
� 2020 P
Association I
ND license (

Received J
Accepted
1Correspo
Characterization of sperm-associated antigen 6 expression in the
reproductive tract of the domestic rooster (Gallus domesticus)

and its impact on sperm mobility
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The Department of Poultry Science, University of Georgia, Athens, GA
ABSTRACT Sperm mobility is a major determinant
of sperm quality in the domesticated chicken (Gallus
domesticus) and is therefore an area of interest for
improving fertility. Sperm-associated antigen 6
(SPAG6) is an important flagellar protein implicated to
be necessary for flagellar function but negatively associ-
ated with rooster fertility. This study was aimed to
characterize the expression of SPAG6 and investigate its
utility as a protein biomarker of sperm mobility. By
western analysis, relative SPAG6 abundances were
compared between the testicular, epididymal, and vasal
tissues and in sequentially maturing sperm. Immunocy-
tochemistry techniques were used to detect localization
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of SPAG6 in chicken sperm. Last, western analysis was
used to compare relative SPAG6 abundances in sperm of
differing mobility. SPAG6 was found in higher abun-
dance in epididymal tissues and in highest abundance in
vasal tissues, relative to that of the testis. SPAG6 was
also found to sequentially increase in abundance in
maturing sperm. SPAG6 localizes between the axonemal
central pair of microtubules in the sperm flagella, but it is
also found in lower concentration in the acrosomal re-
gion. SPAG6 was not a significant predictor of sperm
mobility. SPAG6 abundance, alone, is not a strong pre-
dictor of sperm mobility. Its impact on rooster fertility is
likely unrelated to its impact on sperm mobility.
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INTRODUCTION

Successful internal fertilization of an egg is dependent
on the ability of sperm to migrate to the egg at its site of
fertilization (Froman et al., 1997, 1999; Mortimer, 1997;
Birkhead et al., 1999). Sperm mobility, or the direc-
tional, progressive movement of a sperm population, is
a quantifiable and heritable trait which may be
measured to determine the success of this sperm migra-
tion in chickens (Gallus domesticus) (Froman and
Feltmann, 1998; Froman et al., 2001). Not only is a min-
imum level of sperm mobility necessary for delivery of
sperm to the egg but the hen’s oviduct also selects for
sperm with adequate mobility (Bakst et al., 1994).
Only 1–2% of sperm reach the sperm storage tubules of
the uterovaginal junction, and this selection results
from barriers exhibited in the distal end of the hen’s
oviduct, with adequate sperm mobility being necessary
for entrance into the sperm storage tubules (Steele,
1992; Bakst et al., 1994; Froman et al., 1999). In the do-
mestic chicken, sperm mobility is considered a primary
determinant of overall rooster fertility, and selection of
semen donors by measures of sperm mobility leads to
an increase in fertilization success (Froman et al., 1997,
1999; Birkhead et al., 1999). Owing to the demonstrated
selection in the hen’s oviduct for highly mobile sperm, an
understanding of flagellar proteins and their influence on
this mobility is important for informing any proteomic
efforts toward improving rooster fertility.
Sperm-associated antigen 6 (SPAG6) is the vertebrate

ortholog of Chlamydomonas PF16, the axonemal central
apparatus protein (Sapiro et al., 2000; Teves et al., 2016).
PF16 is shown in Chlamydomonas and Plasmodium
studies tobe essential forflagellarmotility andstabilization
of correct structure of the central apparatus in the axoneme
(Smith and Lefebvre, 1996; Straschil et al., 2010).
Knockout of the Spag6 gene in mice resulted in decreased
male fertility and sperm motility, and epididymal sperm
exhibited abnormal twitching and abnormal flagella
(Sapiro et al., 2002). Other, nonsperm tissues where
Spag6 is expressed exhibit a decrease in cilia beat in their
epithelia in mouse Spag6 knockouts (Teves et al., 2014).
SPAG6/PF16 stabilizes the central apparatus by binding
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to theC1 central microtubule of the axoneme through a se-
ries of armadillo repeats, which facilitate protein-protein
interactions (Smith and Lefebvre, 1996, 1997; Sapiro
et al., 2002). The stability of the central apparatus contrib-
uted by SPAG6 is essential for proper development of the
sperm flagellum (Sapiro et al., 2002).
Recently, the expression of SPAG6 was significantly

increased in a line of pigs with increased reproductive effi-
ciency and was positively related to higher litter size and
improved motility after preservation (Xinhong et al.
2018). SPAG6 was also identified to be differentially
expressed in fertile and subfertile roosters.Unlike the expres-
sion of SPAG6 in porcine, subfertile roosters, defined as
roosters with fertilizing efficiency below 40%, were found
to have sperm exhibiting a 1.1-fold increase in SPAG6 rela-
tive to sperm from fertile roosters, defined as those with a
fertilizing efficiency above 70% (Soler et al., 2016). Given
the previously described relationship between SPAG6
expression and fertility as well as the fact that chicken
SPAG6 shares an 86% homology with human SPAG6, an
antigen for which polyclonal antibodies are commercially
available, SPAG6made an ideal candidate for investigation
as a biomarker of rooster sperm mobility (Hamada et al.,
2010). The objectives of this study were to (1) characterize
the expression of SPAG6 in rooster sperm and (2) investi-
gate SPAG6 as a biomarker of rooster sperm mobility.
MATERIALS AND METHODS

Animals

Athens-Canadian random bred (ACRB) roosters were
reared in individual cages under photostimulation of
14 h of light per day. ACRB roosters were 55 weeks of
age (WOA) and provided free access to a commercial
layer diet (Southern States, Richmond, VA) with
2,700 kcal/kg metabolizing energy and 16%CP. Aviagen
Yield Plus (AYP) broiler breeder roosters were kept in
individual cages and photostimulated at 21 WOA with
15 h light per day. The AYP were fed a standard breeder
layer diet (Spradley et al. 2008) with amount allocated
based on Avigen Yield Plus Weight and feed standards
(Avigen, 2016). AYP roosters were 42 WOA at the
time of individual sample collection and 44 WOA at
collection of pooled samples. Although both ACRB
and AYP roosters were at an advanced age, there are
few commonly assessed sperm quality measures, such a
mobility, that have been shown to be impacted at this
age (Gumu1ka and Kapkowska, 2005; Shanmugam
et al., 2014). All animals were reared with water ad libi-
tum and given a standard broiler breeder ration.
Roosters were maintained in accordance with the rules
set forth by the University of Georgia’s Institutional An-
imal Care and Use Committee (07-018-Y2-A1).

Collection and Preparation of Tissues and
Sequentially Maturing Sperm

Ejaculated semen samples were collected from 30
ACRB roosters by dorsoabdominal massage method
(Burrows and Quinn, 1937) and washed twice by dilu-
tion 1:2 in phosphate buffered saline (PBS; pH 7.4)
and centrifugation at 1,000 ! g for 10 min. Samples
were reconstituted 1:5 in lysis buffer (LB: 50 mM
NaCl, 10 mM Tris base, 1 mM egtazic acid, 1 mM
EDTA, and 1% (v/v) Triton X) and sonicated using
an Artek Model 150 sonic dismembrator (Thermo Fisher
Scientific, Waltham, MA) at medium power for 5 repeti-
tions of 15 s with a 1-min remission period on ice. Soni-
cated samples were centrifuged at 10,000 ! g for
30 min at 4�C, and lysate was collected. In groups of
10, sperm lysates were pooled, resulting in 3 pooled sam-
ples of ejaculated-sperm lysates.

Three days later, the same ACRB roosters were eutha-
nized by CO2 gas asphyxiation. Roosters were dissected,
and their reproductive tracts were collected and trans-
ported in PBS on ice. Vasal sperm were expressed from
the vas deferens with tweezers, and vasal tissues were
then separated from the epididymis. Epididymal sperm
were expressed from the epididymis with tweezers, and
then the epididymal tissues were separated from the
testes. Testis samples were sliced open longitudinally
at the site of epididymal attachment, and testicular
sperm were expressed from the testes with manual pres-
sure. Sperm samples were diluted 1:2 in PBS and washed
by centrifugation at 1,000! g for 10 min. Ten immature
testicular, epididymal, and vasal sperm samples were
pooled in the same fashion as the ejaculated sperm ly-
sates, resulting in 3 pooled samples of each stage of
maturation. Pooled sperm samples were diluted 1:5 in
LB. Testicular, epididymal, and vasal tissue samples
were flushed of any residual sperm with LB, placed in
5 times tissue volume of LB, and homogenized on ice us-
ing a 10 mm ! 115 mm saw-tooth generator probe
(VWR International, Radnor, PA). Sperm and homoge-
nized tissue samples in LB were sonicated and lysates
collected as described previously. Tissue lysates were
pooled in the same fashion as the sperm samples, result-
ing in 3 pooled samples of 10 lysates from each tissue
type. Protein quantitation was performed on all samples
using the Bio-Rad DC Protein Assay (Bio-Rad Labora-
tories, Inc, Hercules, CA) with bovine serum albumin
(BSA) as the standard. The measurements were carried
out according to the manufacturer’s instructions. Ly-
sates were aliquoted and stored at 280�C.
Collection, Characterization, and
Preparation of Mature Sperm

Uncontaminated semen, devoid of transparent fluid,
was collected from 24 randomly selected AYP roosters
using the dorsoabdominal massage method (Burrows
and Quinn, 1937). Immediately after collection, fresh
semen samples were assessed for progressive mobility
by the Accudenz assay, as described by Froman and
McLean (1996), with the following modifications. One-
milliliter aliquots of Accudenz solution (6% Accudenz
[w/v], 0.6 mM KCl, 41.2 mM TES, 88.9 mM NaCl,
20.0 mM glucose, 3.20 mM CaCl2; pH 7.4) were heated
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to 41�C in polystyrene cuvettes and overlaid with 100-
mL semen. Cuvettes containing semen overlays were
incubated at 41�C for an additional 10 min, and absor-
bance read at 550 nm using a DU 530 spectrophotometer
(Beckman Coulter, Inc, Brea, CA) for relative measures
of sperm progressive mobility. Two hundred fifty micro-
liters of individual semen samples were diluted 1:2 with
PBS and washed two times by centrifugation at
1,000 ! g for 10 min to discard seminal plasma. After
washing, sperm pellets were reconstituted to original vol-
ume in mobility buffer (111 mM NaCl, 25.0 mM glucose,
4.00 mM CaCl2, 50.2 mM TES; pH 7.4). Sperm were
centrifuged again at 1,000! g for 10 min, and sperm pel-
lets were resuspended 1:5 in LB.

Semen samples were collected from an additional 24
randomly selected AYP roosters by dorsoabdominal
massage, and 4 pooled samples were generated by
combining 6 individual samples. Three milliliters of
each pooled sample were diluted 1:2 in PBS and sub-
jected to Percoll density gradient centrifugation
(PDGC) as described by Ahammad et al. (2018) in trip-
licate. After PDGC, low-quality sperm from the top of
the gradient and high-quality sperm from the bottom
of the gradient were collected, washed as described pre-
viously in PBS and resuspended 1:5 in LB. Individual
sperm samples, low-quality and high-quality sperm sam-
ples, were sonicated, and lysates quantitated in the same
fashion as described previously for tissue and sequen-
tially maturing sperm lysates.
SDS-PAGE and Western Blot Analysis

Protein samples were thawed and diluted to 1.2mg/mL
in LB. Samples were diluted further 1:1 with 2x sample
buffer (4% SDS, 20% glycerol, 120 mM Tris-HCl,
200 mM dithiothreitol, 0.02% bromophenol blue, pH
6.8) and denatured at 95�C for 5 min. Thirty micrograms
of protein were loaded into each lane of Mini-PROTEAN
TGX Stain-Free 10% precast gels (Bio-Rad) alongside
Precision Plus Protein All Blue Prestained Protein Stan-
dards (Bio-Rad). Gels were subjected to SDS-PAGE in
1X Tris-glycine-SDS (25 mM Tris, 192 mM glycine, and
0.1% (w/v) SDS, pH 8.3) running buffer under 70 V for
10 min followed by 120 V for 60 min in a Mini-
PROTEAN Tetra Cell system (Bio-Rad). After SDS-
PAGE, gels were UV-activated using a ChemiDoc MP
Imaging System (Bio-Rad). Proteins were then trans-
ferred from the activated gels to Immun-Blot polyvinyli-
dene difluoride membranes (Bio-Rad) in Towbin
transfer buffer (25 mM Tris base, 192 mM glycine, and
20% (v/v) methanol) using a wet-blot transfer system
(Bio-Rad) at 100V for 1 h. The polyvinylidene difluoride
membranes were washed momentarily in Tris-buffered sa-
line (0.02 M Tris base and 0.15 M NaCl, pH 7.4) contain-
ing 0.1% Tween 20 (TBST) followed by blocking in 5%
(w/v) skim milk in TBST for 30 min. The membranes
were then imaged using the ChemiDoc MP Imaging Sys-
tem for total protein normalization followed by probing
with a polyclonal human anti-SPAG6 antibody (1:200
dilution) produced in rabbit (Sigma-Aldrich, St. Louis,
MO) in TBST overnight at 4�C under constant slow rock-
ing. After washing in TBST, the membrane was probed
with 1:10,000 horseradish peroxidase (HRP)-conjugated
goat antirabbit IgG secondary antibody (Sigma-Aldrich)
in TBST at room temperature (RT) for 1 h and then
washed 3 times in TBST for 10 min each. Membrane
probed with secondary antibody alone served as a nega-
tive control, whereas membrane probed with the
SPAG6 antibody preincubated with its corresponding
blocking peptide, the SPAG6 antigen (Sigma-Aldrich),
for 2 h at RT under constant slow rocking followed by
probing with secondary antibody to verify the binding af-
finity for the primary antibody for its antigen. All mem-
branes were finally subjected to visualization by Clarity
Western enhanced chemiluminescent blotting substrate
(Bio-Rad), and the images were acquired on the Chemi-
Doc MP Imaging System. Abundances of SPAG6 protein
expression were quantitated by normalizing the densities
of the protein bands to that of the total loaded protein us-
ing Image Lab Software (version 5.2.1; Bio-Rad).

Immunocytochemistry

Immunocytochemistry was used to localize the pres-
ence of SPAG6 antigen in the sperm, according to the
method described previously (Bi et al., 2012). Briefly,
a 20-ml aliquot of sperm suspension containing 1 ! 105

sperm cells from ACRB roosters at room temperature
was placed on a clean microscope slide; a smear was
prepared and allowed to air dry for 40 s. The air-
dried slides were fixed with 4% formaldehyde in PBS
for 10 min. The sperm cells were subjected to permea-
bilization with 0.2% Triton-X 100 in PBS for 20 min at
room temperature and blocked with 1% skim milk for
30 min. Blocked cells were probed with anti-SPAG6
antibody overnight at 4�C. Probed samples were
washed with PBS 5 times for 3 min each and probed
with HRP-conjugated goat antirabbit Alexa Fluor
488 secondary antibody (Thermo Fisher Scientific)
for 1 h at RT. Samples probed with only HRP-
conjugated goat antirabbit Alexa Fluor 488 secondary
antibody served as a negative control. After incuba-
tion, the sections were washed five times with PBS
for 3 min each and overlaid with a coverslip. Images
were visualized and captured using an TH4 100 fluo-
rescence microscope (Olympus Corp., Tokyo, Japan).

Immunogold Transmission Electron
Microscopy

A post embedding immunogold transmission electron
microscopy protocol was followed to confirm the locali-
zation of SPAG6 antigen in the sperm flagella. Fixation
of sperm was carried out with electron microscopy grade
4% formaldehyde, 1% glutaraldehyde (v/v) (Electron
Microscopy Sciences, Hatfield, PA) in 1x Ca21- and
Mg21-free PBS (pH 7.4) overnight at 4�C. After fixation,
the samples were dehydrated in graded ethanol solutions
(50% ethanol for 15 min, 75% ethanol 2 times for 30 min
each at RT). The samples were then infiltrated with 50%



Figure 1. The relative abundance of SPAG6 found in the testis,
epididymis, and vas deferens tissues. Values representmean6 SEM rela-
tive to the mean testis tissue SPAG6 abundance. a–cIndicates significant
difference in means, P , 0.05 (n 5 3).
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and 75% (v/v) LR White hydrophilic acrylic resin (Pol-
ysciences, Inc, Warrington, PA) in 95% ethanol for 1 h
and overnight, respectively. The final infiltrations were
performed with 100% LR White resin two times, each
for 1 h. The specimens were then embedded in gelatin
capsules with fresh LR White resin and heated to 60�C
for 24 h for polymerization. The samples were sliced
into ultrathin 70-nm sections on an RMC MT-X ultra-
microtome (Boeckeler Instruments, Inc, Tuscon, AZ)
and mounted on Formvar-carbon coated nickel grids
(Electron Microscopy Sciences). Blocking of sections
was performed with 1% (w/v) bovine serum albumin
(Sigma-Aldrich) in PBS (BSA-PBS) for 30 min, and
grids were then jet washed with 1% BSA-PBS for
1 min. Then, grids were incubated with rabbit anti-
human SPAG6 primary antibody (Sigma-Aldrich)
diluted 1:50 in 1% BSA-PBS overnight at 4�C in a moist
chamber and then jet washed with 1% BSA-PBS for
1 min. Grids were incubated with 10-nm gold-
conjugated goat antiserum against rabbit IgG secondary
antibody (BBI Solutions, Crumlin, UK) diluted 1:20 in
1% BSA-PBS for 1 h at RT and then jet washed for
1 min with 1% BSA-PBS followed by 1 min with deion-
ized water. The sections were then poststained with
0.5% uranyl acetate for 5 min followed by staining
with lead citrate (Sigma-Aldrich) for 5 min at RT; grids
were jet washed with deionized water for 1 min after
each staining step. The stained sections were observed
and analyzed using a JEOL JEM1011 transmission elec-
tron microscope (JEOL, Inc, Peabody, MA). Imaging
were captured using a charge-coupled device camera
(Advanced Microscopy Techniques, Corp., Woburn,
MA).
Statistical Analysis

Statistical analyses were performed with R 3.5.1 soft-
ware (The R Foundation for Statistical Computing,
Vienna, Austria). Differences in relative expression of
SPAG6 between tissues of the reproductive tract, stages
of sperm maturation, and high- and low-quality sperm
were compared by two-way ANOVA, with experimental
replicates considered for blocking variables. The rela-
tionship between SPAG6 abundance and sperm progres-
sive mobility was tested by the Spearman rank
correlation coefficient test. Differences were considered
significant at P , 0.05, and significant differences were
compared by Tukey’s honest significant difference test
post hoc.
Figure 2. The relative abundance of SPAG6 found in sperm collected
from the testis, epididymis, vas deferens, and in ejaculate. Values repre-
sent mean 6 SEM relative to the mean testicular sperm SPAG6 abun-
dance. a–bIndicates significant difference in means, P , 0.05 (n 5 3).
RESULTS

Sequential Expression of SPAG6

Abundance of SPAG6 was evaluated byWestern blot-
ting in tissues of the male reproductive tract and in
maturing sperm isolated from each area of the reproduc-
tive tract. Western analysis of testicular, epididymal,
and vasal tissues reveals a sequential increase in
SPAG6 in the tissues (Figure 1). Testicular tissues
exhibited the lowest concentration of SPAG6, vasal tis-
sues exhibited the highest, at nearly twofold the concen-
tration of that found in testicular tissues, and
epididymal tissues had 21% higher SPAG6 abundance
than testicular tissues (P , 0.05). Maturing sperm
exhibited a similar pattern, with SPAG6 increasing in
abundance as sperm progressed from the testis, epidid-
ymis, and vas deferens to mature, ejaculated sperm
(Figure 2). Ejaculated sperm had almost threefold the
SPAG6 of sperm found in the testis (P , 0.05).
Localization of SPAG6

Fluorescence immunocytochemistry and immunogold
transmission electron microscopy were used to verify
localization of SPAG6 in the sperm flagella of rooster
sperm. Fluorescence immunocytochemistry against
SPAG6 resulted in strong, consistent fluorescence of
the tail regions of spermatozoa, with some strong fluores-
cence in the midpiece and mild fluorescence in the head
region (Figure 3). Transmission electron microscopy dis-
played distinct gold-nanoparticle labeling in the space
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Figure 3. Location of sperm SPAG6 by fluorescence microscopy. (A) Phase contrast microscopic images of sperm treated for fluorescence micro-
scopy. (B) Fluorescence imagery corresponding to each phase contrast image, displaying clear localization of SPAG6 in the flagellum, as well as strong
fluorescence in the sperm midpiece and mild fluorescence in the head region.
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between the central pair of microtubules of the flagellar
axoneme but no clear pattern of labeling elsewhere on
the sperm cell (Figure 4).

Relationship Between SPAG6 Abundance
and Sperm Mobility

The relative differences in SPAG6 abundance by
mobility were tested by Western analysis of low- and
high-quality sperm as well as individual sperm samples
characterized by their mobility. Sperm separated into
low- and high-quality groups by PDGC exhibited no
significant differences in SPAG6 abundance
(Figure 5). When sperm mobilities of individual sperm
samples were compared by their SPAG6 abundance, a
correlation approaching significance was found
(Figure 6). Sperm mobility of a sample tended to
decrease with increasing SPAG6 abundance
(P 5 0.059).
Figure 4. Immunogold transmission electron microscopy of the localizatio
ence of gold nanoparticle, indicating localization of SPAG6 between the cen
DISCUSSION

Sperm quality can be assessed by a variety of sperm
characteristics in the rooster. The most commonly
assessed parameters in broiler breeder roosters are sperm
count, viability, IPVL-binding ability, mobility, and/or
motility and metabolism (Jones and Wilson, 1967;
Donoghue et al., 1996; Barbato et al., 1998; McDaniel
et al., 1998; Froman et al., 1999; Korn et al., 2002;
Ahammad et al., 2011). These qualities may be assessed
with less resolution by a general measure of sperm
fertility, artificial insemination of a hen, followed by
assessing eggs for percent fertility (Soler et al., 2016;
Wolc et al., 2019). Generation of a broiler breeder line
with sustained and improved fertility will require correc-
tion of fertility-related traits as part of the breeding
goals, without impacting current meat-producing capa-
bilities of broiler lines (Decuypere et al., 2010;
Thiruvenkadan et al., 2011). An understanding of the
n of SPAG6 in the rooster sperm axoneme.White arrows emphasize pres-
tral pair of microtubules.

mailto:Image of Figure 3|tif


Figure 5. The relative abundance of SPAG6 found in low- and high-
quality sperm separated by Percoll density gradient centrifugation.
Values represent mean 6 SEM, P . 0.05 (n 5 4).

Figure 6. The correlation between SPAG6 abundance and sperm
mobility. The shaded area represents the confidence interval of the
regression line shown in black. P . 0.05, R 5 20.39 (n 5 24).

SPERM-ANTIGEN 6 EXPRESSION & SPERM MOBILITY 6193
genetic, transcriptomic, proteomic, and metabolomic
factors positively and negatively influencing the
fertility-related traits of broiler breeders will support tar-
geting of these factors as biomarkers in marker-assisted
selection (MAS) breeding programs to improve repro-
ductive fitness of broiler breeders with minimal or no
impact on broiler production (Dekkers, 2004; Kovac
et al., 2013). As these technologies become more widely
available and used, they will allow for rapid improve-
ment of these traits in broiler breeder lines (Hocking,
2014).
A new trend in reproductive biotechnology is the

elucidation of infertility etiology through proteomics.
This methodology is warranted since mature sperm are
transcriptionally and translationally quiescent, so the
functionality of sperm is based on early gene expression
during spermatogenesis and in proteomic and posttran-
scriptional modification that occur during maturation.
Mass spectrometry (MS) techniques have been used in
poultry to search for biomarkers associated with rooster
fertility (Labas et al., 2015; Borziak et al., 2016; Soler
et al., 2016; Atikuzzaman et al., 2017; Gurjot et al.,
2019). These studies have been important for identifying
potential fertility biomarkers in rooster that can be tar-
geted for further study. For example, Labas et al., 2015
identified SPINK2 by MS, a serine protease inhibitor
associated with higher rooster fertility, and followed
this up with characterizing its role in improving fertility
and identifying it as a good candidate biomarker to pre-
dict fertility in roosters (Th�elie et al., 2019).
As MS analysis previously identified SPAG6 to be

associated with fertility in both the rooster (Soler
et al., 2016) and boar (Xinhong et al. 2018), the objec-
tives of this work were to characterize the expression of
SPAG6 in roosters and to investigate SPAG6 as a
biomarker of rooster sperm mobility. Our results show
that SPAG6 is expressed throughout the male reproduc-
tive tract, that it increases in abundance as sperm
mature, localizes primarily into the flagellar axoneme,
and that SPAG6 abundance is not a strong predictor
of sperm mobility.
The sequential expression of SPAG6 observed indi-
cates that SPAG6 continues to accumulate in sperm af-
ter development in the testis. This is despite SPAG6
typically being found in the flagellar axoneme, which
completes development within the testis (Sapiro et al.,
2000; Lehti and Sironen, 2017). The increased abun-
dance of SPAG6 in the epididymis is likely confounded
by the fact that the epididymis contains stereocilia,
nonmotile modifications to the cell closely related to
microvilli (Tingari, 1971). The stereocilia in the epidid-
ymis have not been shown to contain SPAG6, but ster-
eocilia found in other tissues have been demonstrated
to express the protein (Wang et al., 2015). The possibil-
ity of SPAG6 presence in stereocilia of the epididymis
does not account for the increased abundance of
SPAG6 in the vas deferens or in matured sperm relative
to sperm from the testes. Despite being an important
protein in the sperm flagellum, SPAG6 has been found
in the acrosomal region of mammalian sperm in addition
to being in the tail and midpiece, which is consistent
with our findings from fluorescence microscopy
(Phillips and Verstegen, 2009; Li et al., 2020). While
an important protein for flagellar structure, SPAG6
may also be secreted onto the surface of the acrosomal
region as one of the many sperm maturation proteins
secreted from the reproductive tract during extragona-
dal maturation (Asano and Tajima, 2017).

SPAG6 is reported to be found in sperm from subfer-
tile roosters at 1.1-fold the abundance of that found in
sperm from fertile roosters (Soler et al., 2016). Upon
investigating the impact of SPAG6 abundance on sperm
mobility, given its function in the sperm flagellum, no
significant relationship was observed. Degree of abun-
dance of SPAG6 is likely to impact sperm mobility, as
knockout studies have shown that SPAG6 is necessary
for adequate sperm motility and that mice possessing
only one functional copy of the Spag6 gene had higher
sperm motility than those with two functional copies
(Sapiro et al., 2002). This considered, SPAG6 abun-
dance alone was not a significant predictor of sperm
mobility.
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SPAG6, alone, would not function well as a biomarker
of sperm mobility; however, it may serve as a biomarker
of male fertility when used in conjunction with others.
SPAG6 has been demonstrated to be a protein
biomarker of subfertility in roosters, and SPAG6 ap-
pears to localize in areas other than the flagellar
axoneme of sperm (Phillips and Verstegen, 2009; Li
et al., 2020). This indicates that the impact of SPAG6
abundance on rooster fertility may not be entirely due
to an impact on sperm mobility. For instance, SPINK2,
which is secreted by epididymal epithelium during pas-
sage through the avian male tract, was shown to be an
important actor of fertility in rooster seminal plasma
through its inhibitory action on acrosin (Th�elie et al.,
2019). SPAG6 was shown to be a binding partner with
SPINK2, and SPAG6 knockouts have a significantly
reduced level of SPINK2 (Li et al., 2020). Recently, Li
et al. (2020) found SPINK2 was more prominent in the
seminal plasma of roosters with low sperm motility and
low fertility, which contradicts the findings of Th�elie
et al. (2019). Li et al. (2020) suggested their contradic-
tory finding was due to failure of epididymis secreted
SPINK2 from binding to the membrane and acrosome
of the damaged and dysfunctional spermatozoa. As there
is a linked expression pattern and an established binding
relationship of SPAG6 and SPINK2, it would be inter-
esting to see if seminal protein expression of SPAG6,
which was not tested in the current research, would be
associated with improved fertility and provide clarity
concerning these contradictory results. If so, this finding
would be similar to that of SPINK2, which showed
increased expression in seminal plasma of highly fertile
roosters, but no relationship was found in SPINK2 pro-
tein differences between spermatozoa of differing fertility
and mobility (Th�elie et al., 2019).

More work is needed to elucidate the purpose of
SPAG6 localization outside of the sperm tail region
and its relationship with other biomarkers, such as
SPINK2. This will help to determine the overall effect
of the degree of SPAG6 abundance on rooster fertility
and to evaluate the amount of information which may
be inferred from the abundance of SPAG6 in a semen
sample for MAS breeding programs. In order to find
good candidates for MAS breeding programs, further
research is needed to characterize the proteins that
previous MS studies have identified to be associated
with rooster fertility. The current lack of commer-
cially available antibodies that target avian species
and the absence of a SILAC-MS chicken model for
quantitative proteomics makes this a challenging
undertaking.
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