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In a range of taxa, the relatedness between mates influences both pre- and
post-mating processes of sexual selection. However, relatively little is
known about the genetic loci facilitating such a bias, with the exception of
the major histocompatibility complex. Here, we performed tightly controlled
replicated in vitro fertilization trials to explore the impact of relatedness on
two possible mechanisms of cryptic female choice (CFC) in Chinook
salmon (Oncorhynchus tshawytscha). We tested (i) whether relatedness of
mates, assessed using 682 single nucleotide polymorphisms (SNPs) on 29
SNP-linkage groups (LGs), biases a male’s sperm velocity in ovarian fluid
(a parameter previously shown to predict male fertilization success), and
(ii) whether relatedness of mates governs fertilization success via other
mechanisms, probably via sperm—egg interactions. We found that related-
ness on three LGs explained the variation in sperm velocity, and
relatedness on two LGs explained fertilization success, which might indicate
the presence of genes important in sperm—ovarian fluid and sperm-egg
interactions in these genomic regions. Mapping of the SNPs on these LGs
to the rainbow trout genome revealed two genes that affect fertility in
humans and represent candidate genes for further studies. Our results
thereby provide a novel contribution to the understanding of the mechanism
of CFC.

1. Introduction

It is now widely recognized that post-mating processes of sexual selection,
through both sperm competition and cryptic female choice (CFC), can each
have profound effects on fertilization outcomes [1]. While the former has
received significant attention [2,3], CFC is less well studied and poorly under-
stood at a mechanistic level, except in a few systems [4-6]. A growing
appreciation of the importance of female choice during or after mating [7,8]
led to a variety of studies that demonstrated the presence of processes that
bias fertilization outcomes towards certain males in order to increase female
reproductive success [3,7,8]. The majority of studies focused on internally ferti-
lizing species, particularly insects [9,10], and many of these studies have
revealed that CFC biases fertilization outcomes towards unrelated males,
including Drosophila spp. [9], field crickets [10] and sand lizards [11]. However,
the study of CFC in internal fertilizers is complicated by male competitive
effects that may confound the effect of CFC [3]. By contrast, external fertilizers
offer the advantage that male effects, such as the density of spermatozoa, can be
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well controlled in vitro to tease apart male and female effects
on fertilization outcomes, and those that result from the inter-
action between both systems [12].

In externally fertilizing species, CFC may act via (i)
the impact of ovarian fluid on sperm traits [13,14] and/or
(ii) sperm—egg interactions once the sperm have reached
the micropyle of the ova [15]. There is evidence in several
externally fertilizing fishes that ovarian fluid, a viscous sub-
stance surrounding the spawned eggs, enhances sperm
velocity compared with water [13,16], whereby a given
female’s ovarian fluid differentially enhances the sperm vel-
ocity of different males. As sperm velocity strongly predicts
male fertilization success, it is likely that the varying degree
of velocity enhancement is a mechanism of CFC [14,17-19].
Sperm-egg interactions, as observed in external fertilizers
[5,6], may represent another mechanism of CFC. Here, CFC
manifests as non-random gamete fusions mediated by proteins
on the egg and sperm surfaces. Possibly a similar mechanism
exists in externally fertilizing teleost fish, where sperm might
interact with the inner walls of the micropyle [15,20].

Prior work suggests a genetic basis for CFC mechanisms.
In vitro fertilization experiments in the Arctic charr [21] and
the Peron’s tree frog [22] revealed that fertilization success
was higher for mates genetically more similar. In lake trout,
sperm velocity measured in a female’s ovarian fluid was posi-
tively correlated with mate relatedness [23]. However,
relatedness was derived either from pedigree information
[23] or from small panels of microsatellites [21,22], which
does not allow the identification of genes that may play a
role in CFC.

Here, we used tightly controlled in vitro fertilization trials
and employed single nucleotide polymorphism (SNP)-based
relatedness of mates to explore the role of relatedness in two
mechanisms of CFC in Chinook salmon (Oncorhynchus tsha-
wytscha). Chinook salmon are ideal to study CFC for
genetic compatibility, because they exhibit a non-resource-
based mating system (i.e. no nuptial gifts or other direct
benefits are received by the female [24]). Species with this
mating system, in particular, are expected to base mate selec-
tion on genetic benefits [25]. Further, Chinook salmon have a
polyandrous mating system [26], allowing sexual selection to
occur post mating.

We tested whether relatedness biases males’ sperm vel-
ocity in the ovarian fluid, which predicts fertilization
success in Chinook salmon [14,27]. Further, we explored the
impact of mate relatedness on the variation of fertilization
success that could not be explained by differences in sperm
velocity, which might indicate the presence of sperm-egg
interactions. Finally, we mapped the SNPs of LGs that
explained the variation in sperm velocity and fertilization
success to the rainbow trout [28] and Atlantic salmon gen-
omes [29], to identify genes in these genomic regions that
might play a role in CFC.

2. Material and methods
(a) Fish sampling

Chinook salmon were caught in a trap at the Kaiapoi River,
Canterbury, New Zealand, during their spawning run in
April-May in the years 2010 and 2011. Sexually mature 2-3-
year-old ‘hooknose’ males and 3-year-old females were individu-
ally tagged and maintained using standard husbandry

procedures at Salmon Smolt NZ, Canterbury, New Zealand n

[12-14,30]. The animals were handled and maintained using
protocols approved by the Animal Ethics Committee for the Uni-
versity of Otago, New Zealand.

(b) Experimental overview

We set up a series of in vitro paired-male fertilization trials using
equal amounts of sperm from two males. We measured the
sperm velocity of males in the ovarian fluid of the females they
were crossed to in our fertilization trials. We performed two
replicate tests for each sperm velocity measurement and each
in vitro fertilization. We used ten females (four in 2010 and six
in 2011) and generated 90 different fertilization trials and 60
female—male combinations. We used 27 males, of which some
were used in more than one trial (10 males were used in only
one trial, 6 in two, 9 in three and 2 in four trials).

(c) Measurement of sperm velocity in ovarian fluid
The sperm velocity of randomly collected males was assessed in
the ovarian fluid of a randomly sampled female using a CEROS
sperm tracker (v. 12, Hamilton Thorne Research, Beverly, MA).
Sperm velocity was recorded as previously described [12-14].
Briefly, milt was pipetted onto a 20 ul Leja slide (Leja Products
B.V., Nieuw-Vennep, The Netherlands) and activated with ovar-
ian fluid of the focal female. We recorded the average path
velocity (VAP in um s 1) 10s post activation in ovarian fluid.

Ovarian fluid is a viscous substance surrounding the
spawned eggs and the concentration is probably very high
near the egg surface, reducing with increase in distance from
the egg mass [20,30]. Possibly, there is no one concentration for
in vitro experiments that best mimics natural spawning con-
ditions, but we expect the sperm to swim up a gradient of
ovarian fluid experiencing different concentrations while
approaching the egg. We examined sperm velocity in 50% of
ovarian fluid in 2010 and in 100% in 2011, and controlled for
that difference in our statistical analysis.

(d) In vitro fertilization trials

(i) Paired-male trials

We performed trials with two randomly chosen males and one
female. A batch of approximately 100 eggs (approx. 50 ml of
the eggs including 25 ml of ovarian fluid) was placed in a plastic
beaker and fertilized with equal amounts of milt from both
males—milt was added simultaneously with 250 ml of river
water to imitate natural spawning. Thus, the ovarian fluid con-
centration present during fertilization was 10%, which is a
concentration previously used to document male—female inter-
actions [12,14]. We determined sperm densities using an
improved Neubauer haemocytometer and added respective
volumes of milt from each male containing 1 x 10® spermatozoa.
Each fertilized egg batch was reared separately under conditions
imitating natural conditions (i.e. in the dark with a constant
water flow and a water temperature of 12-12.5°C [31]).

(ii) Single-male control trials

We performed control trials to ensure that no infertile male and/
or prematurely activated sperm would confound our results. To
ensure that the number of fertilized eggs represented the pro-
portion of functional sperm, we used a low sperm number
1 x10° spermatozoa). Males had fertile sperm (fertilization
rate: 57 + 4% s.e., 60 control trials, approx. 100 eggs per trial)
except for two males with fertilization rates of 1.5%, which
were removed from further analyses. We therefore analysed 84
paired-male trials (each male contributed to three trials) and 58
female—male combinations.
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(e) DNA extraction

DNA was extracted from 60 mg of dorsal fin tissue using a Pro-
teinase K digestion as described by Gemmell & Akiyama [32],
except that chloroform was substituted with NaCl (100 mM).

(f) Microsatellite-based paternity assignment

To determine male fertilization success in paired-male trials, we
randomly collected 48 offspring from each family (24 offspring
from each replicate) at the eyed stage of embryonic development
(five weeks post fertilization). For all 84 fertilization trials, a total
of 4032 offspring were genotyped using nine microsatellite mar-
kers (Ocl-1 [33], Omy-325, Ssa-85 [34] Ots-101, Ots-104, Ots-107,
Ots-2, Ots-3 [35], 5sa197 [36] and assigned to a sire using the maxi-
mum likelihood approach in the program Cervus v. 3.0 [37].

(g) Relatedness of mates

All 37 parental fish were genotyped with a 6000 SNP array estab-
lished for Chinook salmon (see the electronic supplementary
material) using the Illumina Infinium II BeadChip Technology
and the GENOME Stupio software v. 2010.3/v. 1.8 (Illumina) for
analysis. Genome-wide relatedness and LG-specific relatedness
estimates between mates were based on 682 SNPs and 583
SNPs, respectively. LG-specific relatedness was calculated for a
total of 29 LGs with at least 8 SNPs (see electronic supplementary
material, table S1). See the electronic supplementary material for
details on the SNP discovery and the selection of informative
SNPs. Relatedness between mates was determined using the tria-
dic likelihood estimator [38] implemented in the program
CoaNcesTrY v. 1.0.1.2 [39].

(h) Statistical analysis

Statistical analyses were carried out in the R v. 3.0.1 statistics pro-
gram [40] using the MCMCglmm package [41] which
implements Markov chain Monte Carlo (MCMC) routines to fit
multi-response generalized linear mixed models. The individual
fish, females and males, and the female—male interactions were
modelled as random effects. The genome-wide relatedness and
relatedness on each LG were modelled as fixed effects in
separate models. See the electronic supplementary material for
more details.

(i) Analysis of the variation in sperm velocity

The two values of sperm velocity recorded for each male in a
focal female’s ovarian fluid were used as the response variable
with a Gaussian error with the identity link. To control for a
possible impact of the year of experiment and the sperm velocity
measured in 50% ovarian fluid in season 2010 and 100% in
season 2011, the season was modelled as a fixed effect. This
allowed us to distinguish how much of the variation in sperm
velocity was attributed to the season (i.e. year of experiment
and difference in ovarian fluid concentration) and how much
was explained by other variance components (e.g. female—male
interaction).

(ii) Analysis of the variation in fertilization success

The relative fertilization success of a male in a paired-male trial
was set as the response variable (i.e. the number of eggs fertilized
by a male was used as count data and the total number of eggs
fertilized by both males was modelled as a fixed effect).
MCMCglmms were modelled with a Poisson error distribution
with the logit link. All trials were performed twice and the two
replicates (first trial denoted ‘replicate 1’, second trial ‘replicate
2’) were analysed separately. The sperm velocity of a male rela-
tive to the male he was paired with was modelled as a fixed
effect (i.e. we used a binary predictor by labelling the faster

male ‘F’ and the slower male ‘S’ in order to control for the differ-
ence in sperm velocity measured in 50% and 100% ovarian fluid
in season 2010 and 2011, respectively). ‘SF’ was also modelled as
the random slope for each pair of males (denoted by ‘Pair’),
because some males were used in more than one female and,
thus, the designation of S and F can change depending on the
sperm velocity of the male he was paired with. Further, we mod-
elled the z-transformed sperm velocity data as a fixed effect to
adjust for the difference in velocity recordings between seasons.
As we explored the effect of relatedness at 29 LGs on sperm vel-
ocity and fertilization success, we corrected for type I errors
using the false discovery rate [42].

(i) Genes on SNP-linkage groups correlated with sperm
velocity and/or fertilization success

To identify genes with a potential role in CFC mechanisms, we
mapped all SNPs on LGs correlated with sperm velocity and/
or fertilization success to the rainbow trout genome [28] using
BLAST [43]. We additionally mapped SNPs to the Atlantic
salmon genome [29]. We extracted genes and sequence 1 kb
upstream and downstream using the gff2fast.pl script modified
for our purposes (see the electronic supplementary material).
We report genes when SNPs mapped in a gene, or to positions
within 1 kb upstream of or downstream from a gene, as prior
work suggests that SNPs in these regions exhibit a stronger
association with phenotypes than SNPs beyond a 1 kb distance
from a gene [44]. Atlantic salmon annotations were retrieved
from SalmoBase (http://salmobase.org). The peptide sequence
of rainbow trout genes were accessed via the Trout Genome
Browser (https://www.genoscope.cns.fr/trout/) and searched
against the Uniprot v. 2017_03 protein database using BLASTP
v. 2.6.0 [45] to find highly similar sequences identified in other
species. All BLAST searches were used with an E-value cut-off
of less than 10~>° and sequence similarities above 90%.

3. Results

(a) Relatedness and sperm velocity in ovarian fluid

Mean genome-wide relatedness of mates, estimated using 682
SNPs, was low (r=0.007, min =0, max=0.08 across
mates; see electronic supplementary material, figure S1).
The relatedness of mates varied across LGs (r = 0.06-0.23;
see electronic supplementary material, figure S1). The mean
sperm velocity in ovarian fluid was 61 um s 14+ 1.86 (s.e.)
in season 2010 (n=22) and 79 ums '+229 (s.e.) in
season 2011 (n = 36). The difference between spawning sea-
sons (i.e. year and ovarian fluid concentrations) explained a
significant amount, but less than 20%, of the variation in
sperm velocity (pmcmc = 0.004-0.042  across models;
table 1). The amount of variation not explained by the differ-
ence in seasons was significantly explained by mate
relatedness on LG10, LG12 and LG24 (pmcmc, = 0.004,
PMCMCyar, = 0048, Puvicmc, ., = 0.008; table 1). Males less clo-
sely related to the female on these LGs had a higher sperm
velocity in the ovarian fluid than males more related to the
female. Further, the female—male interaction explained on
average 67% of the variation in sperm velocity, indicating
that relatedness on the given LG did not fully characterize
the female—male compatibility. Relatedness on the other 26
LGs (pmcmc = 0.14-0.92) and genome-wide relatedness of
mates (pyemc = 0.22; see electronic supplementary material,
table S2) were not significantly correlated with sperm vel-
ocity. When corrected for multiple testing, pmcmc values
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Table 1. Relatedness of mates on SNP-linkage groups LG10, LG12 and LG24 was negatively correlated with sperm velocity in the ovarian fluid in Chinook [}
salmon. Significant values of fixed effects of the MCMCglmm analyses are in italics. 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 (7 = 58)) and the residual variance. For each -2
model, the amount of variation explained by the fixed effects (marginal R%) and by the whole model (conditional R%) are reported. g
3
estimate variance (%) lower 95% Cl upper 95% Cl Pumcmc g
LG10 1%
 fixed effects =
e
intercept 67.88 56.019 78.496 5
o a0 O ome e o i
season 16.45 2915 28.788 0.016 %
e R st ;
| femae(i) Al oo oo seor o tase -
male (27) 244 53.00 <<0.001 10.870 N
female—male (58) 291.50 63.86 153.600 458.700 :
i o we v wee 5
summary statistics §
. m‘afgi‘néI‘Rf ........... o
conditional R? 0.75
P L
fixed effects
H'in‘te‘rc‘ept ............... s O ae ae
LG12 —31.94 —61.688 0.806 0.048
Cewn e R e weo o
random effects
Hbfe»malle‘(TOF)»H o o e wme
male (27) 3.13 0.64 <<0.001 19.460
o bférﬁalle‘—m»albeb(ssj .......... o ew e wmee
residual 142.40 29.30 99.670 189.800
Hsumm;jry‘s‘tatistics . Bt b S
marginal R? 0.15
conditional 2 o 0.76
LG24
s
intercept 66.08 56.465 71.047
o O wm R e e o
season 20.54 9.147 34.599 0.004
e ettt et
female (10) 6.99 1.52 <<0.001 42.020
o bm‘alle‘(2‘7) ............... e ew e
female —male (58) 309.20 67.09 183.700 467.800
il e s mew e
summary statistics
marginal R - 0.20
conditional R? 0.75
for LG10, LG12 and LG24 did not remain significant (see S2), and thus there were no females in which males had a
electronic supplementary material, table S2). clearly elevated sperm velocity compared with other
Female identity and male identity explained on average females’ ovarian fluid. Similarly, there were no males
only 3.36% and 0.75% of the variation in sperm velocity, whose sperm velocity was overall faster compared with

respectively (see electronic supplementary material, table other males.



(b) Relatedness and fertilization success

Each paired-male fertilization trial was performed twice
(replicate 1 and 2) and 24 offspring were randomly sampled
from each replicate. On average, 47 offspring were success-
fully assigned to one of the paired males. The male
fertilization success was the proportion of the 24 offspring
sired by a given male and ranged from 0% to 100% in both
replicates. The male with the higher sperm velocity in the
focal female’s ovarian fluid fertilized significantly more
eggs than the male with the lower sperm velocity (psp=
less than 0.001-0.002 across models; table 2 for LG12 and
LG23). Relatedness of mates on LG12 and LG23 were nega-
tively correlated with fertilization success, whereby some
pmcmc values were marginally significant (pavcmc,,, = 0.06
and 0.036; pmcmc, o, = 0.048 and 0.054 in replicate 1 and 2,
respectively; table 2). Relatedness of mates on the other LGs
and genome-wide did not explain the variation in fertiliza-
tion success (see electronic supplementary material, table
S3). The results for LG12 and LG23 were confirmed
when the z-transformed velocity data was modelled
(Pmemc, o, = 0.05 and 0.012; pMCMCy o3 = 0.06 and 0.075
in replicates 1 and 2, respectively). The ppemc values, cor-
rected for multiple testing, did not remain (marginally)
significant for LG12 and 23 (see electronic supplementary
material, table S3).

The female identity, male identity and the identity of the
male competitor (denoted Pair), explained on average 0.83%
(0.7-1.05% across models), 2% (1.5-2.4% across models)
and 96% (89-98% across models) of the variation in fertiliza-
tion success, respectively.

(c) Genes on SNP-linkage groups correlated with sperm

velocity and/or fertilization success
LG10, LG12 and LG24 were correlated with sperm velocity and
LGI12 and LG23 with fertilization success before correcting for
multiple testing, and thus SNPs mapping within or 1kb
upstream of and downstream from genes in the rainbow trout
genome are reported (see electronic supplementary material,
table S4). Across all five LGs, we identified 10 SNPs with intra-
genic locations and 3 SNPs in regions within of a gene 1 kb
upstream or downstream of a gene. Twenty-four of a total of
65 SNPs could not be successfully mapped to the rainbow
trout genome. Additional mapping against the Atlantic
salmon genome revealed another 19 SNPs with intragenic
locations and 7 SNPs in the 1kb upstream or downstream
regions (see electronic supplementary material, table S4).

The genes identified have a variety of roles (e.g. in fatty
acid biosynthesis, cell-division cycle, bone formation and
sucrose transport) and include genes whose function is yet

to be characterized (see electronic supplementary material,
table S4).

4. Discussion

In a variety of species, CFC is determined by the relatedness
of females and males [9-11]. A first step in understanding the
underlying mechanisms is to identify genomic regions of
importance in the processes of CFC. In this study, we
investigated the role of mate relatedness (genome-wide
and on 29 SNP-LGs) on sperm velocity in ovarian fluid
and on fertilization success.

(a) Genome-wide relatedness and cryptic female choice HEM

Our study shows that the variation in sperm velocity in ovar-
ian fluid and in fertilization success was random with respect
to genome-wide relatedness of mates, assessed using 682
SNPs. The strong natal homing and the distinct timing of
spawning runs in salmonids result in smaller subpopulations
with higher probabilities of inbreeding that might be impor-
tant for preserving local adaptation [46]. Inbreeding could be
facilitated by post-mating mechanisms for more closely
related mates. However, our data indicate that CFC was inde-
pendent of genome-wide relatedness. By contrast, in a
hatchery population of lake trout, sperm velocity was
higher for full-sibling mates compared with unrelated
mates [23]. The low variation in genome-wide relatedness
between our wild-caught individuals might better represent
natural conditions. On the other hand, the low variation
might hamper the detection of relatedness-dependent CFC.
Differences in life cycles and environments of lake trout
and Chinook salmon might also explain the different find-
ings. Lake trout live in closed-system freshwater lakes and
appear to exhibit a stronger degree of inbreeding, to which
they might have become adapted [23]. By contrast, Chinook
salmon migrate to sea and return to their natal freshwater
stream to spawn. Chinook salmon might prefer mates similar
in some genomic regions to preserve local adaptations and
dissimilar in other regions to cope with a variety of chal-
lenges (e.g. exposure to a set of pathogens with low
predictability) at sea. In that case CFC can be random with
respect to genome-wide relatedness because positive and
negative correlations across the genome may be equalized.

(b) Relatedness on specific SNP-linkage groups
determined sperm velocity in ovarian fluid

We found that the majority of the variation in sperm velocity
in ovarian fluid was explained by the female—male inter-
action; a given male’s sperm velocity varied depending on
the female source of the ovarian fluid. This finding confirms
previous work in Chinook salmon [13,14,27] and suggests the
presence of a female-male compatibility that determines
sperm velocity.

While genome-wide relatedness varied little between
mates because higher and lower relatedness were equalized,
relatedness on specific LGs varied. We found that males
less closely related to the female on LG10, LG12 and LG24
had a higher sperm velocity (i.e. a significant amount of the
female—male compatibility was characterized by relatedness
on these LGs), suggesting the presence of genes that might
determine sperm velocity in ovarian fluid. We identified sev-
eral predicted genes on these LGs by mapping the Chinook
salmon SNPs to the genomes of the rainbow trout [28] and
Atlantic salmon [29]. These genes span a variety of predicted
or known functions including fatty acid biosynthesis, bone
formation, cell cycle mechanisms, cell metabolism and the
regulation of chromosome structure. Some genes with func-
tions in, for example, bone formation are unlikely candidates
for roles in CFC. Other genes, like Elovl7, which contributes
to the biosynthesis of fatty acids [47], might be candidates,
because another elongase, Elovi2, has been associated with
sperm function and fertility in mice [47]. In humans, Elovl7
is expressed in sperm and implicated in male fertility [48].
There is evidence for several elongase enzymes in fish [49],
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although a possible importance for gametes has not been
studied. SLC45A3, located on LG12, which was correlated
with sperm velocity and fertilization success, might be another
candidate gene. SLC45A3 codes for the sucrose transporter
solute carrier family 45 member A3 and is linked to male fer-
tility in humans [48].

Related research might provide ideas for roles of the can-
didate genes. In sea urchins, oocyte-associated peptides
bind to receptors on the sperm plasma membrane and
stimulate respiration, motility and chemoattraction of sper-
matozoa to the oocyte [50]. In salmonids, egg-associated
factors stimulate sperm motility and guide the sperm to
the micropyle [20]. It remains yet unknown whether these
factors have a selective nature that could explain the varying
compatibility among mates.

(c) Relatedness on specific SNP-linkage groups
determined fertilization success

We found that a male’s sperm velocity relative to his rival sig-
nificantly influenced his fertilization success. As sperm
velocity was mainly driven by female—male compatibility,
it confirms earlier suggestions that CFC mechanisms deter-
mining sperm velocity are a way to effectively bias
fertilization outcomes towards certain males [13].

The variation in fertilization success not explained by
sperm velocity was explained by the relatedness of mates
on LG12 and LG23. Males less closely related to the female
on these LGs had a significantly higher fertilization success,
hinting at genes mediating non-random gamete fusions.
These correlations were found in both replicates of our
trials, although it should be noted that some pycmc values
were only marginally significant. Two of the genes found
on LG12 and LG23 have neuronal functions and appear unli-
kely to be involved in CFC. However, thrombospondin 3b
ensuring cell adhesion and calcium ion binding might be a
candidate. In other external fertilizers, such as sea urchins
[5] and tunicates [6], peptides expressed on the gamete sur-
face facilitate a non-random gamete fusion, and oocytes
preferably fuse with sperm with a similar [5] or dissimilar
peptide [6] to their own. One possibility is that genes in our
candidate regions code for peptides with a similar function
in salmon.

We found that sperm velocity and fertilization success
were higher for mates less closely related to each other at
specific LGs but not genome-wide. Thus, CFC mechanisms
in Chinook salmon do not appear to avoid overall inbreeding.
Instead, the large number of markers enabled us to identify
genomic regions that may hold genes involved in post-
mating processes that might ensure genetic compatibility at
linked loci important in fitness. Prior work documenting a fit-
ness benefit from this post-mating selection in Chinook
salmon [14] supports this concept.

However, the possibility that the CFC might be linked to
decreasing the effects of inbreeding cannot be completely dis-
missed. Salmonids show local adaptation to their breeding
grounds [51], and low levels of inbreeding can be beneficial
to preserve this adaptation [52]. However, mechanisms to
balance the benefits and the costs of inbreeding are thought
to exist. For example, alternative mating tactics by sneaker
males are thought to counteract the costs of body-size-
dependent assortative mating [53]. Possibly, post-mating
mechanisms are another option to counteract inbreeding on

specific genomic regions. Unfortunately, the lack of knowl-
edge on the genetic loci involved in post-mating processes
makes this speculative until further studies have provided
empirical evidence.

We controlled for many specific female and male effects
such as sperm number and ovarian fluid volume, so we
might focus on the effects of the female—male interactions
previously documented [13,14,27]. Nevertheless, we mod-
elled the female and male identities to account for all
individual characteristics (e.g. age or milt and ovarian fluid
traits, which could not be explicitly measured or controlled
for in this study). Although female and male effects might
be more influential in natural spawning, they explained
only minor amounts of variation in our data. We detected
variation in fertilization success that was neither caused by
differences in sperm velocity nor by female or male effects.
Thus, our data indicate that other factors, possibly sperm-—
egg interactions as found in other external fertilizers [5,6],
might explain the non-random gamete fusion.

Relatedness on specific LGs did not fully explain the vari-
ation in sperm velocity and fertilization success. Possibly, a
higher marker density would be more powerful to detect
genomic regions of importance that we might have missed.
Further, the composition and protein levels in the ovarian
fluid [30,54] could potentially explain some of the remaining
variance in female—male compatibility.

We confirmed our results in experimental replicates for all
trials, but correcting for multiple testing suggested that some
of the results should be considered with some caution. How-
ever, the necessity of adjusting for multiple testing is
questioned by some researchers [55]. Moreover, LG12 was
linked with both sperm velocity and differences in fertiliza-
tion success that were not explained by sperm velocity. This
increases the likelihood that LG12 contains genes important
to CFC.

In conclusion, we detected that female—male relatedness
on four SNP-LGs predicted sperm velocity in ovarian fluid
and fertilization success. As sperm velocity in ovarian fluid
determines male fertilization success in Chinook salmon
([14] and this study), our data suggest the presence of
genes on these LGs that influence CFC outcomes. Further,
we found that mate relatedness on two LGs explained the
variation in fertilization success that was not explained by
sperm velocity, indicating that these LGs might contain
genes mediating non-random gamete fusion. Possibly, these
genes code for peptides expressed on the gamete surfaces
similar to peptides in marine invertebrates [5,6]. On two
LGs, we detected genes with known roles in fertility in
other species, thus representing candidate genes for further
studies of a possible role in CFC.
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