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Abstract

Sperm velocity is a key trait that predicts the outcome of sperm competition. By promoting or 

impeding sperm velocity, females can control fertilization via postcopulatory cryptic female 

choice. In Chinook salmon, ovarian fluid (OF), which surrounds the ova, mediates sperm velocity 

according to male and female identity, biasing the outcome of sperm competition towards males 

with faster sperm. Past investigations have revealed proteome variation in OF, but the specific 

components of OF that differentially mediate sperm velocity have yet to be characterized. Here we 

use quantitative proteomics to investigate whether OF protein composition explains variation in 

sperm velocity and fertilization success. We found that OF proteomes from six females robustly 

clustered into two groups and that these groups are distinguished by the abundance of a restricted 

set of proteins significantly associated with sperm velocity. Exposure of sperm to OF from females 

in group I had faster sperm compared to sperm exposed to the OF of group II females. Overall, OF 

proteins that distinguished between these groups were enriched for vitellogenin and calcium ion 

interactions. Our findings suggest that these proteins may form the functional basis for cryptic 

female choice via the biochemical and physiological mediation of sperm velocity.
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1 | INTRODUCTION

In many species, females are capable of biasing sperm use and hence fertilization towards a 

preferred male via behavioural, morphological, physiological and biochemical mechanisms

—a process called cryptic female choice (CFC) (Eberhard, 1996; Firman et al., 2017; 

Thornhill, 1983). This female-derived mechanism can function to increase the genetic 

quality of offspring (Jennions & Petrie, 2000; Kempenaers, 2007; Neff & Pitcher, 2005; 

Rosengrave et al., 2016; Simmons, 2005; Tregenza & Wedell, 2000). One potential 

mechanism of CFC through which sperm performance can be manipulated is via interactions 

with female reproductive fluids. These maternally derived fluids may be produced and 

released by the reproductive tract, or by fluids that surround the unfertilized ova. Recent 

research in both vertebrates and invertebrates indicates that sperm velocity, an important 

predictor of fertilization success across a range of different species (Gage et al., 2004; 

Gasparini et al., 2010), can be modified by female reproductive fluids (Yeates et al., 2013; 

Holt & Fazeli, 2015; Alonzo et al., 2016; Rosengrave et al., 2016; Lymbery et al., 2017; but 

see Kleppe et al., 2018)). For example, in broadcast spawners, such as the mussel (Mytilus 
galloprovincialis), sperm chemotaxis via exposure to ‘egg water’ differentially affects sperm 

velocity and patterns of motility depending on the combinatorial identities of the male and 

females contributing to the interaction (Lymbery et al., 2017).

In externally fertilizing fishes, where ova and sperm are simultaneously released into the 

aquatic environment, the maternally derived fluid surrounding the ova, known as ovarian 

fluid (OF), plays an important role in modulating sperm velocity across a range of fish 

species and therefore has been implicated as a mechanism of cryptic female choice (Alonzo 

et al., 2016; Gasparini & Pilastro, 2011; Poli et al., 2019; Rosengrave et al., 2008, 2016). For 

example, in Chinook salmon (Oncorhynchus tshawytscha), sperm velocity is determined via 

the interacting effect of male × female identity, and under sperm competition conditions, 

females bias fertilization towards the male with the fastest swimming sperm (Rosengrave et 

al., 2008, 2016). This female × male interaction also predicts embryos survival, highlighting 

the adaptive significance of this CFC mechanism (Rosengrave et al., 2016).

The mechanistic basis for postmating female × male interactions remains poorly understood, 

despite the mounting evidence that females play a role in moderating the outcome of sperm 

competition. Sperm attraction and sperm-activating proteins have been identified in 

broadcast spawning marine invertebrates (Kamei & Glabe, 2003; Stapper et al., 2015), and 

in the Pacific herring (Clupea pallasii; Oda et al., 1995). Likewise, egg surface proteins are 

known to mediate fertilization across disparate taxonomic groups, including rodents, fruit 

flies, sea urchins and seastars (Evans et al., 2012; Palmer & Swanson, 2012; Swanson & 

Vacquier, 2002; Vacquier & Swanson, 2011). As such, proteins are good candidates for 

mediating sperm function and, ultimately, fertilization success. Previous research from 

members of our team has qualitatively identified a marked variation between Chinook 
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salmon females in the number and concentration of proteins present in OF (Johnson et al., 

2014). Thus, a study that integrates OF, sperm velocity and fertilization outcomes was 

needed to advance our understanding of this phenomenon. Here, we have used a quantitative 

proteomic approach to investigate whether Chinook salmon OF proteome composition 

explains variation in sperm velocity and fertilization success.

2 | MATERIALS AND METHODS

2.1 | Study species and maintenance

As detailed in Rosengrave et al., 2016, chinook salmon were caught during their annual 

spawning run (April–May) in a trap located on the Kaiapoi River, a tributary of the 

Waimakariri River system, Canterbury, New Zealand. We studied sexually mature, 3-year-

old, ‘hooknose’ males and females captured in 2011 (n = 17 males, 6 females). Fish were 

individually marked and maintained in a natural river-water raceway (12.5–13.8°C) at a 

hatchery (Salmon Smolt NZ, Canterbury, New Zealand) using standard husbandry 

procedures. Milt from males and OF from females was obtained as described previously 

(Rosengrave et al., 2016). A sample of OF from each female was immediately frozen in 

liquid nitrogen and stored at −80°C for protein analyses. All unfertilized ova, OF and milt 

samples were held at 4° C for up to five hours maximum. All animals were collected and 

maintained according to the standards of the Animal Ethics Committee for the University of 

Otago, New Zealand (protocol no. 13/10).

2.2 | Measuring sperm velocity

The methods used to measure sperm velocity have previously been described in a 

publication by members of our team (Rosengrave et al., 2016). Sperm swimming speed for 

each male was measured at 10 s post-activation using a CEROS sperm tracker (v. 12, 

Hamilton-Thorne Research, Beverly, MA, USA). The sperm were assayed in a 100% 

concentration of OF. In total, an average of eight males was tested in the OF of each of the 

six females used in the study, resulting in the analysis of 54 male × female combinations. A 

comprehensive analysis of all male × female combinations was not possible due to practical 

sampling limitations (e.g. insufficient sperm or OF); however, we note that our experimental 

design allowed for the direct comparison of sperm swimming speed from males tested 

against both informative groups of females based on our proteomic analyses (see below). In 

line with previous studies from members of our team (Evans et al., 2013; Rosengrave et al., 

2008, 2016; Rosengrave, Montgomerie et al., 2009; Rosengrave, Taylor et al., 2009), we use 

average path velocity (VAP, µm/s), which estimates the average velocity of sperm cells over 

a smoothed cell path, as our measure of sperm velocity. VAP ranged from 34.2 to 122 µm/s, 

with the maximum difference in VAP ranging from 27–88 µm/s within a given female’s OF. 

We note that VAP is strongly correlated with straight line velocity (VSL), the average 

velocity on a straight line between the start and the end point of the track, and curvilinear 

velocity (VCL µm/s), the actual velocity along the sperm’s trajectory, in this system (Evans 

et al., 2013).
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2.3 | Fertilization trials

We conducted in vitro fertilization (IVF) trials using the milt of each male combined with 

the unfertilized ova from each female—see Rosengrave et al. (2016) for IVF details. In total, 

six males were crossed with each of the six females used in the study, resulting in the 

analysis of 36 male × female combinations.

2.4 | Ovarian fluid Sample preparation, iTRAQ labelling and peptide prefractionation

All OF samples were processed by a filter-aided sample preparation (FASP) following the 

procedure described by Wiśniewski et al., (2009). In brief, a sample volume of 100 µl of 

each OF (females 1–6, corresponding to tags 113–118 in the iTRAQ data) containing 200 µg 

of protein was supplemented with 100 µl denaturing solution containing 0.2% SDS, 40 mM 

Hepes pH 7.5, 2 mM EDTA, 2 mM EGTA, 10 mM tris(2-carboxyethyl)phosphine (TCEP), 

and one-fold protease inhibitor cocktail (Complete EDTA-free, Roche). The samples were 

denatured for 20 min at 45°C and then supplemented with 200 µl of detergent depletion 

solution containing 8 M urea and 100 mM triethylammonium bicarbonate (TEAB) in water. 

Each sample was loaded onto 0.5 ml Microcon centrifugal ultrafiltration units (10 kDa cut-

off, Millipore) and washed three times with detergent depletion solution. Samples were then 

reduced, alkylated and buffer-exchanged into 200 mM TEAB by three consecutive washing 

steps. An aliquot of each sample was taken for protein measurement using the Bradford 

method. An aliquot of each sample containing 80 µg of protein was normalized to a volume 

of 40 µl with 100 mM TEAB and supplemented with 4 µg of trypsin in 5 µl of water. 

Proteins were digested over-night at 37°C and boosted with additional 4 µg of trypsin in the 

morning. After an incubation of 4 hr, peptides were labelled with the iTRAQ reagents 

according to the manufacturer’s protocol. The samples were then pooled, dried using a 

centrifugal vacuum concentrator and purified by solid phase extraction (SPE) on sep-pak 

C18 cartridges (Waters). Peptides of the pooled iTRAQ labelled sample were subjected to 

off-gel isoelectric focusing (IEF) using a 3,000 OFFGEL Fractionator (Agilent) and 

fractionated into 24 fractions along a pH gradient of 4 to 10. Each fraction was purified by 

SPE on sep-pak C18 cartridges, dried to completeness and reconstituted in 20 µl of 5% 

acetonitrile (ACN), 0.2% formic acid (FA) in water.

2.5 | Liquid chromatography-coupled tandem mass spectrometry

Fractions were analysed in duplicate by nanoflow liquid chromatography-coupled LTQ 

Orbitrap tandem mass spectrometry. 5 µl aliquots were loaded onto an in-house packed 

emitter tip column (75 µm ID PicoTip fused silica tubing (New Objectives, Woburn, MA) 

packed with Luna C-18 material of 3µm bead size (Phenomenex) on a length of 15 cm) and 

peptides separated by a gradient of ACN in 0.2% aqueous FA. The gradient was developed 

in three steps, from (a) 5%–35% ACN (b) 35%–55% ACN and (c) 55%–95% ACN. The 

total gradient length including loading, washing and re-equilibration steps was 80 min for 

the first replicate and 100 min for the second replicate. The Orbitrap analyser was operated 

in full MS mode at a resolution of 60,000 at m/z 400 followed by eight data-dependent 

MS/MS scans. The eight data-dependent scans were performed as four collision-induced 

dissociation (CID) scans on the four strongest precursor ions for peptide identification 

followed by four high energy collision-induced dissociation (HCD) scans on the same four 
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precursor ions for reporter ion quantification. CID fragment ions were detected in the LTQ 

ion trap and HCD fragment ions in the Orbitrap analyser at a resolution of 15,000 at m/z 

400. Dynamic exclusion was enabled allowing two and three repeated fragmentation 

analyses on the same precursor ions during a 60 s time window for the first and second 

replicate measurement respectively.

2.6 | Protein identification and iTRAQ quantitation

Raw spectra were processed and analysed using PEAKS Studio (Bioinformatics Solutions 

Inc.). Spectra were filtered to retain charges 2–8 and searched against the Oncorhynchus 
tshawytscha (assembly Otsh_v1.0) proteome using the PeaksDB search algorithm (Zhang et 

al., 2012). Parent mass error tolerance was set to 10.0 ppm and fragment mass error 

tolerance to 0.2 Da. Monoisotopic precursor mass search was employed with the cleavage 

enzyme set to Trypsin, allowing for up to 3 missed cleavages. Carbamidomethylation and 

iTRAQ 8plex modification for lysine and N-terminal were set as fixed modifications. Up to 

3 variable post-translational modifications (PTMs) per peptide were allowed, which included 

oxidation (M), deamidation (NQ) and iTRAQ 8plex (Y). PeaksPTM (Han et al., 2011) and 

SPIDER (Han et al., 2005) searches were then used to identify additional PTMs and peptide 

spectral matches (PSMs) with single amino acid substitutions. Filtering criteria included 

−10LogP>= 23.7 (1% FDR) for peptides and −10LogP>= 20.0 (1.1% FDR) for proteins. 

This yielded a total of 28,904 PSMs across 4,629 peptides and 604 protein groups. Absolute 

normalized iTRAQ peak intensities were obtained from PEAKS Q, with a quantification 

mass tolerance of 0.1 Da, using −10LogP>= 23.7 (1% FDR) as the PSM filtering criteria. 

Protein abundance estimates were highly correlated between samples (pairwise average R = 

0.86). The RAW data and peptide-spectrum match information are available via 

ProteomeXchange (PXD014551).

2.7 | Proteome variation, statistical and gene ontology (GO) analyses

All statistical analyses was performed using R v 3.6.0 and 3.6.2 (R Core Development Team, 

2019). Hierarchical clustering analyses were conducted using the Pvclust package (Suzuki & 

Shimodaira, 2006), including the Euclidean distance function with complete clustering and 

bootstrap analysis (10,000 iterations). Principle component analyses (PCA) of normalized 

protein intensities obtained from PEAKS Q were conducted using the FactoMineR package 

(Lê et al., 2008). A linear model was performed to assess correlations between protein 

abundance and sperm velocity data, using the lm function in R. Linear discriminant analysis 

(LDA) was performed using the lda function (Chang, 2015), with the protein abundance data 

centred and scaled. Significance of LDA correlations was assessed by MANOVA. The sperm 

velocity (VAP) analysis was restricted to proteins comprising at least 0.1% of the protein 

abundance to avoid issues associated with variance heterogeneity amongst low abundance 

proteins. GO terms were assigned to Chinook salmon genes using OrthoDB release 10 

(Kriventseva et al., 2018) using functional annotations for the Actinopterygii taxonomic 

level. Chi-square with Yates’ correction was used to assess GO term enrichment. A two 

sample Mann–Whitney U test was used to compare sperm velocity and fertilization success 

between female cluster groups.
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3 | RESULTS

3.1 | Ovarian fluid proteome composition

Tandem mass spectrometry analyses were conducted on Chinook salmon OF from six 

females collected during the 2011 spawning season. Analysis of two replicates (24 fractions 

each) resulted in 28,904 peptide-spectrum matches and the statistically robust identification 

of 604 protein groups (Table S1). To assess the quality of our proteome characterization, we 

compared our results to a previous Chinook salmon OF proteome (Johnson et al., 2014) and 

determined that 96.6% (168 of the 174) of previously identified proteins were in our 

expanded OF proteome. Our current OF proteome therefore represents an approximately 

350% increase in the number of characterized OF proteins. To further assess our current 

dataset, we conducted a semi-quantitative comparison of the 168 proteins overlapping 

between studies and observed a highly significant correlation in abundance estimates (R = 

0.95; p < .0001). Thus, our analysis achieved high proteome coverage and abundance 

estimates that were highly consistent with previous proteomic investigation.

Gene ontology (GO) revealed a proteome with high functional coherence, including 22 GO 

categories with > 20-fold enrichment relative to the remainder of the salmon genome (Table 

1), and enrichment patterns that were highly concordant with previous analyses of salmon 

and trout OF (Johnson et al., 2014; Nynca et al., 2014). We identified 20 OF proteins with 

molecular weight below 15 kDa in this study. We have previously noted the importance of 

low-molecular-weight OF proteins on sperm VAP. VAP was comparable in sperm exposed to 

whole OF (mean 67.66 ± 17.86 SD, n = 5) and low-molecular-weight fractions (mean 66.60 

± SD 16.61; t4 = 0.37, p = .71), whereas VAP was lower when sperm were only exposed to 

high molecular weight OF fractions (mean 52.97 ± SD 12.78; t4 = −3.04, p = .0037; 

Johnson, unpublished data). The 20 OF proteins with molecular weight below 15 kDA 

included six with calcium ion binding annotations. Amongst them were five members of the 

S100 protein family, including S100-B-like, S100-A1-like, and ictacalcin-like proteins. 

Additionally, a suite of enriched immunity functional categories were observed, including 

leucocyte and lymphocyte mediated immune response, complement activation, adaptive 

immune response, regulation of response to wounding and acute inflammatory response. 

Enrichments were also observed in proteolysis regulation, a functional category commonly 

enriched in reproductive systems (Prokupek et al., 2008; Rettie & Dorus, 2012; Swanson et 

al., 2001, 2004), and categories related to blood plasma, including regulation of coagulation 

and haemoglobin complex.

Protein abundance analysis revealed that OF composition was dominated by a small number 

of highly abundant proteins. This included seven proteins that account for >50% and 101 

proteins for >90% of total protein, respectively. The most abundant protein, vitellogenin-

like, comprises 20.7% of OF protein. Additionally, 26 of the most abundant 34 proteins are 

blood plasma proteins and account for 45.4% of OF proteins. The majority of the remaining 

abundant proteins belong to two protein families: vitellogenins (3 proteins; 24.2% of total 

protein) and zona pellucida sperm-binding proteins (2 proteins; 3.9% of total protein).
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3.2 | Ovarian fluid proteome clustering and sperm velocity

As in Rosengrave et al. (2008), we observed evidence of male × female interactions (Figure 

S1), suggesting that VAP varies within each female’s OF according to individual male 

identity, though we do not have the necessary sample size and statistical power to analyse 

male × female interactions in relation to VAP. Instead, our study focuses on the more 

pronounced effects of how OF variation affects VAP. Hierarchical clustering analysis of OF 

proteome variation revealed two statistically robust clades (group I: females 1, 2 and 5; 

group II: females 3, 4 and 6; Figure 1a; confidence > 0.95 for each clade). Statistical 

analysis of VAP between groups revealed a significantly higher VAP in OF from females in 

group I (W = 234.5, p = .023; n = 23 male × female tests using group I females and 32 male 

× female tests using group II females) (Figure 1b). This relationship strengthened when the 

analysis was restricted to males that were tested in females from both groups (W = 367, p 
= .007; n = 20 male × female tests using group I females and 25 male × female tests using 

group II females). Lastly, a direct comparison of the 5 males that were tested against at least 

2 of the 3 females within each group revealed a consistently higher average VAP in group I 

female OF (Figure 1c; W = 123, p = .05; n = 13 male × female tests using group I females 

and 13 male × female tests using group II females). In contrast, no significant difference was 

observed between groups for the percent of eggs fertilized (group I mean = 44.0 ± 5.12, n = 

18; group II mean = 49.5 ± 5.92, n = 18; W = 136, p = .42), and this does not change when 

we restrict the dataset to only males that were crossed with both group I and group II 

females (group I mean = 46.0 ± 3.75, n = 155, group II mean = 53 ± 7.05, n = 13; W = 66, p 
= .23).

Next, a linear discriminant analysis (LDA) was used to identify proteins which best 

predicted OF group membership and several trends were observed (Table 2). First, LDA 

coefficients were negatively skewed overall, including 67 of the 84 proteins with 

significantly different abundances between groups based on MANOVA analysis. Proteins 

with negative LDA coefficients were more abundant in group II and, therefore, associated 

with decreased VAP. Amongst those with the greatest predictive power were alpha actinin-2 

and alpha actinin-4 and filamin-B. These protein families are both involved in the 

remodelling of the actin cytoskeleton in mammalian spermatozoa (Roa-Espitia et al., 2016). 

Second, vitellogenin-like, the most abundant OF protein by far, was amongst the most 

predictive proteins that were more abundant in group I. OF proteomes in group I were 

therefore characterized by large quantitative increases in vitellogenin-like protein (and a 

small subset of other proteins), whereas OF proteomes in group II were characterized by a 

relative increase in abundance of a broad suite of proteins. As such, OF proteomes robustly 

cluster into two groups associated with differential sperm VAP and can be distinguished by 

the abundance of a restricted set of OF proteins.

3.3 | Ovarian fluid proteome variation

To complement the hierarchical clustering and discriminant analysis, we analysed overall 

proteome variation using a principal component (PC) analysis. This analysis revealed that 

nearly all variation (98.85%) was captured by PC1 and 2 (Figure 1d). All OF proteomes 

were highly correlated with PC1, and the most abundant proteins had the highest squared 

cosines scores, whereas the least abundant have the lowest coordinates. We therefore 
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concluded that PC1 captured shared variation in relative protein abundance across all 

samples. PC2, however, revealed loading relationships across samples that recapitulated the 

results from the hierarchical clustering analysis. Specifically, Females 1, 2 and 5 have 

positive loadings that are significantly correlated with OF protein abundances (p = 7.04E-7, 

3.66E-6 and 9.57E-31, respectively) and Females 3, 4 and 6 have negative loadings that are 

inversely correlated with OF protein abundance (p = 7.60E-21, 4.16E-6 and 2.30E-11, 

respectively). This complementary analysis therefore recapitulated the groups identified by 

our hierarchical cluster analysis and revealed inter-proteome variation that was captured 

almost entirely by PC2.

To further investigate the variation captured by PC2, we performed a correlation analysis 

between PC2 loadings and sperm velocity across the six females in the study. PC2 was 

positively correlated, although not significantly, with sperm VAP (R = 0.59, p = .22). Next, 

correlations were conducted between PC2 loadings and protein abundance on a protein-by-

protein basis, to delineate proteins that contribute most to variation in PC2. Not 

unexpectedly, these protein-by-protein relationships were significantly correlated with the 

results of our discriminant analysis (R = 0.81; p < .0001). This analysis identified seven 

proteins that positively correlated with PC2 loadings and, therefore, were more abundant in 

group I. Five of these were also identified in the LDA analysis as significantly more 

abundant in group I. These include all three highly abundant vitellogenin proteins. 119 

proteins were negatively correlated with PC2 loadings and were therefore more abundant in 

group II. 60 of these were also identified in the LDA analysis. These proteins were enriched 

for peptidase activity (6.45X, p < .0001), calcium ion binding (2.92X, p = .0017), 

complement activation (66.98X, p < .0001), haemostasis (26.09X, p < .0001), a response to 

blood vessel injury and bleeding (19.12X, p < .0001) and actin filament organization (6.86X, 

p < .0001). Also notable amongst this protein set was sex hormone-binding globulin-like 

protein, which has been shown to decline prior to the sea bass reproductive season and may 

be correlated with seasonality or female quality (Miguel-Queralt et al., 2007). In summary, 

OF proteome variation captured by PC2 differentiates the OF proteome groups previously 

identified, was generally associated with a reproductive phenotype, and identifies additional 

proteins of potential relevance to OF fluid interactions with sperm.

3.4 | Protein abundance associations with sperm VAP

To directly assess the association of individual protein abundance to sperm VAP, we 

performed a general linear model regression on a protein-by-protein basis. This revealed 12 

proteins that achieved nominal significance at 0.05 without multiple testing corrections 

(Table 3). Consistent with previous analyses, all of these were negatively associated with 

VAP (i.e. more abundant where VAP is low) and found at higher abundances in group II. 

Interestingly, a homolog of pigment epithelium-derived factor-like protein (PEDF), the 

second most abundant of the significant proteins, has been suggested to play a role in the 

protection of spermatozoa in storage in rats (Conte et al., 2018). Additionally, a homolog of 

lipocalin-like protein mediates motility in mice (Lee et al., 2003). Although not significant, 

the top two positively correlated proteins with VAP were vitellogenin-like proteins, 

consistent with our complementary statistical approaches.
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4 | DISCUSSION

In external fertilizers, OF has been demonstrated to mediate sperm velocity according to 

male and female identity and bias fertilization outcomes. Despite evidence of OF proteomic 

variation (this study and Johnson et al., 2014), there has been no previous investigation of 

the specific OF proteins that govern these specific male × female interactions. Using 

quantitative proteomics, we found that six OF proteomes robustly cluster into two groups 

using multiple, independent analyses (Figure 1; Tables 1–3). These groups can be 

distinguished by the abundance of a restricted set of OF proteins (Table 2) that associate 

with differential sperm velocity (VAP), but not fertilization success. Specifically, we found 

that exposure of sperm to OF from females that clustered in group I resulted in higher VAPs 

compared to sperm from the same males exposed to the OF from group II females. In order 

for OF proteins to be involved in CFC, they need to have a different effect on individual 

males. Although we do not show this directly, the OF proteins that distinguished between the 

two female cluster groups were enriched for vitellogenin and calcium ion interactions, and 

these proteins may potentially be involved in CFC. It is noteworthy that we did not observe 

associations with fertilization success in light of the previously demonstrated relationship 

between both of these phenotypes and sperm VAP (Rosengrave et al., 2016). This pattern 

could be due to the proximate relationship between OF and sperm phenotype via a direct 

physical interaction, although we cannot rule out that the absence of an effect could be to the 

limited number of wild-run males and females returning. Future studies will be needed to 

further explore potential associations between OF proteomic variation and fertilization 

outcomes.

Amongst the most abundant proteins we identified were two vitellogenin-like proteins, 

which were more abundant in the OF from group I females, that tended to increase sperm 

VAP. We described numerous vitellogenin family members in Chinook salmon OF, as we 

did in our previous study (Johnson et al., 2014), and these proteins are a common component 

of the OF of many species, including rainbow trout (Nynca et al., 2014; Rime et al., 2004) 

and Persian sturgeon (Keyvanshokooh & Vaziri, 2008). Vitellogenins are the main egg yolk 

precursor proteins in oviparous species and contribute a substantial portion of both the lipo- 

and phosphoproteins to the yolk. It is noteworthy that one vitellogenin subcomponent, 

phosvitin, is a potent chelator of metals such as Ca2+ (Mecham & Olcott, 1949) and 

mediates oxidative stress (Moon et al., 2014). Although we are unaware of any evidence that 

these vitellogenin characteristics influence sperm (but see below for a discussion on Ca2+ 

and sperm motility), vitellogenin has been demonstrated to be a binding partner for 

proteases in ascidian sperm (Akasaka et al., 2014). Therefore, OF vitellogenin protein 

variation should be investigated further to determine if it has a role in mediating sperm 

motility and cryptic female choice.

Amongst group II females, whose OF tended to reduce sperm VAP, alpha actinin and the 

actin binding protein filamin had the greatest predictive power. Filamins organize the actin 

cytoskeleton and maintain extracellular matrix connections by anchoring actin filaments to 

transmembrane receptors (Razinia et al., 2012). In addition to binding actin, filamins have 

more than 90 other binding partners including intracellular signalling molecules, receptors, 

ion channels, transcription factors, and cytoskeletal and adhesion proteins and are implicated 
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in the regulation of a diverse array of cellular functions including motility, maintenance of 

cell shape and differentiation. There is some evidence that filamins might be important for 

sperm maturation and function from studies disrupting genes with which filamins interact 

(Jiang et al., 2008). However, a more compelling role exists; both alpha actinin and filamin 

are involved in the remodelling of the actin cytoskeleton in mammalian spermatozoa (Roa-

Espitia et al., 2016). This remodelling is necessary for the acrosome reaction to function 

normally and for sperm to achieve adequate motility (Roa-Espitia et al., 2016). This process 

requires the assistance of numerous accessory proteins, but recent work suggests alpha 

actinin is important for the formation of a focal adhesion complex necessary for actin 

polymerization and remodelling during sperm capacitation (Roa-Espitia et al., 2016). The 

direction of abundance is however unexpected, with both proteins being more abundant in 

OF associated with reduced sperm VAP. In mammalian sperm, capacitation results in 

hypermotility, thus assuming this process is similar in fish we might have anticipated these 

proteins would exhibit increased abundance in group I. Further work is needed to explore 

this association.

Our data, and that from earlier studies (Rosengrave, Taylor et al., 2009), indicate that the 

regulation of calcium ions (Ca2+) is likely a key driver of the differential sperm function we 

observe amongst OFs. Our prior work demonstrated a significant negative relationship 

between duration of sperm movement and Ca2+ concentrations in OF (Rosengrave, Taylor et 

al., 2009), but was unable to explain the strong male by female interaction we observed in 

VAP (Rosengrave et al., 2008, 2016). Now, through our proteomic work, we have identified 

numerous proteins amongst our most significant hits that bind calcium (e.g. vitellogenins, B-

cadherin-like protein and several others) or whose interactions are altered by the 

concentration of Ca2+ present (e.g. filamin-actin interactions). These new data provide a 

potential window into how variation in the abundance and perhaps diversity of these binding 

proteins might regulate free Ca2+ concentrations, mediating the difference in male sperm 

performance we observe amongst OF from different females.

In many species, sperm flagellar movement is regulated by calcium with changes in the 

concentration of intracellular Ca2+ reducing or blocking sperm function (Correia et al., 

2015; Parodi, 2014; Sun et al., 2017). In mammals, Ca2+-independent flagellar dynein and 

ATP orchestrate the low-amplitude sinusoidal-activated motility of the tail, but 

hyperactivated motility requires Ca2+ to enter the sperm through specific channels, such as 

Catsper, as part of the capacitation process (Qi et al., 2007). Activation of sperm motility in 

teleost fish also requires Ca2+ influx (Cosson, 2019), but because teleost fish lack Catsper 

channels, Ca2+ signalling must involve a different process to those of marine invertebrates 

and mammals (Fechner et al., 2015). In fish, sperm flagella are able to respond to regulation 

by free calcium concentration by altering their beating pattern (Cosson, 2019). However, 

another potential mechanism may lie in the regulation of the focal adhesion complex, that 

both alpha actinin and filamin contribute to, which is important for capacitation and thus 

hyperactivation of mammalian sperm (Roa-Espitia et al., 2016). The interaction between 

filamin and actin is reduced in the presence of high Ca2+ and calmodulin (Nakamura et al., 

2005); thus in the presence of high concentrations of Ca2+, we might observe reductions in 

the formation of the focal adhesion complex and thus hyperactivation in salmon sperm. 

Intraspecific variation in these complexes (and other Ca2+ proteins) in both sperm, OF and 
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eggs might in part explain the pattern of male by female interactions we have described 

(Gessner, Johnson et al., 2017; Gessner, Nakagawa et al., 2017; Rosengrave et al., 2008, 

2016).

We also identified significant functional enrichments amongst a broad set of immunity 

proteins, including several proteins with homology to the innate complement system (C1, C3 

and C9), which are maternally transferred in rainbow trout (Løvoll et al., 2006). 

Complement components are important to nonimmunological processes as well, with 

complement protein C3 thought to function in the clearance of dead or dysfunctional sperm 

in the human female reproductive tract and other events leading up to fertilization (Anderson 

et al., 1993). The extent to which immunity proteins in OF contribute to ‘standard’ 

immunological processes or mechanisms solely related to reproduction (e.g. CFC), as has 

been suggested of reproductive proteins in sperm and seminal fluid (Dorus et al., 2012; 

Rowe et al., 2020), warrants further exploration.

It is worth noting that highly abundant proteins like vitellogenin (and albumin) could 

influence the viscosity of ovarian fluid as they do in blood (e.g. Joles et al., 1997; Saunders 

et al., 2000), which in turn could influence sperm swimming speed. Ovarian fluid viscosity 

is known to vary across females (Rosengrave, Taylor et al., 2009) and to influence sperm 

motility (Brokow, 1966; Butts et al., 2017; Hirai et al., 1997). Although we did not control 

for protein concentration during our CASA measurements, our proteomic analysis was done 

on equivalent amounts of protein per sample.

The actual mechanism(s) through which sperm function is impaired and/or enhanced to 

influence the sperm selection that we have observed in Chinook salmon remains unknown. 

Using quantitative proteomic data, we have identified a relatively small number of proteins 

in OF that explain the observed variation in sperm velocity, establishing a subset of proteins 

that warrant further examination. Many of these have direct or indirect interactions with 

Ca2+, and it may be that interaction between these two components of ovarian fluid mediates 

the male by female interactions that members of our team have previously described 

(Gessner, Johnson et al., 2017; Gessner, Nakagawa et al., 2017; Rosengrave et al., 2008, 

2016). In addition to providing an inroad into the mechanistic basis of CFC, these OF 

proteins and knowledge about their interactions with other molecules (e.g. Ca2+) could be of 

utility in aquaculture and conservation of endangered fish species where sperm number or 

quality is limited.
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FIGURE 1. 
Ovarian fluid proteome variation analyses. (a) Hierarchical clustering analysis of OF 

proteomes using the Euclidean distance approach. Unbiased p-values (red; left) and 

bootstrap confidence (green; right) are indicated. (b) Whisker plot comparison of average 

path velocity (VAP) distributions of sperm exposed to OF fluid from the groups of females 

identified by hierarchical clustering above. (c) Mean ± standard error of VAP of the 5 males 

that were tested in at least 2 females in each OF cluster group. (d) Principal component (PC) 

analysis of OF proteomes. Protein abundances from all OF proteome were significantly 

positively correlated with PC1. Group I OF proteomes were significantly positively 

correlated, and group II OF proteomes were significantly negatively correlated with PC2, 

respectively
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TABLE 3

Linear model analysis of protein abundance and sperm VAP

ID Protein p-value Abundance rank

112,255,040 Phospholipid transfer protein-like .0056 89

112,249,831 Slit homolog 1 protein-like .0056 49

112,264,335 Serine-aspartate repeat protein F-like .0083 6

112,231,811 Fibrinogen gamma chain-like isoform X1 .0103 47

112,228,606 Pigment epithelium-derived factor-like .0110 8

112,246,615 Complement C3-like .0145 22

112,215,456 Lipocalin-like .022 20

112,249,904 Complement c1q-like protein 2 .0253 17

112,257,419 Complement component C9 .0257 36

112,222,572 Complement C3-like .0274 91

112,240,139 Fibrinogen beta chain .0293 74

112,225,536 Plastin-2 .0227 104
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