known what individual specific component(s)
may have the ability to govern the apparent sperm—ovarian fluid
interactions and non-random gamete fusions in external fertilizers.
However, genetic compatibility of mates appears to play a role in post-
mating processes. In the guppy, sperm velocity in the ovarian fluid and
fertilization success were higher for males unrelated to the female than
for related (full-sib) males (Gasparini and Pilastro, 2011). Fertilization
experiments in Arctic charr (Liljedal et al, 2008) revealed a higher
fertilization success for males genetically less similar to the female,
while in the Peron’s tree frog (Sherman et al, 2008) fertilization
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success was biased towards males genetically more similar to the
female. In contrast, in Lake Trout, sperm velocity was lower for males
unrelated to the female than for related (full-sib) males (Butts et al.,
2012). Possibly, selection might have promoted alleles enabling an
avoidance of genetically incompatible matings (Tregenza and Wedell,
2000). A major target in that respect are the genes of the major
histocompatibility complex (MHC).

The MHC is a highly polymorphic, multi-gene family found in all
jawed vertebrates and it is mediating an immune response (Kelley
et al.,, 2005, for a review). The MHC consists of three subfamilies
(classes) of which class I and IT play important roles in the antigen
presenting process (Kelley ef al., 2005). The genes of these two classes
code for glycoproteins that bind antigens and present these on the cell
surface to be recognized by T-cells, which subsequently initiate an
immune response cascade (Janeway et al, 2001; Bernatchez and
Landry, 2003).

Studies of female choice prior to mating suggest that the MHC has
also a function in sexual selection (for examples, see Potts et al., 1991;
Wedekind et al., 1995). MHC-based sexual selection has two possible
benefits. First, the MHC appears to have a role in kin recognition
(Potts et al., 1991; Manning et al., 1992; Olsen et al., 1998) and thus,
MHC-based sexual selection is thought to avoid inbreeding (Grob
et al, 1997). Second, females may improve the immunological
competence of their offspring by choosing mates with a MHC
genotype compatible to their own (for example, Yamazaki et al,
1976; Eklund, 1997).

The MHC might also play a role in sexual selection post mating.
There is some evidence for the expression of MHC class I and/or class
IT genes in male gametes of mice and humans (Fernandez et al., 1999,
for a review) and Wedekind et al. (1996) proposed that oocytes might
possess receptors to recognize a sperm’s MHC genotype. Potentially,
MHC-dependent CFC could also arise after the sperm has entered the
egg and before the pronucleus fusion (Yeates et al., 2009). MHC-based
CFC was uncovered in the red jungle fowl (Levlie et al, 2013) and
in vitro fertilization experiments in MHC-congenic mice revealed an
MHC-dependent gamete fusion (Wedekind et al., 1996; Riilicke et al.,
1998).

Among external fertilizers, pacific salmon, such as the Chinook
salmon (Oncorhynchus tshawytscha), are ideal organisms to study CFC
for genetic benefits like MHC compatibility. Pacific salmon exhibit a
non-resource based mating system, that is, females do not receive
direct benefits (Foote, 1989). Species lacking forms of direct contribu-
tion to reproductive success especially are thought to sexually select
mates for indirect (genetic) benefits (Searcy, 1982).

In in vitro fertilization experiments in externally fertilizing fish
MHC-dependent (Yeates et al., 2009) and MHC-independent fertili-
zation outcomes (Wedekind et al., 2004; Skarstein et al., 2005) were
observed. These inconsistent results might have been due to different
experimental designs used in these studies. Specifically, Yeates et al.
(2009) used paired-male fertilization trials, which more accurately
reflect natural spawning conditions in salmonids (Fleming, 1998),
while other studies used single-male (no choice) fertilization trials
(Wedekind et al., 2004; Skarstein et al., 2005). Furthermore, each of
these studies examined the impact of only one MHC locus on
fertilization outcome. To our knowledge, there is no study that
explored the impact of the MHC on sperm velocity in ovarian fluid
and on fertilization success and thus, it is yet impossible to draw
conclusions on the mechanism by which the MHC might bias
fertilization outcomes.

In this study, we first explored whether the differential sperm
velocity of males in the ovarian fluid of a focal female predicts
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fertilization success in Chinook salmon and thus, may represent a
mechanism of CFC. We then examined whether the sperm velocity in
ovarian fluid is explained by the divergence of mates at MHC class I
and II. Finally, to explore whether the MHC might play a role in
gamete interactions, we tested whether the variation in fertilization
success that could not be explained by the different sperm velocity of
males, was explained by the MHC divergence of mates. For this, we
have performed a series of paired-male fertilization trials. We tested
the hypotheses that sperm velocity and fertilization success are biased
towards males with whom the focal female would produce i)
heterozygous offspring, which we assessed by the number of shared
MHC alleles between mates and/or ii) offspring with the highest allelic
divergence at MHC loci in order to improve the immunological
competence of her offspring.

Based on cryptic preference for males more similar to the female at
the MHC class I in Atlantic salmon (Yeates et al., 2009), we might find
similar correlations in Chinook salmon. Neff et al. (2008) detected that
females produced more offspring with MHC class II dissimilar males
in Chinook salmon but since individuals were allowed to spawn
without interference, it was impossible to disentangle female choice
prior to and post mating. However, it allows to hypothesize that CFC
might be biased towards MHC class II dissimilar males

MATERIALS AND METHODS

Fish sampling

Chinook salmon were caught over their annual spawning run (April-May 2010
and 2011) in a trap located on the Kaiapoi River, a tributary of the Waimakariri
River system, Canterbury, New Zealand (Unwin et al, 2000). We collected
sexually mature 3-year-old females and 2-year-old 'hooknose' males, that were
then individually tagged and maintained in a river water hatchery raceway using
standard husbandry procedures at Salmon Smolt NZ, Canterbury, New Zealand
(Rosengrave et al., 2008; Evans et al, 2013). A small fin clip was taken from
each fish and stored in 95% ethanol for DNA extraction. All animals were
collected and maintained using protocols approved by the Animal Ethics
Committee for the University of Otago, New Zealand.

Experimental overview

To investigate whether the MHC genotypes of mates impact CFC, we
performed paired-male fertilization trials, in which milt from two males was
simultaneously added to a focal female’s batch of eggs. In order to test whether
a difference in the males’ fertilization success can be attributed to a difference in
sperm swimming speed, we recorded the sperm velocity of each male in the
ovarian fluid of the female. All experiments were performed within four to six
hours of gamete collection. The experiments were performed with a total of 37
fish; that is with 10 females (4 in season 2010, 6 in 2011) and 27 males (12 in
2010, 15 in 2011). Our experimental design was partially crossed, that is, some
males were used in more than 1 female (10 males were used in only 1 female, 6
in 2,9 in 3 and 2 in 4 females). However, each trial represents a unique
combination of individuals. This partially crossed design, although strongly
driven by the availability of fish, represents a compromise approach to two
goals: to best distinguish the effect of the MHC from the effect of the genomic
background on CFC, it is best to use males in only one female. However, to
best distinguish the female effects, male effect and the female—male interaction
on CEC, it is best to employ a fully-crossed design, that is, to re-use all males
across all females. Hence, our partially crossed design, represents a middle
course to examine the complex coherences of CFC.

Assessment of sperm velocity in ovarian fluid. Milt was collected by careful
stripping of randomly chosen males. To prevent activation of the sperm by
contact with water or urine prior to any experiments, males were dried around
the cloaca. We measured the sperm velocity of six randomly collected males in
the ovarian fluid from the focal female using a CEROS sperm tracker (v. 12,
Hamilton Thorne Research, Beverly, MA, USA). Sperm velocity was deter-
mined as previously described (for example, Rosengrave et al., 2008; Evans
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et al., 2013) with minor modifications. In brief, milt was pipetted onto a 20 pl
Leja slide (Leja Products BV, Nieuw-Vennep, The Netherlands) containing
ovarian fluid of the focal female. We used the Average Path Velocity (VAP in
pm/s), which estimates the average velocity of a sperm cell over 0.5s over a
smoothed cell path and was used to assess sperm velocity in related studies (for
example, Rosengrave et al., 2008; Evans et al., 2013). Across all males, sperm
recordings were taken at 10s post activation of the spermatozoa in ovarian
fluid, which is as soon as technically possible, as measurements later post
activation might be confounded by varying sperm longevity across males.
Sperm velocity of each male in a given female’s ovarian fluid was measured
twice. Ovarian fluid is very viscous and fertilization takes place within a very
limited time window, thus it is possible that the concentration of ovarian fluid
is close to 100% near the egg surface, reducing with distance from the egg mass.
There is likely no one concentration that best resembles natural spawning
conditions, but we expect that sperm swim up a gradient of ovarian fluid when
moving towards the egg. We examined sperm velocity in two different
concentrations of ovarian fluid, that is in 50% and 100% in the years 2010
and 2011, respectively. We controlled for the difference in ovarian fluid
concentrations and year in our analysis (see statistical analysis of sperm
velocity).

Paired-male fertilization trials. In every female, we used 9 batches of eggs by
sampling nine times 50 ml of the ova, which corresponds to ~100 eggs and
25 ml of ovarian fluid per batch. Each batch was fertilized with the sperm of
two males, that is, we performed nine different fertilization trials per female
using nine combinations of two males. For all ten females, this resulted in a
total of 90 trials. To avoid the effects of CFC being potentially masked by sperm
competition, we precautionary controlled for sperm number, a factor known to
have a key role in sperm competition in the bluegill sunfish (Neff et al, 2003;
Stoltz and Neff, 2006), but possibly not crucial in salmonids (Gage et al., 2004),
by determining sperm densities using an improved Neubauer haemocytometer.
We then added respective volumes of milt containing 1 x 10® of spermatozoa
from each male (2.1-9.8 ul) to the given egg batch. Fertilizations were
performed in a plastic beaker containing the focal female's egg batch. Sperm
of each male was pipetted simultaneously but separately to the eggs in a stream
of 250 ml river water to simulate natural spawning (corresponding to an
ovarian fluid:water mixture of 1:10). The sperm—egg mixtures were left
untouched for five minutes in a dark environment to ensure that the
fertilization process took place undisturbed. Then the mixtures were transferred
into a vertical incubation stack, in which fertilized egg batches were reared
separately under conditions imitating the natural conditions: constant
flowing river water at 12-12.5°C and no exposure to sunlight (Billard and
Jensen, 1996).

Single-male control trials. To ensure that no infertile male or sperm that may
have been activated via contact with water during milt sampling confounds our
results, we performed single-male control trials of each male and the female he
was used in for our paired-male trials. We used a lower amount of sperm
(1X 10 sperm) to prevent fertilization rates being forced to 100% in spite of a
potentially low proportion of viable spermatozoa. We found that all males had
generally fertile sperm (fertilization rates 57% +4 (s.e.) of ~100 eggs) except
for two males (fertilization rates of 1.5%) that have been excluded from further
analysis. We therefore analyzed 84 of the initial 90 paired-male trials.

Microsatellite-based paternity assignment

DNA was extracted from whole embryos and from the dorsal fin clips of
each parental fish using a standard Chelex-protocol (Walsh et al, 1991).
A microsatellite-based paternity test was then performed on 48 randomly
chosen offspring from each paired-male fertilization trial. Offspring were
sampled when they reached the eyed stage of embryonic development;
approximately five weeks post fertilization. For all 84 fertilization trials, a total
of 4032 offspring were genotyped and assigned to a sire. The offspring and
parental individuals were genotyped at nine microsatellite markers (Ocl-1
(Condrey and Bentzen, 1998), Omy-325, Ssa-85 ( Heath et al., 2002), Ots-101,
Ots-104, Ots-107, Ots-2, Ots-3 (Beacham et al., 2009), Ssal97 (Banks et al.,
1999)) and data were used to assign the offspring to either of the two
competing males. The parentage assignment was performed using the max-
imum likelihood approach in the program CERVUS 3.0 ((Kalinowski et al,
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2007), http://www.fieldgenetics.com) with a 95% confidence interval and an
error rate 0.003.

MHC genotyping of parental individuals

MHC amplification. ~ All 37 parental individuals were genotyped at the MHC
class T Al and class II Bl loci, which code for the al- and f1-domain at each
receptor, respectively. These domains contribute one of the two components
constituting the peptide-binding region (PBR) and thus, functional changes
would be expected in these regions. Locus-specific primers for MHC class I Al
and class II B1 and amplification conditions are described in Grimholt et al.
(1993) and Hordvik et al. (1993), respectively. Briefly, MHC loci were amplified
separately by PCR of genomic DNA in 30 pl reaction volume consisting of 20
ng DNA, 1 mm PCR buffer, 1.5 mm MgCl,, 0.2 nmol dNTPs, 0.3 um of each
primer, 4 mM Tetramethyl ammonium chloride and 0.2 units of Tag-
Polymerase. PCR cycling conditions according to Miller and Withler (1997)
were modified to 35 cycles: 30 s at 94 °C denaturation followed by 1 min at
50 °C for annealing and 1 min at 70 °C for elongation.

MHC sequencing. PCR products were verified on 1% agarose gels stained by
SYBR Safe and then purified using AcroPrep Filter plates (Pall Corporation,
New York, NY, USA). Purified PCR products were sequenced on an ABI 3730x]
DNA Analyser (Applied Biosystems, Foster City, CA, USA) at the Genetic
Analysis Services (University of Otago, New Zealand). For a subset of 10
individuals, three replicates from independent PCRs were sequenced to verify
the repeatability of the sequencing results. In addition, purified PCR products
for both MHC class I and 1II loci of seven individuals were cloned and Sanger
sequenced at the Central Analytical Facility (Stellenbosch University, South
Africa) and Macrogen, Inc. (Seoul, South Korea) to verify that a maximum of
two alleles per individual are amplified, which indicates locus-specificity of the
primer. Ten clones per amplicon were sequenced in both forward and reverse
directions.

All sequences were analyzed with the software Sequencher 4.8 (Gene Code
Corporation, Ann Arbor, MI, USA) and checked by an alignment to Chinook
salmon MHC sequences available on GenBank using the BLAST alignment
program (Altschul et al., 1997).

MHC  haplotype reconstruction. The MHC haplotypes were reconstructed
using the program PHASE 2.1 (Stephens et al., 2001; Stephens and Donnelly,
2003). SeqPhase (Flot, 2010) was used to prepare the input files and convert the
PHASE output files into fasta formats. To increase the precision of phasing, we
used haplotype information from unambiguous homozygous and cloned
individuals.

MHC divergence of mates

MHC amino-acid divergence at the whole exon and at the PBR.  The amino-acid
divergence between mates at each MHC locus was estimated using a
substitution model. Substitution models calculate the evolutionary distance
between two sequences of interest. The divergence (D) between a mated female
(for example, alleles a and b) and male (for example, alleles ¢ and d) was
estimated in a pairwise allelic manner, resulting in four values per mating pair
(Dac, Dad, Dbc, Dbd). For each MHC locus, the amino-acid divergence of the
whole exon was calculated using a suitable substitution model that was selected
based on the Akaike Information Criterion (AIC) in ProtTest (Abascal et al.,
2005). We used the Jones-Taylor-Thornton (JTT) +I+G substitution model
(Jones et al., 1992) at MHC class I and the JTT at MHC class II, which were
computed in protdist of the PHYLIP 3.67 package (Felsenstein, 1989, 1993) and
in MEGA 5 (Tamura et al., 2011), respectively. The JTT model estimates the
evolutionary distance of two sequences considering different probabilities of
change from one amino-acid to another (Jones et al, 1992). The JTT+I+G
models a proportion of invariant sites (+I) and gamma distributed substitution
rates across sites (+G).

Using the same models, we also calculated the amino-acid divergence of the
putative peptide binding region (PBR) only. The putative PBR at MHC class I
was previously determined in salmonid fish (Miller and Withler, 1998), while
the PBR at MHC class II was only determined in humans (Brown et al., 1993).
To locate the PBR in our Chinook salmon sequences (Supplementary
Figure S1), the consensus sequence of the MHC class I and II derived from



this study were aligned to the Chinook salmon MHC class I (GenBank
accession: U80284.1) and to the human MHC class II homolog HLA-DRBI
(GenBank accession: AAB81176.1), respectively, using in Clustal Omega
(Sievers et al., 2011).

Additionally, we calculated the MHC dissimilarity of mates by counting the
number of different amino acids in a pairwise allelic manner. Finally, the four
values of divergence at the whole exon and PBR were summed up as performed
in Landry et al. (2001) to obtain one value between two mated individuals
(D =Dac+Dad+Dbc+Dbd).

To distinguish MHC loci, the amino-acid divergence at the whole exon is
denoted as AAT and AAII and PBRI and PBRII refers to the PBR.

Number of MHC alleles shared between mates. For each locus, the number of
alleles shared between mates (Mxy) was calculated according to Blouin et al.
(1996), whereby two diploid individuals can share 0, 1 or 2 alleles at one locus.
To distinguish MHC loci, the number of shared alleles is denoted as Mxyl
and Mxyll.

Statistical analysis

Statistical analyses were carried out in the statistical computing environment R
v. 3.0.1. (R Core Team, 2013). The variation in sperm velocity and fertilization
success were analyzed using the MCMCglmm package (Hadfield, 2010), which
implements Markov Chain Monte Carlo (MCMC) routines to fit generalized
linear mixed models. We ran all MCMCglmm models with the settings of
1,300,000 iterations, a thinning interval of 1000 and 300000 burn-in. The
model fit was assessed using trace and posterior density plots. We ensured the
non-independence between samples in the chain (autocorrelation) was below
0.1, indicating a good mixing. For all models, the R? value was calculated
according to Nakagawa and Schielzeth (2013); note that when random slope
models were used, we report R? values from corresponding random-intercept
models. The individual fish, females and males, and the female—male interac-
tion were modeled as random effects. There was no significant within-seasonal
effect on sperm velocity (pMCMC =0.11-0.23 across models) and fertilization
success (pPMCMC = 0.28-0.63 across models), nor was there a seasonal effect
on fertilization success (pMCMC=0.19-0.6 across models) when the date of
experiment within a season and the year were modeled as fixed effects and thus,
we did not include these parameters in our final model to avoid over-
parameterization. We report the lower and upper bound of the 95% credible
interval (CI) as an indication of the uncertainty around our estimates of
regression coefficients and variance components. For all models, we used both
inverse gamma priors and parameter-expanded priors for random effects
(Hadfield, 2014). The results from the parameter-expanded prior were reported
because the results were qualitatively identical and quantitatively similar
between corresponding models using the two priors and also because the
gamma inverse prior can incorrectly influence random effect estimates,
especially when sample sizes are small to moderate.

Analysis of the impact of MHC divergence between mates on sperm velocity. In
order to analyze the variation in sperm velocity, the two recorded values of
sperm velocity per male measured in a focal female’s ovarian fluid were used as
the response variable (with a Gaussian error with the identity link). To control
for the season and the potential effect of sperm velocity measured in 50% and
100% ovarian fluid in field seasons 2010 and 2011, respectively, the seasons
were modeled as a fixed effect. This allowed us to (i) distinguish how much of
the variation in sperm velocity is attributed to the change in concentration and
how much is explained by other variance components (female—-male interaction
and so on) and (ii) to pool the data from both seasons for analysis. At each
MHC locus, each type of MHC divergence between focal female and male
(AAI, PBRI, Mxyl, AAII/PBRII and MxyIl) was analyzed in a separate model
and fitted as fixed effect.

Analysis of the impact of MHC divergence between mates on fertilization
The variation in male fertilization success was analyzed by modeling
the relative fertilization success of each male in a paired-male trial (n = 84), that
is, we used the number of eggs fertilized by a male as count data and the total
number of eggs fertilized by both males in a focal female was modeled as fixed
effect. We modeled a MCMCglmm with a Poisson error distribution with the
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logit link. The divergence between mates at each MHC locus (AAI, PBRI, MxyI,
AAII/PBRII and MxylII) were modeled as a fixed effect in separate models. The
relative sperm velocity of each male, that is, his velocity relative to his
competitor, was modeled as a fixed effect (binary predictor SF for ‘slow male’
or ‘fast male’ in a paired-male trial). ‘SF’ was also modeled as random slope for
each ‘male-male combination’ (Male—Male Pair) as some males were used in
more than one female and thus, they can be the ‘slower male’ or ‘faster male’ in
trials depending on their competitor's speed in the focal female. We
additionally modeled the z-transformed velocity data for each season as fixed
effect, which confirmed results found using SF. Furthermore, we analyzed the
effect of the difference in sperm velocity between paired males, and their
difference in MHC divergence to the female on their different fertilization
success. Finally, we determined the MHC genotypic dissimilarity of mates by
counting the number of amino acids in which the mates differ and analyzed its
effect on fertilization success.

RESULTS

MHC genotypes of parental fish

MHC genotyping of all 37 parental individuals revealed 20 nucleotide
sequence variants of which each translated into a different amino-acid
sequence at MHC class 1. Nine of these 20 alleles were newly
discovered in this study (GenBank accession numbers: KT156756—
KT156764) and 11 alleles have been previously described in other
Chinook salmon populations (Miller et al, 1997 (U80284.1,
U80278.1); Miller et al., 1999 (AF162869.1); Garrigan and Hedrick,
2001 (AF362113.1, AF362117.1-AF362119.1, AF362123.1 and
AF362125.1); Evans et al., 2009 (GU989264.1 and GU989272.1)). At
MHC class II, we identified three nucleotide sequences that resulted in
three amino-acid sequences; one has been previously identified (Miller
and Withler, 1996 (U34719.1)), the other two were newly identified in
this study (KT156765, KT156766). Average amino-acid divergence of
mates considering the whole exon at MHC class I (76 amino acids)
was AAI=642+25.6 (s.e.) and PBRI=1532+48 (s.e.) at the PBR
(putative PBR: 14 amino acids). At MHC class I, 125 mates shared no
allele, 43 shared 1 and no mates shared both MHC alleles. At the
MHC class IT (83 amino acids), the average amino-acid divergence is
AAII/PBRII=0.08 +0.002 (s.e.) (putative PBR: 20 amino acids) and
29 mates share no allele, 72 mates share 1 and 67 mates share both
alleles.

Sources of variation in sperm velocity in ovarian fluid

The mean sperm velocity was 6lum/s + 1.86 (s.e.) and 79um/s +2.29
(s.e.) when measured in spawning season in the years 2010 (50%
ovarian fuid) and 2011 (100% ovarian fluid), respectively. We
accounted for the difference between seasons (that is, year and ovarian
fluid concentrations) in our models and found it explained a
significant amount of the variation in sperm velocity (Table 1). The
variation not explained by season is explained by the following
parameters: across all models, female identity explained 8—11%, while
the male effect was stronger and explained 21-24% of the variation in
sperm velocity. The female-male interaction explained 42-45% of the
variance in sperm velocity and thus, was the major variance
component (Table 1).

We found that divergence among mates based on the amino acid
sequence of the whole exon at MHC class I and II (denoted AAT and
AAII) had no significant influence on the variation in sperm velocity
by ovarian fluid (PAAI=0.95 and PAAII/PBRII=0.66). Also the
divergence at the PBR for both MHC loci (denoted PBRI and PBRII)
did not predict sperm velocity (PPBRI=0.52). Note that AAIl and
PBRII are identical as all variable sites in our population contribute to
the putative PBR at MHC class II locus (Supplementary Figure SI).
Finally, the number of MHC alleles shared between mates at either
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Table 1 The influence of MHC genotypic combination of mates on male sperm velocity in ovarian fluid in Chinook salmon

Estimate Variance (%) Lower 95% CI Upper 95% CI pMCMC
Fixed effects
Intercept 59.58 41.08 74.73
AAIl 0 -0.016 0.014 0.952
Season 21.37 6.190 35.612 0.008
Random effects
Female (10) 47.05 8.03 <0.001 212.770
Male (27) 133.95 22.86 <0.001 269.263
Female-Male (57) 266.25 45.42 113.135 427.263
Residual 138.93 23.70 99.881 184.834
Summary statistics
Marginal R? 0.13
Conditional R? 0.80
Fixed effects
Intercept 56.13 37.867 72.534
AAII/PBRII 29.39 -101.089 150.775 0.662
Season 21.49 6.327 38.960 0.012
Random effects
Female (10) 52.99 9.08 <0.001 205.096
Male (27) 131.03 22.45 <0.001 278.514
Female-Male (57) 259.28 44.43 107.408 413.900
Residual 140.29 24.04 101.970 186.994
Summary statistics
Marginal R? 0.13
Conditional k2 0.80
Fixed effects
Intercept 62.67 40.074 81.172
PBRI 0.00 -0.012 0.006 0.52
Season 22.00 5.298 36.864 0.008
Random effects
Female (10) 66.89 11.48 <0.001 240.959
Male (27) 123.15 21.14 <0.001 263.199
Female-Male (57) 253.21 43.47 113.123 419.656
Residual 139.15 23.91 97.164 188.349
Summary statistics
Marginal R? 0.13
Conditional R? 0.79
Fixed effects
Intercept 58.68 46.396 72.988
Mxyl 2.26 -9.320 14.469 0.68
Season 21.08 5.536 35.962 0.014
Random effects
Female (10) 45.11 7.82 <0.001 215.784
Male (27) 129.94 22.53 <0.001 280.324
Female-Male (57) 264.46 45.86 95.492 432.000
Residual 137.18 23.79 98.802 183.879
Summary statistics
Marginal R? 0.13
Conditional R? 0.80
Fixed effects
Intercept 65.339 51.112 81.668
Mxy!ll -5.18 -11.660 1.641 0.136
Season 22.77 5.433 37.791 0.01
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in salmon

Estimate Variance (%) Lower 95% CI Upper 95% CI pMCMC

Random effects

Female (10) 57.04 9.95 <0.001 231.801

Male (27) 137.89 24.07 24.964 276.052

Female-Male (57) 241.61 42.28 95.605 393.166

Residual 136.30 23.79 97.052 181.299
Summary statistics

Marginal R? 0.13

Conditional R? 0.80

Abbreviations: Cl, confidence interval; MHC, major histocompatibility complex; PBR, peptide-binding region.
MCMCglmm analyses yielded significant pMCMC values (in bold) of fixed effects (season, MHC divergence). The amount of variation explained by fixed effects (marginal R2) and by the whole model
(conditional R?) are reported. The variance (%) explained by each random effect refers to the total variance by all random effects (female identity (n=10), male identity (n=27), female-male
interaction (n="58) and the residual variance. Following estimates of divergence between mates at MHC class | and Il were tested for an impact on sperm velocity in ovarian fluid: i) divergence at
the peptide sequence at the whole exon (denoted AAIl and AAll), ii) divergence at the putative sites involved in peptide binding only (PBRI and PBRII) and iii) number of MHC alleles shared

between mates (Mxyl and Mxyll). As all polymorphic sites at MHC class | are part of the PBR, divergence at the whole exon and the PBR are identical and thus, not listed separately.

Table 2 The impact of MHC genotypic combination of mates on fertilization success in Chinook salmon was analyzed using MCMCglmms

Estimate Variance (%) Lower 95% CI Upper 95% CI pMCMC

Fixed effects

Intercept 1.34 0.265 1.993

AAI <0.001 —0.001 <0.001 0.728

SF 0.445 0.977 0.794 <0.001
Random effects

Female (10) 0.004 0.87 <0.001 0.045

Male (27) 0.016 3.46 <0.001 0.045

Male-Male Pair (84) 0.439 95.02 0.269 0.689

SF (random slope) 1.036 0.642 1.463

Additive overdispersion 0.003 0.65 <0.001 0.007
Summary statistics

Marginal R? 0.12

Conditional R? 0.39
Fixed effects

Intercept 1.416 0.514 2.435

AAII/PBRII —2.063 —3.747 -0.017 0.03

SF 0.557 0.323 0.806 <0.001
Random effects

Female (10) 0.008 1.74 <0.001 0.029

Male (27) 0.021 4.58 <0.001 0.052

Male-Male Pair (84) 0.427 93.03 0.269 0.598

SF (random slope) 1.159 0.795 1.591

Additive overdispersion 0.003 0.65 <0.001 0.008
Summary statistics

Marginal R? 0.13

Conditional R? 0.43
Fixed effects

Intercept 1.218 0.152 2.275

PBRI <0.001 —0.001 <0.001 0.736

SF 0.535 0.290 <0.001 <0.001
Random effects

Female (10) 0.008 1.66 <0.001 0.032

Male (27) 0.015 3.11 <0.001 0.039

Male-Male Pair (84) 0.457 94.62 0.290 0.626

SF (random slope) 1.223 0.841 1.677

Additive overdispersion 0.003 0.62 <0.001 0.009
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Table 2 (Continued)

Estimate Variance (%) Lower 95% CI Upper 95% CI pMcmC

Summary statistics

Marginal R? 0.08

Conditional R? 0.42
Fixed effects

Intercept 1.227 0.243 2.239

Mxyl 0.052 -0.093 0.186 0.456

SF 0.538 0.276 0.783 <0.001
Random effects

Female (10) 0.008 1.68 <0.001 0.029

Male (27) 0.015 3.16 <0.001 0.040

Male-Male Pair (84) 0.449 94.53 0.286 0.636

SF (random slope) 1.211 0.805 1.661

Additive overdispersion 0.003 0.63 <0.001 0.008
Summary statistics

Marginal R? 0.08

Conditional R? 0.39
Fixed effects

Intercept 1.141 0.199 2.151

Mxyll 0.134 0.037 0.256 0.008

SF 0.569 0.297 0.829 <0.001
Random effects

Female (10) 0.017 3.67 <0.001 0.064

Male (27) 0.021 4.54 <0.001 0.052

Male-Male Pair (84) 0.422 91.14 0.264 0.599

SF (random slope) 1.152 0.770 1.578

Additive overdispersion 0.003 0.65 <0.001 0.008
Summary statistics

Marginal R? 0.16

Conditional R? 0.50

Abbreviations: Cl, confidence interval; MHC, major histocompatibility complex; PBR, peptide-binding region.

Fertilization success was the proportion of a total of 48 genotyped offspring sired by each male in a paired-male fertilization trial. For fixed effects (relative sperm velocity of paired males (SF for
slower/faster male in a paired-male trial), MHC divergence), significant pMCMC values (in bold) and the amount of variation explained by fixed effects (marginal R?) and the whole model
(conditional R?) are reported. The variance (%) explained by each random effect (female identity (n=10), male identity (n=27), combination of males of which sperm was used in a focal female,
denoted Male-Male pair (n=284)) refers to the total variance by all random effects and the additive overdispersion. For different estimates of MHC similarities between mates analyzed see Table 1

legend.

locus (denoted Mxyl and Mxyll) had also no impact on sperm
velocity (PMxyl =0.68, PMxyll=0.14).

Analysis of the variation in fertilization success

The total number of eggs in each batch used for our paired-male trials
(n=284) was on average 115 (range 108-122 per batch). Of the 48
randomly sampled offspring per batch, on average 47 could be
successfully assigned to a sire. The fertilization success of a male
(n=27) in a paired-male trial is the proportion of the 48 offspring
sired by the given male and ranged from 0 to 100%. Our
MCMCglmm analysis revealed that a male's fertilization success
depended significantly on his sperm velocity relative to his competitor
(Psg= <0.001, Table 2), whereby the male with the higher sperm
velocity achieved the greater fertilization success (Figure 1). The effect
of relative sperm velocity on fertilization success was confirmed by
additional analyses when the z-transformed velocity data
(Supplementary Table S1) and the difference between males in sperm
velocity (Supplementary Table S2 and Supplementary Figure S2) were
modeled. Across models, we found that female and male identity
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explained only 0.87—4.6% of the variation in fertilization success
(Table 2).

The amino acid divergence between mates at the whole exon (AA)
or the PBR at MHC class I had no significant impact on male
fertilization success (PAAI=0.73, PPBRI =0.74, Table 2). Neither did
the number of shared alleles at MHC class I explain differences in
fertilization success among mates (PMxyl =0.46).

Amino-acid divergence of mates at MHC class II was negatively
correlated with fertilization success (PAAII/PBRII=0.03, Table 2,
Figure 2). AAII/PBRII and relative sperm velocity (SF) explained
together 13% of the variation in fertilization success. The number of
shared alleles between mates at MHC class II showed a significant
positive correlation with fertilization outcomes (PMxyII=0.008) and
explained together with the relative sperm velocity 16% of the
variation (Table 2, Figure 3). Thereby, mates sharing a greater number
of MHC class II alleles with the focal female had a higher fertilization
success. Our results for both MHC loci were confirmed when the
difference between males in their MHC divergence to the female was
analyzed (Supplementary Table S2, Supplementary Figure S2) and
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Figure 1 Boxplots of the relationship between relative sperm velocity and
male fertilization success in 84 paired-male fertilization trials in Chinook
salmon. Relative sperm velocity of the paired males in the focal female’s
ovarian  fluid  significantly explained male fertilization  success
(PMCMC= <0.001, see Table 2 for MCMCglmm results). Males with a
higher sperm velocity than their ‘competitor’ achieved a higher fertilization
success. Fertilization success (%) is the proportion of 48 genotyped
offspring sired by each male in a paired-male fertilization trial.
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Figure 2 Boxplots of the male fertilization success in paired-male
fertilization trials (n=84, 36 trials shown) when paired males have a
different amino-acid divergence to the female at MHC class Il (MHCII) in
Chinook salmon. Male fertilization success (%) is the proportion of 48
genotyped offspring sired by each male in a paired-male trial and is
significantly higher for males less divergent to the female (right boxplot) at
MHCII than the males they were paired with (left boxplot) (MCMCglmm
analysis; pMCMC=0.03). Paired males that did not differ in their MHCII
divergence to the female (48 trials) cannot be assigned to either boxplot and
thus, are not shown but were included in the MCMCglmm analysis.

when the MHC divergence between mates was assessed by counting
the amino acids that differ between mates (Supplementary Table S3).

DISCUSSION

Exploring the differential enhancement of sperm velocity by ovarian
fluid, we found an impact of female and male identity on sperm
velocity, which represents female and male quality and indicated that

MHC and cryptic female choice in salmon
C GeBner et al
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Figure 3 Boxplots showing that male fertilization success in paired-male
fertilization trials (n=84, 53 trials shown) is higher for the male sharing a
greater number of MHC class Il alleles (Mxyll) with the female in Chinook
salmon (MCMCglmm analysis; pMCMC =0.008). Male fertilization success
(%) is the proportion of 48 genotyped offspring sired by each male in a
paired-male trial. Paired males that did not differ in Mxyll (31 trials) cannot
be assigned to different boxplots and thus, are not shown but were included
in the MCMCglmm analysis.

there were some males in our data that have a higher sperm velocity
across females than others. These results are similar to previous studies
in Arctic charr (Urbach et al., 2005) and Chinook salmon (Rosengrave
et al., 2008).

Further, we found that the female—male interaction significantly
determined sperm velocity and represented the major variance
component, which is in line with previous findings in salmonid fish
(Urbach et al., 2005; Rosengrave et al., 2008). In other words, a male’s
sperm velocity can be relatively low in one female’s ovarian fluid and
relatively high in another female. This suggested the presence of some
form of mate compatibility, which allowed us to further explore
whether it was characterized by the MHC genotypic combination
of mates.

The MHC and sperm velocity in ovarian fluid

The MHC class I and IT genotypic combination of mates does not
appear to determine sperm velocity in ovarian fluid in Chinook
salmon. The MHC allelic divergence at the whole exon and at the PBR
as well as the number of shared alleles between mates did not explain a
significant amount of the variation in sperm velocity. Thus, the
observed mate compatibility, which explains roughly 44% of the
variation in sperm velocity (42-45% across models), appears to be
characterized by factors other than MHC, potentially by other peptides
identified in the ovarian fluid of Chinook salmon (Johnson et al.,
2014). MHC-dependent fertilization success was reported in mice
(Wedekind et al., 1996; Riilicke et al., 1998) and the red jungle fowl
(Lovlie et al., 2013), but the mechanisms by which such a non-random
gamete fusion occurs are yet unknown. In this study, we observed an
MHC class II-based fertilization success, but our data suggests that this
bias is achieved via mechanisms other than MHC-based sperm
velocity in ovarian fluid. In order to explore other mechanisms of
CFC we examined the sources of variation in fertilization success
among our Crosses.

Fertilization success of males was significantly explained by the
velocity of a male’s sperm relative to that of the male he was paired
with. Males with a higher sperm velocity in a focal female’s ovarian
fluid than the male they were paired with achieved a greater
fertilization success. This result is in accordance with a recent study
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in Chinook salmon (Rosengrave et al., 2016). Our data confirm the
suggestion that the impact of ovarian fluid on sperm velocity is indeed
a mechanism of CFC to effectively bias male fertilization outcome in
Chinook salmon (Rosengrave et al., 2008).

A previous study, however, found no sperm—ovarian fluid interac-
tion effect on fertilization success when sperm velocity was measured
in 10% ovarian fluid in Chinook salmon (Evans et al., 2013). Possibly,
male competitive effects outweighed interaction effects since these
might be less pronounced in 10% ovarian fluid than in 50% ovarian
fluid (Evans et al, 2013) that was used in our study.

Similar to related studies (Urbach et al., 2005; Rosengrave et al.,
2008) we have detected that sperm velocity can mainly be attributed to
sperm—ovarian fluid interaction effects and to a smaller degree to male
effects. Thus, in our experiment, female—male interaction -effects
appear to be the main driver of sperm velocity, which significantly
impacts fertilization success, indicating the presence of CFC. Never-
theless, it might be interesting to test the sperm—ovarian fluid
interaction effect at different concentrations of ovarian fluid, resem-
bling the gradient of ovarian fluid encountered by sperm in natural
spawnings.

The MHC and fertilization success

The amount of variation in fertilization success that was not explained by
sperm velocity, was not explained by any of our estimates of MHC class I
divergence of mates. Based on the high diversity at MHC class I in our
population, our data contained mates sharing no or one allele, but no
mates shared both alleles. This might limit the power to detect a bias in
CFC using the number of shared alleles approach. However, we found
also no MHC class I-based fertilization success analyzing the degree of
allelic divergence of mates, which is a more sensitive approach. Our
results are not concordant with an earlier observation in Atlantic salmon,
in which paired-male fertilization trials revealed a cryptic female
preference for sperm from males more similar at MHC class I (Yeates
et al, 2009). Possibly, the different observations across species could
represent the diversity of strategies depending on the species-specific
context. Wedekind et al. (2004) proposed that the MHC gene expression
in sperm could depend on the infection status of the male and thus,
might explain the controversial results of MHC expression in sperm
(Fernandez et al., 1999, for a review). Such a condition dependent MHC
expression in sperm could explain the presence or absence of MHC-
based CFC found by Yeates et al. (2009) and this study, respectively.
However, to date there is no evidence to support this explanation. If
future studies uncover MHC-dependent and -independent CFC among
populations within a species or within populations over time, such studies
could, combined with the assessment of the parasitic load of individuals
and MHC expression analyses, indicate the existence of a condition
dependent MHC-based CFC. As the MHC is important for adaptive
immunity, selection might have favored the flexibility in mate preferences
within and between species rather than a certain preference, in order to
ensure adaptive abilities.

In contrast to MHC class I, we found that MHC class II divergence
of mates was significantly correlated with fertilization success. These
different findings between MHC loci might result from their location
on different linkage groups in teleost fish (Bingulac-Popovic et al,
1997; Hansen et al., 1999), which enables differential selection acting
on these loci (Shum et al., 2001).

Since we can exclude that this MHC class II-based gamete fusion is
driven by sperm velocity, our data suggests that other mechanisms,
possibly sperm—egg interactions via proteins on the gamete surfaces as
found in marine invertebrates (Palumbi, 1999; Swanson et al., 2001),
might be present. The fusibility locus in Botryllus, a colonial tunicate,
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is thought to represent an ancestral MHC-like system (Scofield et al.,
1982). The haploid expressed fusibility gene on the sperm was
recognized by the egg and fusion with sperm sharing the same
fusibility allele was avoided (Scofield et al., 1982). Considering some
evidence for MHC expression in mammalian gametes (Fernandez
et al., 1999) and the presence of chorion associated glycoproteins that
appear to facilitate sperm entry through the micropyle in teleost fish
(Yanagimachi et al., 2013), further investigation of the possibility of
MHC expression in salmonid gametes might be worthwhile.

More specifically, we tested the ‘heterozygote advantage hypothesis’
by examining the number of shared MHC alleles between mates. This
hypothesis was inferred from observations in mice (McClelland et al.,
2003; Froeschke and Sommer, 2005) and fish (Hedrick et al, 2001;
Arkush et al., 2002; Evans and Neff, 2009; Kekailiinen et al., 2009), in
which individuals heterozygous at the MHC had higher survival rates
and lower parasite loads than homozygotes. It is thought that the
different MHC alleles in heterozygous individuals likely enable
immunity against a wider range of pathogens (Agbali et al, 2010).
Accordingly, females should prefer males with whom they do not
share alleles and therefore likely produce heterozygous offspring. Our
data, however, do not support this hypothesis in Chinook salmon.
Instead, fertilization success was higher for mates with a higher
number of MHC alleles shared with the female.

Similarly, the allelic divergence between mates in our study showed a
significant negative correlation with fertilization success, that is, males
less divergent to the female at the MHC class II locus had a higher
fertilization success than those males that were more divergent to the
female. Considering the allelic divergence of mates we tested the
‘divergent allele advantage hypothesis’ that predicts that a higher
sequence divergence between MHC alleles gains a greater advantage
in immunity than heterozygosity, as two different alleles could still be
functionally similar (Wakeland et al., 1990). Consequently, females
should prefer males with a high MHC sequence divergence to their
own. Our data, however, indicate that CFC, via mechanisms other than
differential sperm velocity enhancement, promotes offspring with low
MHC cdlass II allelic divergence in Chinook salmon. Our result is in line
with the MHC class II-assortative fertilization success in Atlantic salmon
(Weir et al., 2012). MHC class II-assortative CFC could be associated
with some of the key life history traits of salmonids: Chinook salmon
return to their natal freshwater stream and populations to spawn and
thus, fish are thought to exhibit local adaptation to their breeding
ground (Taylor, 1991). It has been suggested that the MHC class 1I
confers local adaptation in Chinook salmon (Evans et al, 2010). Our
findings suggest that the low MHC class II diversity found in this and
other Chinook salmon populations (Evans and Neff, 2009; Evans ef al.,
2010) could be maintained via CFC, possibly to preserve adaptation to
the parasite community at the spawning ground.

Studies in Atlantic salmon (Landry ef al., 2001; Consuegra and de
Leaniz, 2008) and Chinook salmon (Neff et al, 2008) revealed that
reproductive success was positively correlated with MHC class II allelic
distance of mates (disassortative). In these studies, females and males
were allowed to spawn freely without interference and it is not possible
to differentiate between the impact of female choice and male
competitiveness pre- and post-spawning on the reproductive success.
However, while these studies and our study appear not comparable
and possibly contradictory, the observation of MHC-disassortative
reproductive success does not imply that CFC has to be MHC-
disassortative as well. This is because (i) female choice pre- and post-
mating can be non-directional, that is, preferences can differ
(Tregenza and Wedell, 2000; Birkhead and Pizzari, 2002) and (ii)
CEC can only act within the frame set by pre-mating processes and



thus might counteract, but not outweigh, paternity biases achieved by
mating behaviors prior to spawning.

Our results are not in line with, or might not be comparable to,
reports in Arctic charr (Skarstein et al, 2005) and whitefish
(Wedekind et al., 2004), in which CFC was found to be independent
of the MHC class II. In both studies, no-choice (single male)
fertilization trials (in contrast to our paired-male trials) were
performed, which might lead to a different male fertilization success
(Geyer and Palumbi, 2005). Furthermore, different results of the role
of MHC class II in CFC might reflect different adaptations to the
species-specific life cycles and environments: for example, whitefish
populations inhibit a lake and have been shown to have a high MHC
class II diversity (Binz et al., 2001), while Chinook salmon populations
migrate to sea and return to their natal stream to spawn.

Our results seem unlikely to be confounded by CFC mechanisms
post fertilization. Riilicke et al. (1998) proposed a possible pregnancy
termination based on MHC incompatibility of mates in mice. For an
external fertilizer like Chinook salmon with no cost of pregnancy and
rearing, this option does not seem plausible as the mortality of fertilized
eggs represents a reduction of fitness for females as well as males.

In conclusion, we showed that fertilization success in Chinook
salmon was significantly correlated with relative sperm velocity in
ovarian fluid. Sperm velocity was mainly attributed to female-male
interaction effects, indicating the presence of CFC via sperm—ovarian
fluid interactions. Our data suggests that neither the MHC class I or II
are involved in possible sperm—ovarian fluid interactions. Consequently,
the exploration of other peptides in the ovarian fluid and the milt might
be a promising field of research. Even though relative sperm velocity
significantly explained fertilization success, some variation in fertiliza-
tion success was not explained by sperm velocity. This variation could
not be attributed to the MHC class I either. In contrast, MHC class II,
which possibly plays a role in local adaptation (Evans et al, 2010),
appears to be a significant driver of non-random gamete fusion in
Chinook salmon. Since Chinook salmon are strongly adapted to their
breeding ground, which is known to complicate the supplementation of
endangered populations (Taylor, 1991), the MHC class II-based CFC
could potentially be considered in targeted supportive breeding
programs to augment and conserve endangered salmon populations.
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