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Chinook salmon (Oncorhynchus tshawytscha) are external fertilizers that display sneak-guard alternative repro-
ductive tactics. The larger hooknose males dominate mating positions, while the smaller jack males utilize sneak
tactics to achieve fertilization. Although poorly understood, previous studies have suggested that differences in
spermatozoa quality may play a critical role in sperm competition. Considering that the seminal plasma strongly
regulates spermatozoa quality and other processes critical for fertilization success, we employed label free quan-
titative mass spectrometry utilizing ion mobility separation coupled to cross-species bioinformatics to examine
the seminal plasma proteome of Chinook salmon. A total of 345 proteins were identified in all biological repli-
cates analyzed, includingmany established seminal plasma proteins thatmay serve as future biomarkers for Chi-
nook salmon fertility and sperm competition.Moreover, we elucidated statistically significant protein abundance
differences between hooknose and jack male tactics. Proteins involved in membrane remodeling, proteolysis,
hormonal transport, redox regulation, immunomodulation, andATPmetabolismwere among the proteins repro-
ducibly identified at different levels and represent putative factors influencing sperm competition between jack
and hooknose males. This study represents the largest seminal plasma proteome from teleost fish and the first
reported for Chinook salmon.
Significance: Chinook salmon (Oncorhynchus tshawytscha)males represent an example ofmale alternative repro-
ductive tactics where diverse reproductive strategies are thought to increase sexual selection. While seminal
plasma has been shown to play an important regulatory role in sperm competition in many species, little is
known about the protein composition of the seminal plasma of salmon. Therefore, seminal plasma isolated
from the two alternative reproductive tactics of Chinook salmon (small sneaky jacks and large dominant
hooknoses)were analyzed by label free quantitativemass spectrometry employing data independent acquisition
and ion mobility separation. This yielded the largest proteome data set of the seminal plasma from salmon and
the first to examine protein abundance differences between male alternative reproductive tactics. The quantita-
tive proteomic data provides insight into possible unique mechanistic aspects of Chinook salmon alternative re-
productive tactics utilized for sperm competition and fertilization success.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

In external fertilizing fishes (including salmonids), the efferent duct
produces seminal plasma, providing an optimal ionic environment for
maintaining the viability of spermatozoa after their release from the tes-
tes into the sperm duct and once released into the spawning environ-
ment [1]. In addition to maintaining the quality of spermatozoa inside
vacratsi@uwindsor.ca
the reproductive tract or in the spawning environment, recent research
has shown that seminal plasma also plays a role in sperm competition
[2]. Competition occurs when spermatozoa from multiple males con-
tend over the chance to fertilize a female's eggs [2] and is especially
prevalent in fish species in which male alternative reproductive tactics
are present [3]. The most common alternative reproductive tactic sys-
tem seen across fish taxa is the sneak-guard dichotomy in males [4].
Sneaker males usually have small body size and use covert techniques
to sneak intomating events between guardmales and females to obtain
reproductive success. In contrast, the guard males are typically large in
body size and have more pronounced secondary sexual characteristics
to aid in asserting dominance, including fighting off other males while
protecting and monopolizing females. The prevailing theory in the
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field predicts that sneaker males invest more into spermatogenesis in-
stead of body size, resulting in higher quality sperm, while the guard
males invest more into body size and secondary sexual characteristics
in order to defend females or resources important to females [5]. For ex-
ample, in Atlantic salmon (Salmo salar), the precocious parr (sneaker
male), relative to body size, has larger testes, ejaculate volume, number
of spermatozoa cells, higher spermatozoamotility, and live longer com-
pared to the anadromous (guard) males [6,7].

Chinook salmon (Oncorhynchus tshawytscha) also exhibit the sneak-
guard alternative reproductive tactic in males, where the large, domi-
nant hooknose (guards) have priority in mating positions with females,
while the small, precocious jack males (sneakers) adopt the sneaking
tactic [8,9]. Previous work has shown that jacks have relatively larger
testes and their spermatozoa swim faster in river water compared to
hooknose [10], supporting the theory that sneaker males (jack) possess
higher sperm quality in general [11]. However, differences in testes size
may also result in seminal plasma variation between jack and hooknose
males that could impact fertilization success.

Most of the studies to date that examine sperm competition dynam-
ics in fishes have focused on either looking at differences in spermato-
zoa number or spermatozoa quality [12]. However, spermatozoa only
make up a portion of the ejaculate and other components, such as sem-
inal plasma (fluid) can have effects on the outcome of sperm competi-
tion [13,14]. For example, Locatello and colleagues [15] demonstrated
that for the grass goby (Zosterisessor ophiocephalus) the seminal plasma
from the sneaker tactic can attenuate the performance of the rival
guards' spermatozoa. Furthermore, spermatozoa from sneaker males
were shown to achieve higher velocity and fertilization success by uti-
lizing the guard male's seminal plasma [15].

Recent advances in quantitative proteomics have given rise to label-
free techniques for performing comparative analysis of protein levels
between different samples [16]. Label-free techniques typically com-
pare normalized precursor ion intensities across multiple biological
and technical replicates to detect differential protein levels [16]. Fur-
thermore, label-free approaches combined with data independent ac-
quisition modes and orthogonal separation techniques, such as ion
mobility separation, greatly enhances reproducibility, sensitivity, and
sequence coverage compared to data dependent spectral counting tech-
niques [17,18]. Thus, the promise of proteomics has made it a powerful
approach to analyze protein dynamics in the male gametes of aquatic
animals [19–22]. However, despite the increasing evidence that seminal
plasma is an important factor influencing spermatozoa quality and fer-
tilization competition, little information is available on its protein com-
position in Chinook salmon. In this study, we aimed to advance the
understanding of the Chinook salmon seminal plasma proteome, and
determine functional differences between alternative reproductive tac-
tics of Chinook salmon from a wild spawning population using label-
free quantitative proteomics.

2. Materials and methods

2.1. Collection of Chinook male tactics

Sexually mature Chinook salmon were collected during two
spawning sessions (2–6 October, 2013 and 4–6 October, 2014) using
backpack electrofishing from a winter run in the Credit River (Missis-
sauga, Ontario, Canada, N 43°35′, W 79°42′), which flows into Lake On-
tario (that has been stocked for over 40 years) [11,23–25]. We
considered males b675 mm in fork length to be jacks based on length-
age relationships derived from otolith assessment for our population.
All males N675 mmwere considered hooknose males and documented
as age 1+ (675–750 mm), age 2+ (750–850 mm) or age 3+ (900–
950 mm) [8,10–11] (Ontario Ministry of Natural Resources, unpub-
lished data). In addition, all fish b675 mm in fork length in our popula-
tionweremorphologically characteristic of jacks (e.g. coloration similar
to that of females).
Chinook salmon were located upstream in turbid water ranging
from 2 to 4 ft in depth. Water temperature at the time of collection
was ~11 °C. The OntarioMinistry of Natural Resource and Forestry tech-
nicians (License number 1081183) humanely sacrificed the fish and ob-
tainedmilt (fluid containing spermatozoa and seminal plasma) samples
by applying pressure on the abdomen of each fish. The initial male ejac-
ulate was discarded in a standardizedmanner and the external urogen-
ital porewaswiped dry to avoid contamination fromwater, urine, feces,
and blood. Milt samples were collected into 532 mL clear Whirl-Pak
sample cooling bags (Nasco, Newmarket, ON, Canada) and were stored
on ice in coolers for approximately 4 h during transport back to the lab-
oratory for immediate processing. All research followed the University
of Windsor and Canadian Council of Animal Care guidelines (AUPP
14–25).

2.2. In-solution trypsin digest of seminal plasma samples

The milt samples from five biological replicates per tactic (5 jack
males and 5 hooknose males) were subjected to centrifugation at
(300 ×g) for 10 min to separate seminal plasma and spermatozoa
cells. Seminal plasma protein concentration was determined by Brad-
ford assay. Equal amounts of total protein from each biological speci-
men was precipitated overnight using a chilled 4:1 acetone solution at
−20 °C. Protein pellets were washed three times with acetone and re-
suspended in solubilization buffer containing 0.1% RapiGest SF surfac-
tant (Waters) in 50mMammoniumbicarbonate (Fisher Scientific). Pro-
tein samples were reduced and alkylated with 10 mM dithiothreitol
(Fisher Scientific) and 55 mM iodoacetamide (Sigma), subjected to in-
solution trypsin digestion (Promega) at a 1:50 (enzyme:protein) ratio
and incubated overnight at 37 °C. Trifluoroacetic acid (Pierce) was
added to each sample the next day at a final concentration of 0.5% to
quench enzyme activity and hydrolyze the surfactant according to
manufacturer's protocol. All samples were de-salted using OASIS HLB
extraction columns (Waters). Peptides were eluted in 65% acetonitrile
(Burdick & Jackson) and concentrated by vacuum centrifugation. The
peptides were then re-suspended in 0.1% formic acid, 3% acetonitrile
and supplemented with Hi3 internal peptide standards (Waters) at a
final concentration of 12.5 fmol/μL for quantitation.

2.3. Liquid chromatography-mass spectrometry

Generated tryptic peptides were separated on a 1.7 μm BEH130
100 μm × 100 mm reverse phase column (Waters) at a flow rate of
0.3 μL/min using a nanoAcquity UPLC system (Waters). Mobile phase
A consisted of 0.1% formic acid in H2O and mobile phase B consisted of
acetonitrile with 0.1% formic acid. From a 5 μL sample loop, 4 μL was
injected onto a 180 μm × 20 mm C18 pre-column trap for 3 min at
5.0 μL/min. Peptides were then separated on a 120 min gradient (3–
25% B for 70 min, 25–50% B for 20 min, 50–85% B for 9 min, 85–3% for
2 min, 3% B for 20 min) and electrosprayed into a SYNAPT G2-Si mass
spectrometer (Waters). Themass spectrometerwas operated in data in-
dependent acquisition mode employing ion mobility separation
(HDMSE) alternating between low energy (4 eV) and high energy
(20–45 eV) scans in positive resolution mode scanning from 50 to
2000m/zwith a scan rate of 0.6 s. [Glu1]-fibrinopeptide B (50 fmol/μL)
was used as the lock mass external calibrant. Cone voltage was set to
30 V, and the capillary voltage was set at 3 kV. MassLynx (version 4.1)
was used to collect the data. The raw data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD005533.

Processing was performed using Progenesis QI (Nonlinear Dynam-
ics) for peptide identification analysis and a teleost subset of the NCBI
database (the teleost database consisted of 1,000,974 proteins and
was downloaded on October 10, 2014). The following processing pa-
rameters were used: low energy noise reduction thresholds-135,
high-energy threshold-30, and intensity threshold-750, with data lock



Fig. 1. Schematicworkflowof seminal plasma sample preparation and proteomic analysis.
Seminal plasmawas extracted frommilt by centrifugation, and proteinswere prepared for
mass spectrometry analysis using RapiGest solubilization and in-solution trypsindigestion
(Steps 1–5). Label-free internal standards (Hi3) were added to each sample for absolute
quantitation (Step 6). Samples were analyzed by UPLC ion-mobility data-independent
mass spectrometry (Step 7) and the data was processed using Progenesis-QI (Step 8).
Statistical analysis was performed to determine significant differences in protein
abundance (Step 8).
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mass corrected post acquisition. Search parameters included a maxi-
mum protein mass of 250 kDa, a minimum of two matched peptides
per protein, a minimum of seven fragment ion matches per protein, a
minimum of three fragment ion matches per peptide, a maximum of
two missed cleavages (trypsin). The false-discovery rate was estimated
to be below1%using a decoy database. Variablemodifications for carba-
midomethylated cysteine and oxidation of methionine were specified.
Three technical replicates for each of the five biological replicates
were analyzed per tactic (30 totalmeasurements). Quantitationwas de-
termined using the three most abundant peptides per protein (includ-
ing the internal standard) and normalized using the Progenesis QI
software. The normalization processing utilized a reference chromatog-
raphy run and spiked Hi3 internal standard peptides (50 fmol on col-
umn) to convert raw abundance values to absolute measurements
(fmol on column) [26].

2.4. Statistical analysis and bioinformatics

Differences in protein abundancewas determined by excluding pro-
teins identifiedwith less than threematched peptide products andwith
anANOVA score (p-value) N0.05. A Student's t-testwasperformed com-
paring the average amount of protein (fmol) from the five biological
replicates of hooknose and jackmales. Protein values for each biological
replicate were obtained by calculating the average protein abundance
from each corresponding technical replicate (in triplicate). The p-values
obtained were corrected for false-discovery by applying the Benjamini-
Hochberg method of analysis to produce a corrected t-test value (q
value) [27]. All q-values b0.05 were considered significant and protein
abundance ratios N1.5 were considered significant. A Volcano-plot
was constructed by using the “ggplot2” package on “R” statistical soft-
ware by plotting the log2fold change (x-axis) in relation to the
−Log10 p-value (y-axis) [28,29]. Gene ontology was assigned to the
identified seminal plasma proteins by sequence alignment using
BLAST+ (Version 2.2.30) against the Human Uniprot/SwissProt data-
base. The protein accession numbers obtained from the BLAST+ analy-
sis were uploaded onto UniprotKB to map gene ontology.

2.5. Immunoblot analysis

For immunoblots assays, 10 μg of seminal plasma protein from se-
lected biological specimenswere loaded onto 12% SDS/PAGE gels. Alter-
natively, 25 μg of pooled seminal plasma from jack and hooknose
samples was subjected to exosome isolation using the Total Exosome
Isolation Kit (Invitrogen) according to the manufacturer's instructions.
Following SDS/PAGE analysis, the samples were electrotransferred
onto PVDF membranes and incubated for 1 h at room temperature
with a cross reacting rabbit lactate dehydrogenase (LDH) antibody
raised against LDH from Toxoplasma gondi (kind gift from Dr. Sirinart
Ananvoranich) at a 1:5000 dilution in 2.5% dry milk (v/v)/TBST
(20 mM Tris Base, 140 mM NaCl, 0.1% Tween 20, pH = 7.6) or a cross
reacting rabbit pan 14-3-3 antibody raised against human 14-3-3
(Santa Cruz Biolabs) at a 1:5000 dilution in 2.5% dry milk/TBST and
anti-rabbit HRP (Biorad) at a 1:5000 dilution made with 2.5% milk/
TBST at room temperature for 45 min. Proteins were visualized using
Super Signal West Femto Reagent (Thermo Scientific).

3. Results and discussion

3.1. Identification of hooknose and jack seminal plasma proteins by data in-
dependent ion mobility mass spectrometry

To better characterize the seminal plasma protein profiles of
hooknose and jack Chinook salmon males, a cross-species proteomics
and bioinformatics workflow was utilized (Fig. 1). Ten sexually mature
biological specimens (five jack males and five hooknose males) were
collected from the field and the milt was isolated. It is important to
note that jack males sexually mature one year earlier than hooknose
males [8–11]. Moreover, during fertilization competition, a younger
jack male will generally be competing with an older hooknose male
(younger in terms of age, but equal in terms of sexual maturity). Thus,
although we cannot rule out contributions of age to differences in the
seminal plasma proteome, it was imperative to compare the seminal
plasma proteome at the stage of equal sexual maturity for the purpose
of investigating protein factors contributing to fertilization competition.

Seminal plasma was isolated and processed for mass spectrometry
analysis (see “Materials and Methods” for details). Furthermore, syn-
thetically prepared internal standards based on peptide sequences
found in the E. coli protein ClpB (Hi3) were added to all biological repli-
cates for absolute quantitative analysis. Protein identification was ac-
complished using data independent tandem mass spectrometry (LC-
MSE). To increase the number of unique proteins identified and increase
protein sequence coverage, ion mobility separation of the peptides was
performed using the traveling wave function of the SYNAPT G2-Si sys-
tem located between the quadrupole and time of flight cell. Preliminary
scout runs determined that incorporating ionmobility separation in the
workflow increased the number of proteins identified by ~40% (data not
shown) demonstrating the significant improvement in proteome cover-
agewhen ionmobility separation is employed as reported by other pro-
teomic studies employing ionmobility separation [18,30]. In total, three
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Fig. 3. Gene ontology of seminal plasma proteins identified in Chinook salmon
(Oncorhynchus tswatchysha) jack and hooknose seminal plasma. A) Gene ontology
mapped for seminal plasma proteins in relation to biological process. B) Gene ontology
mapped for seminal plasma proteins in relation to molecular function. Gene ontology
terms are shown in adjacent legend with corresponding number of matching proteins.
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technical replicates were analyzed for each of the ten biological repli-
cates (five from hooknose and five from jack males).

The Chinook salmon genome is poorly annotated [31] with available
protein databases having b900 putative protein sequences for proteo-
mic analysis.With the knowledge that conservation between closely re-
lated organisms increases the probability of identification in poorly
characterized species [32–34], the teleost (bony fish) database was uti-
lized for protein identification. Whole sequence protein alignments re-
solved conflicts and filtered out protein redundancy, while BLAST
analysis assigned protein identification to predicted proteins (Table
S1). After eliminating proteins identified by one or two peptides and
proteins not detected in all thirty technical replicates, our analysis
yielded 345 total proteins found in Chinook salmon seminal plasma (Ta-
bles S1 and S2). Furthermore, the addition of Hi3 internal standards to
all of the biological replicates allowed for label-free quantitation of iden-
tified proteins using the Progenesis QI software package [16,35]. Analy-
sis of relative abundance and calculated on-column peptide levels
(fmol) revealed a dynamic range that spanned 4 orders of magnitude,
although the majority of proteins were within a dynamic range of 3 or-
ders of magnitude (0.1–500 fmol on column) (Fig. 2). At the high end of
the dynamic range were well-characterized seminal plasma proteins
such as transferrin, albumin-2, and alkaline phosphatase while at the
low end of the dynamic range were known seminal plasma proteins
DJ-1 and ceruloplasmin [36]. Collectively, LC-MSE using ion mobility
separation yielded the first described proteomic data set for Chinook
salmon seminal plasma, and to our knowledge, the largest seminal plas-
ma proteome reported for teleost fish.

3.2. Seminal plasma proteins identified in hooknose and jack Chinook salm-
on males

Gene Ontology (GO) bioinformatic analysis provides an overview of
the dominant functional traits of isolated proteomes. Of the 345 pro-
teins identified that were common in the seminal plasma fluid of both
Chinook male species, 269 (78%) were successfully mapped to a GO
(Fig. 3). For the biological process category, metabolism and cellular
regulation/signaling are most represented in the proteome (Fig. 3A).
With regards to molecular function, the predominant gene function ac-
tivities represented in the Chinook seminalfluid are binding activity and
catalytic activity (Fig. 3B). A similar GO profile was observed in the
Fig. 2. The dynamic range of on-column protein abundance identified from Hooknose and Jack
abundances in fmol (x-axis) for both hooknose and jack males. Grey bars represent hooknose
closely related rainbow trout seminal plasma [37] and carp seminal
plasma proteome studies [38], providing a level of validation for the
identified proteins. GO analysis of our findings further supports the no-
tion that the principle components of teleost seminal fluid consists of
immunomodulators and redox regulators for spermatozoa survival,
metabolic factors for energy requirements during fertilization, and pro-
teolytic enzymes/inhibitors for temporal regulation of these processes
(Figs. 4, Table S1).

In addition to a common gene ontology profile, most of the specific
proteins identified in previous fish seminal plasma proteomic studies
from rainbow trout [37] and carp [38]were also identified in our dataset
(Table S1). For instance, several members of the complement
seminal plasma. The distribution of proteins (y-axis) within a range of on-column protein
proteins and black bars represent jack proteins.



Fig. 4. Representative seminal plasma proteins identified in Chinook salmon. Identified proteins of interest were categorized under biological processes known to be critical for seminal
plasma biology. Highlighted in bold are proteins whose protein abundances were observed to be statistically significant (Fig. 7).
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component family (C3, C3–3, C3–4, C6, C8α, C8β and C9) were identi-
fied. These proteins have a well-characterized role in the innate im-
mune response [39] and may possibly be associated with sperm
competition [39,40]. Apolipoproteins (AI, AII, AIV, E and F) involved in
lipid transport, metabolism, as well as the immune response [41] were
also identified in our study, consistent with past fish seminal plasma
proteomic studies [37,38].
3.3. Potential Chinook salmon biomarkers relevant to sperm fitness

In addition to the complement of proteins reported in previous tele-
ost studies, the present proteomic work also identified novel teleost
seminal plasma proteins, including certain proteins that may be suited
to serve as biomarkers related to sperm quality (Table S1). One example
is the identification of inhibin, which is novel for fish seminal fluid, but
has been identified in human seminal plasma [36]. Inhibin is an endo-
crine factor that appears to regulate hormone homeostasis for female
andmale reproductive organs, and has been proposed to be a biomarker
of spermatogenesis [42,43]. Another example is the protease inhibitor
alpha-2-microglobulin (α2M) [44,45], discovered in the seminal plas-
ma of both tactics (Fig. 4, and Table S1). α2M has been proposed to
serve as a biomarker for human sperm quality as increasing concentra-
tions of α2M have been correlated to progressive forwardmotility [46].
α2Mhas a broad specificity of protease targets and thus affects a diverse
range of cellular processes [47]. Interestingly, the aforementioned pro-
tein inhibin, is a known binding partner of α2M [48]. The levels and ac-
tivities of inhibin and α2M in Chinook salmon warrant further
exploration to determine their suitability as a biomarker for spermato-
zoa fitness.

Orthologues of many of the proteins identified in our study have
been associated with extracellular vesicles called exosomes (Fig. 4).
Most cell types secrete exosomes, and are found in a variety of bodily
fluids including seminal plasma [49]. Exosomes are emerging as power-
ful biomarkers for use in diagnostic and prognostic analysis of a variety
of human disorders [49–54].With regards to seminal plasma, exosomes
have been shown to play an immunosuppressive role in protecting
spermatozoa from themale immune system [53,54]. Furthermore, sem-
inal exosomes are thought to deliver protein cargo and other biomole-
cules to the spermatozoa to facilitate fertilization [55–57]. In our data
set, both tactics possessed proteins implicated in regulating the export
of exosomes, such as rab11 family interacting protein [49,58], and a va-
riety of proteins previously described as exosome cargo (Fig. 4). Most
notably, immunosuppressive proteins CD59, and galectin-3 binding
protein were identified and have been shown in other species to reside
in exosomes [59–61]. The levels of these and other exosome cargo may
be useful indicators of sperm fertilization fitness for both Chinook male
tactics.
3.4. Quantitative protein differences in the seminal plasma of individual
tactics of Chinook salmon

Amajor objective of our studywas to elucidate differences in protein
levels between hooknose and jack seminal plasma as a means to better
understand tactic specific reproductive fitness. Proteins identified in all
technical and biological replicates were considered for label free quan-
titative analysis and statistically significant protein differences were de-
termined (see “Materials and Methods” for details). A volcano plot
displaying normalized log2 protein abundance ratio against statistical
significance measurements (− log10 q value) is shown in Fig. 5. Overall
we observed 29 proteins with statistically significant protein level dif-
ferences and calculated abundance ratios of at least 1.5 (Fig. 5 and
Table S1) [62,63]. GO analysis of these altered proteins revealed a simi-
lar GO distribution between the tactics and did not deviate significantly
from the predominant molecular functions and biological processes of
the proteins that are common between hooknose and jack males (Fig.
6). This suggests that the seminal plasmas of hooknose and jack males
generally are functionally equivalent in terms of protein classifications.
However, attention to the specific protein differences suggests mecha-
nistic and functional diversity between the tactics, including proteins
regulating hormonal transport, ATP metabolism, redox regulation, and



Fig. 5. Volcano plot depicting differentially abundant seminal plasma proteins between
hooknose and jack males. The volcano plot shows − log10 corrected t-test values (q-
value) plotted against log2 fold change (x-axis). Data points above horizontal dashed
line (q values below 0.05) and to the left and right of the vertical dashed lines
(abundance ratios above 1.5) represent proteins with statistically significant abundance
differences (highlighted in blue).
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proteolysis (Fig. 7, and Table 1). For example, sex hormone binding
globulin (SHBG) was found at significantly higher levels in jack males
than in hooknose males (Fig. 7, and Table 1). SHBG is a well-character-
ized steroid hormone transporter that regulates androgen/estrogen
availability to target tissues [64]. Furthermore, the steroid hormone tar-
gets for SHBG are knownmodulators for spermatogenesis, spermatozoa
maturation, andmotility acting through non-genomic mechanisms [65,
A

B

Fig. 6. Gene Ontology for seminal plasma proteins differentially abundant in Chinook
salmon (Oncorhynchus tswatchysha) jack and hooknose seminal plasma. Gene ontology
for proteins whose levels were determined to be statistically significant in jack and
hooknose seminal plasma in relation to molecular function (A) or biological process (B).
66]. Therefore, higher amounts of SHBG in jack males suggest a greater
capacity for hormone-mediated effects in the seminal plasma of this
tactic.

Another intriguing findingwas the observed increase in the enzyme
cGMP-inhibited 3′,5′-cyclic phosphodiesterase (PDE) in the jack males.
PDE catalyzes the hydrolysis of cAMP, a potent second messenger that
regulates numerous spermatozoa related activities such as motility
and capacitation [67,68]. Extracellular PDE is widely reported in litera-
ture and has also been characterized in the seminal plasma of numerous
organisms [69,70]. The difference in PDE levels between the tactics in-
sinuates that hooknose males, by virtue of having lower levels of PDE,
may exhibit more prominent cAMP signaling than jack males.

In addition to factors affecting cAMP activities, levels of enzymes
regulating additional metabolic compounds were found to be different
between hooknose and jack males. Interestingly, the nucleotide
converting enzyme adenylate kinase (AK) was detected at a two-fold
higher level in hooknosemales (Fig. 7, and Table 1). AK catalyzes the re-
versible reaction of ATP + AMP= 2ADP and thus represents an impor-
tant mediator of bioenergetic sensing [71]. AK is detected in
extracellular fluids, including seminal plasma [72,73], and has been re-
ported tomediate ATP shuttling to ATPases residing in the spermatozo-
on tail, facilitating motility [74].

One of themost prominent protein differenceswas a two-fold abun-
dance ratio increase in lactate dehydrogenase (LDH) in jack males (Fig.
7A, and Table 1). Interestingly, wewere able to validate the quantitative
proteomic data by immunoblot analysis using a cross reacting LDH an-
tibody (Fig. 7B). Overall, we observed higher amounts of LDH in jack
males compared to hooknose males, although one hooknose individual
(H113) displayed elevated LDH levels by immunoblot analysis and
quantitative proteomics. Furthermore, as LDH has been characterized
to be a component in seminal plasma exosomes [56], we isolated
exosomes from pooled seminal plasma and observed higher levels of
LDH from jackmales compared to hooknosemales (Fig. 7C). As a control
we also probed for 14-3-3 using a pan 14-3-3 antibody. This protein is a
known exosome protein [51–52] andwas found to be equally abundant
in our proteomic analysis as well as in our isolated exosome samples
(Fig. 7C). It has been proposed in several species that spermatozoa can
utilize lactate found in the seminal plasma as an energy source, whereby
LDH in the seminal plasma converts lactate to pyruvate and NADH that
is subsequently transported into the sperm'smitochondria for oxidative
phosphorylation and ATP production [75]. This metabolic system is crit-
ical for meeting the energy demands of motile spermatozoa and thus is
a contributing factor for producing high quality sperm [76]. Further-
more, this finding is consistent with past studies that have predicted
jack males to participate in sperm competition by the so-called “loaded
raffle”mechanism, whereby sneaker males (jacks) possess higher qual-
ity spermatozoa in order to compete for reproductive success [10]. Thus,
further detailedmechanistic studieswill be important to examine if jack
males utilize higher levels of LDH in their seminal plasma to provide
their spermatozoa a metabolic advantage over hooknose spermatozoa.

A notable class of proteins identified in the Chinook salmon seminal
plasma of both tactics was those that participate in oxidative stress re-
sistance such as thioredoxin, peroxiredoxin, glutathione transferase,
and DJ-1 (Table S1). Oxidative insults from reactive oxygen species
(ROS) during the shift from hypoxic to normoxic conditions during ex-
ternal fertilization can be detrimental to spermatozoa cells [77]. Thus,
up-regulation of antioxidant factors enhances sperm viability by in-
creasing survival towards oxygen radicals. ROS have also been shown
to have a degradative effect on spermatozoa performance such asmotil-
ity, but help enhance immune function and increase capacitation in
humans [78]. Strikingly, our study found superoxide dismutase (Zn/Cu
SOD) levels to be greater than two-fold higher in hooknose males (Fig.
7A, and Table 1). SOD levels in seminal plasma have been shown to cor-
relate to ROS tolerance, protecting spermatozoa from oxidative damage
[79]. However, recently reports have demonstrated that SOD activity in-
hibits spermatozoa capacitation by eliminating localized superoxide



A

B

C

Fig. 7. Absolute quantitation of selected proteins from jack and hooknose seminal plasma. A) Protein abundances are shown as mean fmol (on-column) ± standard deviation (see
Materials and Methods for details). All protein comparisons shown were statistically significant, p b 0.001. Individual statistical values are displayed in Table 1. Proteins shown are the
following: Sex hormone binding globulin (SHBG), 3″,5″-cyclic phosphodiesterase (PDE), lactate dehydrogenase (LDH), adenylate kinase 1-1 (AK-1), superoxide dismutase (SOD), and
E3 ubiquitin ligase KEG-like (E3 KEG-like). B) Seminal plasma (10 μg) from individual biological specimens was analyzed by LDH immunoblotting using a cross reacting rabbit LDH
antibody. The corresponding on-column fmol amount determined by mass spectrometry for the individual biological specimens is shown. C) Isolated exosomes from 25 μg of pooled
jack and hooknose seminal plasma were subjected to immunoblot analysis using anti-LDH and anti-14-3-3 antibodies.

Table 1
Functional classification of differentially abundant proteins between hooknose and jack males. Proteins whose abundance ratios N1.5 and had p-values and FDR adjusted q-values b0.05
were considered significant. Proteins are organized by abundance ratios and which tactic contained the higher abundance; hooknose (upper panel), jack (lower panel).

Tactic p-Value q-Value % CV Fold change Protein description Protein function

Hook 1.44E-09 0.006025 1.74 2.4 Superoxide dismutase_P03946.2 Redox homeostasis
Hook 2.12E-06 0.041019 2.80 2.3 Adenylate kinase 1_ACH70899.1 ATP shuttling
Hook 2.38E-08 0.019191 4.79 2.2 Spidroin-1-like_XP_014065990.1 Extracellular matrix organization
Hook 1.23E-09 0.015444 2.12 2.1 RNA-binding motif protein_XP_014067707.1 Alternative splicing
Hook 1.67E-15 0.000319 3.76 2.1 E3 ubiquitin ligase KEG_XP_014062379.1 Protein ubiquitination/degradation
Hook 1.90E-05 0.034955 2.08 1.9 Creatine kinase B-type_EMP32891.1 ATP homeostasis
Hook 3.52E-11 0.001165 2.86 1.8 Apolipoprotein C-I_NP_001134834.1 Membrane stabilization
Hook 2.37E-11 0.001747 1.95 1.8 Lumican precursor_ACI33424.1 Extracellular matrix organization
Hook 9.36E-07 0.007213 1.06 1.7 Semaphorin-4F-like_XP_014065278.1 Regulation of cell migration
Hook 7.40E-10 0.000674 4.38 1.6 Transcription factor Sox-19a_XP_014051352.1 Transcription factor
Hook 1.75E-10 0.001586 1.65 1.6 Creatine kinase_P24722.1 ATP homeostasis
Hook 2.83E-06 0.026153 2.84 1.5 Proteasome subunit beta type 5_ACH85299.1 Protein degradation
Jack 4.20E-07 0.023216 11.82 2.9 Actin gamma_NP_001017750.1 Cell motility
Jack 4.11E-05 0.027859 4.22 2.2 Precerebellin protein_AAF04305.2 Inflammatory response
Jack 5.76E-07 0.01682 8.73 2.0 L-lactate dehydrogenase B_XP_014063047.1 ATP production
Jack 1.02E-07 0.010957 6.93 2.0 ARF GTPase protein GIT2_XP_013993786.1 Membrane re-modelling
Jack 3.48E-07 0.026799 3.41 2.0 Sex hormone-binding globulin β_ACJ25982.1 Hormone transport
Jack 2.82E-07 0.006442 2.93 1.9 3′,5′-Cyclic phosphodieserase_XP_014008493.1 cAMP hydrolysis
Jack 2.50E-05 0.043128 4.87 1.8 Ubiquitin hydrolase 44_XP_014063753.1 Protein de-ubiquitination
Jack 9.01E-05 0.036913 3.17 1.8 Creating kinase-2_ACH70915.1 ATP homeostasis
Jack 7.27E-09 0.005507 4.79 1.7 Proteasome subunit alpha type 4_AAH45970.1 Protein degradation
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anions participating in spermatozoamembrane remodeling [80]. Future
studies will be required to determine the significance of its elevated
levels in hooknose males as it relates to sperm competition with jack
males.

The importance of proteolysis within seminal plasma and sperm
maturation is well documented and is crucial for stage specific regula-
tion of spermatogenesis, removal of unviable or damaged spermatozoa,
spermatozoa motility, and spermatozoa capacitation [81,82]. On the
other hand, protease inhibitors attenuate unwanted proteolysis and
maintain spermatozoa quiescence [81]. In our study, oneof themost no-
table protease families present was the cathepsin proteases [83]. Ca-
thepsins have been characterized in seminal plasma in a variety of
species where they are proposed to function in membrane re-modeling
and immunomodulation [83–85]. Three family members were identi-
fied in all biological replicates, including cathepsinsO, K, andM. Cathep-
sin inhibitors cystatin and kininogen-1 were also identified (Table S1),
indicating that regulated proteolysis is likely a prominent feature in Chi-
nook salmon seminal plasma. In addition to cathepsin proteases, pro-
teins involved in the ubiquitin-proteasome system (UPS) were also
abundant in the seminal plasma of both tactics (Table S1). The extracel-
lular UPS has garnered considerable attention recently in reproductive
biology, and has been implicated in targeting proteins for degradation
for the purpose of membrane re-modeling, removal of defective sper-
matozoa, and regulation of spermatozoa maturation [86]. Furthermore,
there is growing evidence that measuring ubiquitin levels in seminal
plasma is a viable clinical biomarker assay for infertility in humans,
where higher levels correlate inversely with spermatozoa numbers,
motility, and proper morphology [87]. Although we detected ubiquitin
levels to be similar in our study (Table S1), there were UPS associated
enzymeswhose levelswere different between the tactics. Most notably,
the E3 ligase KEG-like enzyme was over two-fold higher in hooknose
males (Fig. 7A, and Table 1). As E3 ligase enzymes are responsible for
recognizing targets and presenting them to the ubiquitin conjugating
machinery, elevated levels suggest that hooknose males may display a
greater propensity to perform UPS-mediated activities. Supporting this
hypothesis was the observation that the ubiquitin carboxy-terminal hy-
drolase 44-like enzyme, which is predicted to function as a de-
ubiquitinase, was 1.8 fold higher in jack males than hooknose males.
As the UPS system can exert multiple effects on spermatozoa, it will
be interesting to examine how these protein differences in UPS-related
enzymes affect sperm competition in the alternative reproductive tac-
tics of Chinook salmon.

In conclusion, utilizing a high throughput label-free quantitative
proteomics approach that incorporated ion mobility separation and
data-independent acquisition, we identified known and novel seminal
plasma proteins from Chinook salmon alternative reproductive tactics.
Moreover, for thefirst time, quantitative proteomic differences between
alternative reproductive tactics (hooknose and jack males) in seminal
plasma were elucidated. Many of the protein abundance differences
offer insight into the divergent reproductive strategies displayed by
the Chinook salmon male tactics. Future work will now be centered
on examining the physiological significance of the differential protein
components and their mechanisms of action in relation to competitive
and non-competitive fertilization success.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2017.01.019.
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