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ABSTRACT  Yellow semen syndrome (YSS) is the
most widely recognized problem among male turkeys.
Yellow semen is of low quality and, when used for insem-
ination, results in reduction of fertility and hatchability.
Elevated level of serum albumin-like protein accession
no. XP'003205725 is a characteristic feature of yellow
seminal plasma suggesting albumin role in YSS pathol-
ogy. However, knowledge regarding the expression of
albumin in the reproductive tract in relation to YSS
is very limited. The aim of this study was to identify
albumin secretion and localization sites in the turkey
reproductive tract in relation to YSS. Reproductive
tract tissues and liver originating from turkeys produc-
ing white semen (WS) and YSS were used for analysis
of albumin mRNA expression and its localization using
immunohistochemistry. Moreover, albumin abundance
in tissues, blood and seminal plasma was analyzed us-
ing two dimensional electrophoresis and western blot
analysis. Albumin mRNA expression was found in all

parts of the reproductive tract. Apart from the liver,
the highest expression of albumin was found in the duc-
tus deferens in YSS turkeys. The testicular spermatids,
Leydig, and myoid cells and the epithelium of the epi-
didymis and ductus deferens were the main secretion
sites of albumin in the reproductive tract in turkeys.
Higher albumin abundance was found in the reproduc-
tive tract and seminal plasma of YSS toms compared
to WS toms. Our results demonstrated that germ cells
from spermatocytes to spermatids, Leydig cells, and
myoid cells synthesized and secreted albumin in turkey
testis, and epithelial cells are the main secretion sites in
epididymis and ductus deferens. Ductus deferens secre-
tion of albumin seems to be mostly responsible for YSS.
Over-secretion by the ductus deferens may be the main
origin of albumin abundance in YSS semen. Knowledge
regarding disturbances of albumin secretion in relation
to YSS may be useful for future work on studies related
to better understanding the molecular basis of YSS.

Key words: birds, sperm, reproductive system, seminal plasma proteins

INTRODUCTION

Yellow semen syndrome (YSS) is the most widely
recognized problem among male turkeys (Sexton, 1976).
Turkeys with YSS produce semen of yellow color that
is associated with low semen quality such as: sperm
morphology and biochemical parameters of seminal
plasma, and consequently leads to reduction of fertil-
ity and hatchability when used for artificial insemina-
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tion (Thurston et al., 1982, 1992; Hess and Thurston,
1984a; Thurston and Korn, 1997). The etiology of YSS
in turkeys is mostly unknown. However, suboptimal
photoperiods, as well as genetic propensity for YSS
and inbreeding for improvement body conformation and
egg production may contribute to pathology of YSS
(Thurston and Korn, 1997). Although, semen volume
and sperm numbers of YSS males do not differ from
white semen (WS) males, yellow turkey semen con-
tains abnormal spermatozoa and spermatids, and of-
ten increased numbers of spermiophages and bacteria
(Thurston and Korn, 1997). The pathology of YSS has
also been identified in the reproductive tract, espe-
cially in the ductuli efferentes where epithelial cells were
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hypertrophied and filled with lipid-like droplets (Hess
et al., 1982; Thurston and Korn, 1997).

Studies on biochemical characteristics of seminal
plasma appear to have been useful in revealing differ-
ences between YSS and WS. In particular, an elevated
protein concentration has been shown to be a charac-
teristic feature of YSS (Thurston et al., 1982; Hess and
Thurston, 1984b) and was used to screen for YSS in
commercial flocks (Hess and Thurston, 1984a). More-
over, YSS seminal plasma is characterized by increased
activities of aspartate aminotransaminase, acid phos-
phatase, and superoxide dismutase and increased lev-
els of cholesterol (Hess and Thurston, 1984b; Stowiriska
et al., 2011). So far, the detailed mechanism leading to
over-secretion of these proteins is unknown.

Application of difference in-gel electrophoresis for
comparison of white and yellow seminal plasma pro-
teome has enabled detection of potential semen protein
markers for YSS (Stowiriska et al., 2015a). Elevated lev-
els of albumin, transthyretin, hemopexin, immunoglob-
ulin, and pantetheinase-like protein were found in yel-
low seminal plasma (Slowiriska et al., 2015a). Among
those proteins, albumin was found to differentiate
mostly white and yellow seminal plasma. Higher con-
centrations of albumin in yellow seminal plasma were
also postulated by Thurston et al. (1982). Further stud-
ies indicated that similarly to chicken (Labas et al.,
2015) albumin is one the most dominant proteins in
turkey seminal plasma (Stowiriska et al., 2017).

Albumin is the major protein of biological fluids, in-
cluding semen. Its origin in the male reproductive sys-
tem can be related to blood but testicular, epididymal,
and prostatic origins are also suggested (Elzanaty et al.,
2007). Seminal plasma albumin can affect sperm plasma
membrane lipid composition through lipid exchange or
hydrolysis (Go and Wolf 1985). Mammalian albumin
is involved in the transport of molecules to the sperm
membrane during epididymal maturation, in the move-
ment of proteins during the acrosomal reaction, or in
membrane remodeling during sperm—oocyte membrane
fusion (Arroteia et al., 2014). Albumin has also been
found intracellularly and a high glycoprotein complex
containing albumin is present in the sperm acrosome
(Arroteia et al., 2014). All available information con-
cerning the role of albumin in male reproductive system
concerns mammals. To our knowledge such information
is not available for birds.

Despite the higher abundance of albumin in yel-
low seminal plasma (Stowinska et al., 2015a), which
suggests its role in YSS, knowledge regarding albu-
min secretion and localization in the turkey reproduc-
tive tract in relation to YSS is very limited. In order
to understand the molecular basis of YSS it is very
important to determine whether pathology related to
over-secretion of albumin involves only the reproduc-
tive tract or whether other organs, such as liver, are
involved. It is still controversial if albumin in turkey
seminal plasma originates from secretion in the repro-
ductive tract and/or from blood, suggested previously
by Thurston et al. (1982). Identification of the main
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sites of altered albumin secretion in the reproductive
tract is prerequisite for a better understanding of the
mechanism involved in YSS pathology. This knowledge
may be useful for future work on studies related to bet-
ter understanding the molecular basis of YSS.

MATERIALS AND METHODS

Birds, Housing, and Tissue Collection

Turkeys (British United Turkeys Big 6, Grelier,
Saint-Laurent-de-la-Plaine, France) were maintained
under standard husbandry conditions at the Turkey
Testing Farm of the Department of Poultry Science
(University of Warmia and Mazury in Olsztyn, Poland).
Feed and water were provided ad libitum. Males were
photostimulated at 26 wk of age (14 h light to 10 h
darkness) and produced semen by 30 wk of age. Indi-
vidual semen samples were collected at 1-wk intervals
by abdominal massage (Burrows and Quinn, 1937). Se-
men was centrifuged twice for 10 min at 7,950 x g at
4°C (Thurston et al., 1993; Holsberger et al., 2002). We
considered the supernatant as seminal plasma, which
was stored at —26°C.

The liver and the male reproductive tract tissue sam-
ples were obtained from twelve 38-wk-old turkeys killed
in a local slaughterhouse, six of them produced WS and
six were characterized by YSS. For quantitative RT-
PCR, the tissues were immediately frozen in liquid ni-
trogen, and for immunohistochemical study, the tissues
were fixed in Bouin’s fluid. The blood was centrifuged
for 10 min at 1,605 x g. The resulting blood plasma
was stored at —26°C.

White and Yellow Semen Classification

Thurston et al.’s (1982) criteria were used for white
and yellow semen classification. Semen with a white
color and a low seminal plasma protein concentration
(<20 mg/mL) was classified as normal white. Semen
with a yellow color and a high seminal plasma protein
concentration (>20 mg/mL) was classified as abnormal
yellow. The protein concentration was measured using
the method of Lowry et al. (1951) with bovine serum
albumin as the standard.

Although the measurement of the total protein con-
centration in seminal plasma may not be related to al-
bumin concentration it has been successfully used for
the discrimination of white and yellow semen (Thurston
et al., 1982). Similar criteria were previously used by
Stowinska et al., 2015a and Pardyak et al., 2018.

Semen Quality Analysis

The percentage of motile spermatozoa in six sam-
ples of white and six samples of yellow semen was
analyzed using a computer-aided sperm analysis
with Hobson Sperm Tracker (Hobson Vision Ltd.,
Baslow, UK) and MicroCell 2-chamber (20-pm depth
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of the chamber) slides (Conception Technologies, San
Diego, CA) according to Slowinska et al. (2018). The
program settings for the image analysis at the x10
objective magnification were as follows: search radius
= 11.63 pm; predict = off; video = pal; aspect =
1.49; refresh time = 1 s; threshold +15/—90; filter
weightings 1 = 2, 2 = 2, 3 = 2, 4 = 2; and image
capture rate = 50 Hz. Analyses were done in duplicate;
100 sperm tracks were recorded from each side of the
slide, for a total of 200 tracks/sample. Semen samples
were incubated for 5 min in motility buffer (50 mM
Tris buffer, pH 7.4, 120 mM NaCl, 10 mM glucose, and
2 mM CaCl,) at 39°C. The motility buffer composition
used in the present study was previously adapted for
CASA analysis of turkey spermatozoa by King et al.
(2000) and applied in our studies on turkey semen
storage (Kotlowska et al., 2007; Slowiriska et al., 2012,
2013, 2018). The study of Lemoine et al. (2008) showed
no induction of acrosome reaction of chicken semen
in NaCI-TES buffer (applied in present study) in the
presence of Ca?" and bovine serum albumin (BSA) if
buffer was not supplemented with the inner perivitelline
layer. Semen was diluted 300 to 500 times to obtain 30
to 50 sperm on the screen at the start of motility. The
motility buffer was supplemented with 0.5% BSA to
prevent adherence of spermatozoa to the glass slides.

Sperm concentration and viability were determined
in six samples of white and six samples of yellow semen
by flow cytometry using a Muse Cell Analyzer (EMD
Millipore, Billerica, USA) and Muse Count and Via-
bility Reagent (EMD Millipore) according to Stowiriska
et al. (2018). In this technique, a membrane-permeant
DNA-staining dye stains all cells with nuclei and is
then used to discriminate these nucleated cells from de-
bris and non-nucleated cells. A DNA-binding Muse dye
based on 7-aminoactinomycin D stains cells that have
lost their membrane integrity, allowing the dye to stain
the nucleus of dead and dying cells. This parameter was
displayed as viability and was used to discriminate vi-
able (live cells that do not stain) from non-viable (dead
or dying cells that stain). Semen was diluted 3,000 times
in phosphate-buffered saline to obtain concentrations
in the range of 1 x 10° to 1 x 107 sperm/mL. Sub-
sequently, 20 puLi of each semen suspension was mixed
with 380 pL of Muse Count and Viability Reagent and
incubated for 5 min at room temperature.

RNA Isolation and Real-Time PCR

RNA isolation and real-time PCR were performed ac-
cording to the methods described previously (Stowiriska
et al., 2015Db). Briefly, total RNA was extracted from the
samples using a Total RNA Mini kit (A&A Biotech-
nology) according to the manufacturer’s instructions.
The RNA concentration and quality were determined
spectrophotometrically using a ND-1000 spectropho-
tometer (NanoDrop Technologies) and agarose gel elec-
trophoresis. Genomic DNA was removed from RNA

SLOWINSKA ET AL.

samples using DNase I digestion (Invitrogen Life
Technologies, Inc.). Total RNA (1,000 ng) was re-
verse transcribed to c¢cDNA wusing a High-Capacity
cDNA Reverse Transcription Kit with RNase In-
hibitor (Applied Biosystems, MA, USA) according to
the manufacturer’s protocol. Real-time PCR for al-
bumin (ALB) and glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; chosen as a housekeeping gene)
mRNA levels was performed using the following
primers: ALB: 5-CACTCCTGGAAAAGTGCTGC-3
(forward), 5’-AGCGGATCAGGATGGACTTG-3' (re-
verse); GAPDH: 5-GATCCCTTCATCGACCTGAA-
3" (forward), 5-CATCTGCCCACTTGATGTTG-3
(reverse). The total reaction volume for PCR con-
tained 1 pL of complementary DNA (50 ng), 0.4 uL
of (200 nM) forward and reverse primers each, 3 pL of
nuclease-free water, 5 uL. of KAPA SYBR Fast qPCR
master mix, and 0.2 yL of ROX Low reference dye
(KAPA Biosystems, Wilmington, MA, USA) in a final
volume of 10 pL. The thermal cycling conditions were
as follows: 95°C for 3 min (initial denaturing), followed
by 40 repeated cycles of 95°C for 15 s (denaturing),
and 59°C for 30 s (annealing). To ensure proper ampli-
fication of the single-product after each PCR reaction,
melting curves were obtained by stepwise increases in
temperature. Data obtained in real-time were normal-
ized on the basis of GAPDH mRNA content and an-
alyzed using the Zhao and Fernald method (Zhao and
Fernald, 2005).

Immunohistochemical Detection of Seminal
Plasma Albumin in Turkey Reproductive
Tissues and Liver

Fragments of testis, epididymis, ductus deferens,
and liver obtained from turkeys (n = 6) with normal
WS and turkeys (n = 6) with abnormal YSS were fixed
in Bouin’s fluid (saturated picric acid, formaldehyde,
and glacial acetic acid at 15:5:1 proportion) for 24 h,
dehydrated in an increasing gradient of ethanol and
embedded in paraffin. Epididymis was identified
based on previous studies (Hess et al., 1976; Hess
and Thurston, 1977; Hess et al., 1982) and our own
experience as described Kotlowska et al. (2005). All
sections (5-pm thickness) were mounted on slides
coated with 3-aminopropyltriethoxysilane (APES;
Sigma-Aldrich), deparaffinized in xylene, rehydrated
gradually through a series of ethanol dilutions, and
washed in water (Kotula-Balak et al., 2008). The pro-
cedures used for immunohistochemistry were similar
to those described recently by Stowiriska et al. (2014,
2015b). To achieve antigen retrieval, the slices were
immersed in citrate buffer (10 mM, pH 6.0) and heated
in a microwave oven (8 min, 750 W). Endogenous
peroxidase activity was blocked by incubation in a
solution of hydrogen peroxide (0.3%, v/v) in TBS (Tris
buffered saline, 0.05 M Tris-HCI, 0.15 M NaCl, pH
7.6), while non-specific binding was prevented by using
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normal goat serum (5%, v/v). Thereafter, sections
were incubated overnight at 4°C in a humidified
chamber in the presence of antibodies against albumin
(dilution 1:500) produced previously in our laboratory
(Stowiniska et al., 2015a). Subsequently, sections were
incubated with biotinylated secondary antibody, goat
anti-rabbit IgG (1:400; Vector Lab., Burlingame CA,
USA), respectively, for 60 min. After each step in
these procedures, sections were carefully rinsed with
TBS; the antibodies were also diluted in TBS buffer.
The staining was developed using avidin-biotinylated
horseradish peroxidase complex (ABC/HRP; 1:100;
VECTASTAIN Elite ABC Reagent, Vector Lab.)
for 30 min followed by 0.05% 3,3’-diaminobenzidine
tetrachloride (DAB; Sigma-Aldrich) in TBS containing
0.01% H50, and 0.07% imidazole for 6 min. Thereafter,
sections were washed and counterstained with Mayer’s
hematoxylin, dehydrated, and mounted using DPX
mounting media (Sigma-Aldrich). All slides were
processed immunohistochemically at the same time
with the same treatment so that staining intensity
of the different sections could be compared (Hejmej
et al., 2005). The cells were considered immunopos-
itive if brown reaction product was present and
appeared as a signal in reproductive tissue -cells;
the cells without any specific immunostaining were
considered immunonegative (Dietrich et al. 2014).
Negative controls included sections incubated with
pre-immune goat serum instead of primary antibody.
All immunohistochemical experiments were repeated
three times. The sections were examined using a
Leica. DMR microscope (Leica, Microsystems GmbH
Wetzlar, Wetzlar, Germany).

Two-Dimensional Gel Electrophoresis
and Western Blot

Tissues frozen in liquid nitrogen were thawed on ice
and 100 pg of tissues were sonicated using VC-13 PB
(Sonics, USA), set at 35% relative output, for 30 s in
200 wpL extraction buffer containing 7 M urea, 2 M
thiourea, 4% CHAPS (wt/vol), 40 mM DTT, and 2%
IPG buffer. The tissue extracts were then centrifuged
at 12,800 x g for 20 min at 4°C and 100 ug protein
(in replicates) was precipitated using the 2-D Clean-
up Kit (GE Healthcare, Uppsala, Sweden). The pel-
let was re-suspended in rehydration buffer containing
7 M urea, 2 M thiourea, 2% CHAPS (wt/vol), 18 mM
DTT, 2% IPG buffer, and a trace of bromophenol. The
protein concentration was measured by the method of
Bradford (1976) using a Coomassie Plus Kit (Thermo
Scientific, Waltham, MA, USA) with bovine serum al-
bumin as standard. The samples (100 pg protein) were
then loaded onto immobiline DryStrip gels (IPG) strips
(7 cm, pH 4-7 NL; GE Healthcare) with passive rehy-
dration (18 h). Isoelectric focusing was performed with
an IPGphor isoelectric focusing unit (GE Healthcare)
and sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was run using the SE 250 ver-
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tical Mighty Small electrophoresis system (GE Health-
care), as described by Slowiniska et al. (2015a). Semi-
nal plasma and blood samples were prepared for two-
dimensional gel electrophoresis according to Stowiriska
et al. (2015a).

A western blot was performed as described by
Stowinska et al. (2015a). Four samples each of white
and yellow reproductive tract tissues, seminal plasma,
liver, and blood were transferred to nitrocellulose mem-
branes. Polyclonal antibodies against the albumin were
diluted with TBS-T (0.05 M Tris-HCI, 0.15 M NaCl,
and 0.1% Tween 20, pH 7.6) at a ratio of 1:10,000. Blots
were scanned using the VersaDoc MP 4000 system (Bio-
Rad) and albumin spots were quantified by area (mm?)
using Quantity One Analysis Software (version 4.6.9,
Bio-Rad).

Statistics

The results of mRNA albumin expression and albu-
min area were analyzed using two-way analysis of vari-
ance. Significant differences between mean values were
determined by least significant difference tests. The dif-
ferences were considered significant at P < 0.05. Sta-
tistical (Version 13.1, 2016 StatSoft Inc., Tulsa, OK)
software was used for statistical calculations. The dif-
ferences in semen quality parameters between white
and yellow semen were analyzed by the Student’s
t-test using the statistical software program Graph-
Padb (GraphPad PRISM version 5.0, GraphPad Soft-
ware Inc., San Diego, CA). Data were presented as
mean + SEM. Correlation was calculated using the
Spearman correlation test.

RESULTS

White and Yellow Semen Quality
Parameters

Sperm concentration (P = 0.35) and sperm motil-
ity (P = 0.15) did not differ between white and yel-
low semen. However, yellow semen was characterized
by slightly and significantly lower sperm viability (P =
0.026). The lack of differences between white and yellow
sperm motility could possibly result from higher vari-
ability data for sperm motility compared to viability.
The protein concentration clearly distinguished white
and yellow seminal plasma and was 4.5 times higher
in YSS semen than that of WS (Table 1). There was
no correlation between sperm quality parameters and
albumin abundance measurement within reproductive
tract (data not shown).

Expression of ALB mRNA in the Male
Reproductive Tract

Albumin mRNA transcripts were detected in the
turkey reproductive tract and liver. Within the
reproductive tract, the highest levels of ALB mRNA
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Table 1. Quality parameters of white and yellow turkey semen.

Parameters White Yellow

Sperm concentration 9.49 £ 1.5 8.67 &+ 1.11*
(x10% /ml)

Sperm viability (%) 97.85 + 0.28* 97.03 £ 0.76"

Motility (%) 74.17 £+ 9.55* 67.83 £+ 3.87*

Protein concentration in 16.96 + 6.70* 77.19 + 24.01°

seminal plasma (mg/ml)

abMeans with different superscripts are significantly different (P <
0.05).

Number of samples = 6/group.

Results are reported as means + SEM.

121 & White

-# Yellow
104
81 /a

0.3-
0.2 a
0.1-
0.0

ALB:GAPDH mRNA ratio
(-]
-

Testis Epididymis Ductus deferens

Figure 1. Expression of albumin mRNA in male reproductive tract
tissues of WS and YSS turkeys. Data are presented as mean values +
SEM. Different letters indicate statistical significance at P < 0.05.

transcripts were detected in the ductus deferens of YSS
males, but not in males producing WS (Figure 1). De-
spite significant histological differences, we did not ob-
serve any differences in ALB expression in testis and
epididymis between WS and YSS males. However, a
dramatic difference was found in the ductus deferens,
where expression observed in YSS males was 51-fold
that of WS males. There was no difference between YSS
and WS males in terms of ALB expression in the liver
(492.1 £+ 16.6 vs 421.2 + 64.5 for the ALB:GADPH
mRNA ratio for white and yellow males, respectively,
P =0.71).

Immunohistochemical Detection of Albumin
in Turkey Reproductive Tissues and Liver

Immunohistochemical study revealed positive signals
of various intensities for albumin in the testis, epi-
didymis, ductus deferens, and liver of WS and YSS
turkeys (Figure 2A-H). In the testis of WS turkeys,
a positive signal for albumin was localized in germ cells
(except for spermatogonia), being of moderate to strong
intensity in spermatocytes and round and elongating
spermatids (Figure 2A). Leydig cells within the inter-
stitial tissue and myoid cells also exhibited moderate to
strong immunoreaction (Figure 2A’). Thorough anal-
ysis at higher magnification revealed a linear staining
pattern on the plasma membrane of spermatocytes that
may suggest membrane localization of albumin (bot-
tom image of Figure 2A). A strong signal was partic-
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ularly evident in elongating spermatids with localiza-
tion in the cytoplasmic droplets. In the testis of YSS
turkeys, the intensity of immunoreaction for albumin
was clearly reduced in spermatocytes (Figure 2B). How-
ever, a linear staining pattern remained on their plasma
membrane, as shown in the higher magnification image
(bottom image of Figure 2B). In some tubules, elon-
gating spermatids displayed either a strong signal for
albumin (Figure 2B’) as observed in the WS turkeys or
a reduced one (Figure 2B). In Leydig cells, a positive
signal of moderate intensity was observed, while my-
oid cells exhibited strong immunostaining for albumin
(Figure 2B). Independently of the turkey group, the
epithelium around blood vessels was positively stained
(not shown). No positive immunoreaction was detected
at the base of the epithelium, either in Sertoli cells or
spermatogonia (Figure 2A and B, and bottom images
of Figure 2A and B).

In the proximal epididymal region in tissue from WS
turkeys, a strong signal for albumin was confined to the
apical cytoplasm of most epithelial cells (Figure 2C).
Concomitantly, in some cells a weak, diffused stain-
ing was noticed. In the ductus epididymis, non-ciliated
epithelial cells displayed a strong staining for albumin
(Figure 2C’). Some epithelial cells projected consider-
able amounts of positively stained cytoplasm into the
lumen as did loose cytoplasmic droplets (Figure 2C’).
There was no positive staining in the ciliated epithelial
cells, basal cells, and spermatozoa without cytoplasmic
droplets (Figure 2C’). In the proximal epididymis of
YSS turkeys, the apical cytoplasm of the epithelial cells
displayed a strong signal for albumin, while in the rest
of the cytoplasm various intensities of signal were ob-
served (Figure 2D). Along the ductus epididymis, delo-
calization of albumin to the perinuclear region of non-
ciliated epithelial cells occurred (Figure 2D’). Moreover,
microvilli projected from non-ciliated cells and cell cy-
toplasmic protrusions were positively stained. In con-
trast, ciliated and basal epithelial cells and sperm did
not exhibit any staining (Figure 2D’).

In the pseudostratified columnar epithelium of the
ductus deferens from WS turkeys, a strong staining
for albumin was observed, mainly within the epithe-
lial cell cytoplasm (Figure 2E). In some cells, a strong
diffused staining was observed. Basal cells were weakly
stained (Figure 2E). In contrast, in the ductus defer-
ens of YSS turkeys, the intensity of immunoreaction
for albumin was very strong only in the apical epithe-
lium (Figure 2F). As shown in Figure 2E’ and F’, evi-
dent cytoplasmic distribution of albumin was observed
irrespective of the turkeys groups, although in YSS
turkeys the signal intensity was significantly reduced
(Figure 2F’ vs E’). In the lumen, there were positively
stained cell cytoplasmic protrusions, namely loose cy-
toplasmic droplets (Figure 2E’ and F’).

In the liver cells of WS and YSS turkeys, the positive
signal for albumin was of moderate intensity and local-
ized in several hepatocytes, either in their cytoplasm or
their nuclei (Figure 2G and H).
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Figure 2. Representative microphotographs showing immunohistochemical localization of albumin in WS turkeys (A, A’, C, C", E, E’, G)
and YSS turkeys (B, B’, D, D', F, F’, H) in the testis (A, A’ B, B’), epididymis (C, C’, D, D), ductus deferens (E, E’, F, F ), and hver (G,
H). Immunostaining was performed using seminal plasma antibody against albumin, followed by anti-rabbit IgG, and ABC / HRP visualized by
DAB. Samples were counterstained with Mayer’s haematoxylin. Bars = 10 gm. Frames indicate the location of a higher magnification view.
(A, A’) Moderate to strong signal for albumin is localized in spermatocytes (short arrows), round spermatids (arrows), and elongated spermatids
(double arrowheads). Note strong signal, in Leydig cells within the interstitial tissue (LC) and myoid cells (crosses). No immunopositive reaction
is observed in Sertoli cells (SC) and spermatogonia (white arrows). At higher magnification (bottom [boxed image from main panel]), a strong,
linear staining pattern is visible on the plasma membrane of spermatocytes (short arrows). Note the strong signal localized in cytoplasmic droplets
of elongating spermatids (double arrowheads). (B, B’) Weak signal for albumin is localized in spermatocytes (short arrows). Note either weak
(B) or strong (B’) signal in elongating spermatids (double arrowheads). Leydig cells are moderately stained (LC), while a moderate to strong
signal is localized in myoid cells (crosses). No immunopositive reaction is observed in Sertoli cells (SC) and spermatogonia (white arrows).
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In the control sections, in which the primary antibody
was omitted and replaced with pre-immune serum, no
immunopositive signals for albumin were observed.

Albumin Pattern in the Male Reproductive
Tract, Seminal Plasma, Liver and Blood

Polyclonal antibodies against turkey seminal plasma
ALB recognized albumin proteoforms in the testis, epi-
didymis, ductus deferens, seminal plasma, liver and
blood of WS and YSS turkeys (Figure 3A). Albumin
spots with greater albumin area were observed in the
reproductive tract and seminal plasma of YSS turkeys
(Figure 3B). On the other hand, there were no differ-
ences between YYS and WS males in terms of albumin
area found in liver tissue and blood (Figure 3C).

DISCUSSION

In the present study, we demonstrated the expression
of albumin mRNA in the turkey reproductive tract.
Apart from the liver, the highest expression of albu-
min was found in the ductus deferens in turkeys with
YSS. Testicular spermatids, Leydig, and myoid cells
and epithelium of the epididymis and ductus deferens
were the main secretion sites of albumin in the turkey
reproductive tract. Polyclonal anti-albumin antibodies
cross-reacted with reproductive tissue, seminal plasma,
liver, and blood. Higher albumin abundance was found
in the reproductive tract and seminal plasma of YSS
toms compared to WS toms.

The presence of albumin in turkey seminal plasma
has been reported by Thurston et al. (1982) and con-
firmed by Stowiriska et al. (2015a). However, so far the
origin of albumin in turkey seminal plasma is controver-
sial. Thurston et al. (1982) suggested that either blood
proteins are transported to semen or they may be syn-
thesized and released by reproductive tissue in turkeys.
It is possible that both of these origins may be involved.
Skinner et al. (1987) estimated that 10% to 20% of
transferrin in ram rete testis fluid originates from blood
and 80% to 90% from the testis. Our results indicated
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for the first time that cells in the turkey reproductive
tract tize and secrete albumin. Further study should fo-
cus on establishing the level of albumin secretion in the
reproductive tract and/or derived from blood.

In our study, the secretion of albumin occurred in
all parts of the reproductive tract of males producing
WS. Similar to birds, mammalian albumin mRNA is
transcribed in the testis and all parts of the epididymis
(Arroteia et al., 2014). This suggests that albumin is im-
portant for function of male reproductive tract system
in higher vertebrates. Although expression of albumin
mRNA in healthy toms producing WS did not differ
within the reproductive tract, a steady increase of al-
bumin, detected after western blot analysis, was visible
along the reproductive tract, reaching highest values in
the ductus deferens where albumin was primarily se-
creted by epithelial cells (Figure 1). The secretory and
absorptive functions of the epithelium are important
for maintenance of the microenvironment, especially in
the ductus deferens where sperm maturation and stor-
age take place (Clulow and Jones, 1982; Wishart and
Horrocks, 2000). Our results strongly suggest that al-
bumin is important part of this mechanism of sperm
protection. This suggestion is supported by immuno-
histochemical results (see below).

The reproductive tract in YSS turkeys was charac-
terized by the highest amount of albumin, detected af-
ter western blot analysis, in comparison to WS males.
Similar to the reproductive tract in WS turkeys, the
highest secretion was observed in the ductus deferens.
Moreover, in YSS ductus deferens, we observed over-
expression of albumin mRNA, and mRNA expression
correlated with albumin secretion within the reproduc-
tive tract (r = 0.81%). The altered gene expression in
YSS males seems to be limited to the reproductive
tract, in particular the ductus deferens. It is suggested
that further study should examine the mechanisms of
disturbances of expression in the ductus deferens of YSS
males.

Using immunohistochemistry, we revealed the pres-
ence of the albumin in the testis, epididymis, ductus
deferens, and liver of healthy WS turkeys. Our study
showed that the expression of albumin in the testis is

Figure 2. (Continued) At higher magnification (bottom [boxed image from main panel]), note the linear pattern which remained on the
plasma membrane of spermatocytes (short arrows). (C, C’) In the proximal epididymal region (C), a strong signal for albumin is localized
in the apical cytoplasm of most of the epithelial cells (double arrowheads). In some cells, a weak, diffused staining is visible (double arrows).
Along the ductus epididymis (C’), a strong, positive signal for albumin is localized in the cytoplasm of non-ciliated epithelial cells (arrows)
and microvilli projected from non-ciliated cells (arrowheads). Positively stained cell cytoplasmic protrusions, namely loose droplets, are visible
in the lumen (asterisk). Ciliated epithelial cells (white arrow), basal cells (short arrow), and spermatozoa without cytoplasmic droplets are
immunonegative (open arrows). (D, D’) A strong signal for albumin is localized in the apical cytoplasm (double arrowheads) of the proximal
epididymal region (D). Various signal intensities (weak, moderate, or strong) are localized in epithelial cells (double arrows). Along the ductus
epididymis (D’), delocalization of albumin in the perinuclear region of non-ciliated cells (arrows) is visible and microvilli projecting from non-
ciliated cells (arrowheads). Positively stained cell cytoplasmic protrusions are visible in the lumen (asterisk). Ciliated cells (white arrow), basal
cells (short arrow), and spermatozoa without cytoplasmic droplets are (open arrows) immunonegative. (E, E’) Strong staining for albumin is
localized in the apical cytoplasm (double arrowheads) of columnar epithelial cells. In some cells, a strong, diffused staining is visible (arrows).
Basal cells (short arrows) are weakly stained. Note the evident cytoplasmic pattern of the stain (E’). Positively stained cell cytoplasmic protrusions
are visible in the lumen (asterisk). (F, F’) Very strong staining for albumin is localized in the apical cytoplasm (double arrowheads) of columnar
epithelial cells, while the remainder of the cytoplasm is weakly stained (arrows). In basal cells (short arrows), a very weak signal is observed. Weak
cytoplasmic pattern of the staining is clearly visible (F’). Positively stained cell cytoplasmic protrusions are visible in the lumen (asterisk). (G,
H) Moderate signal for albumin is localized in hepatocytes (arrows). No immunopositive staining for albumin is observed in testes, epididymides,
ductuli deferentes, and liver tissue when the primary antibody is omitted (inserts in A’, B’, C, D, E’, F’| G, and H), respectively.
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Figure 3. Cross-reactivity between polyclonal antibodies against
albumin and turkey reproductive tract tissues, seminal plasma, liver
tissue, and blood from males producing WS (white) and YSS (yel-
low) semen. (A) Proteins were separated by 2DE (two-dimensional gel
electrophoresis), transferred to nitrocellulose membrane and visualized
using anti-albumin antibodies. Blots were scanned using the VersaDoc
MP 4000 system (Bio-Rad, Hercules, CA). (B, C) The areas of albu-
min spots (mm?) were quantified using Quantity One Analysis Soft-
ware (Bio-Rad, Hercules, CA). The data are presented as mean values
+ SEM. Different letters indicate statistical significance at P < 0.05.
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linked to specific germ cells, including spermatocytes
with membrane albumin localization and round, elon-
gated spermatids in which albumin is localized in the
cytoplasmic droplets (Figure 2A). Albumin is known to
protect membrane integrity of sperm by elimination of
free radicals generated by oxidative stress (Bansal and
Bilaspuri, 2011). For this reason it can be suggested
that antioxidant properties of albumin may be involved
in protection of developing germ cells during spermato-
genesis. A similar stage-specific expression of proteins
has been previously described for protease inhibitors
(Bian et al., 2009; Stowinska et al., 2014, 2015b) and
its role in spermatogenesis, particularly for spermatid
elongation, was suggested. At present, it is unknown
whether albumin is present inside bird spermatozoa.
Besides germ cells, the immunohistochemical studies
revealed localization of albumin in Leydig and my-
oid cells of turkey testis. Mainly steroidogenic activity
was described for Leydig cells in avian testis (Deviche
et al., 2011). This suggests a role of albumin in sup-
porting hormonal production in the reproductive tract
of male turkeys. This suggestion is also supported by
the increase of dihydrotestosterone binding activity in
yellow seminal plasma, characterized by higher abun-
dance of albumin observed by Hess et al. (1984).Those
results contradict data concerning the presence of albu-
min in the mammalian reproductive tract where albu-
min is localized in Sertoli cells (Elzanaty et al., 2007).
The different sites for albumin secretion in mammals
and birds suggest differences in albumin function be-
tween the two reproductive systems.

In contrast to the testis, in the epididymis and duc-
tus deferens, the albumin was primarily secreted by
epithelial cells (Figure 2B and C). Epithelial cells of
the epididymis are also known to secrete albumin in
mammals (Shaha et al., 1988; Elzanaty et al., 2007).
A considerable amount of albumin was projected into
the lumen in epithelial cells when cytoplasmic droplets
were loose in the epididymis and ductus deferens of
WS turkeys. In birds, proteins secreted by epithelial
cells of the Wolffian duct (vas deferens) are involved
in maturation changes in the sperm membrane (Morris
et al., 1987; Esponda, 1991). This indicates that, be-
sides protecting the developing germ cell during sper-
matogenesis, albumin can be involved in maintaining
a suitable microenvironment for sperm maturation and
storage, which mainly takes place in the ductus defer-
ens. This suggestion is supported by results of albu-
min abundance after western blot analysis in healthy
turkeys showing the highest secretion of albumin in the
ductus deferens (Figure 3B).

It has to be emphasized that there are significant
differences between avian and mammalian sperm mat-
uration in epididymis. In contrast to mammals, where
maturation is a complex process and involves changes in
the lipid and protein composition of the plasmalemma
and development of sperm motility, birds have adopted
a relatively simple form of spermatozoa maturation or
modification along the reproductive tract (Aire, 2007).
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Avian testicular fluid and spermatozoa are produced  unstained vacuoles visible in YSS epididymis

in large quantities (Clulow and Jones, 1982; Aire and
Ozegbe, 2007) and pass through the excurrent ductus
extremely rapidly (1 to 2 d), (Amir et al., 1973; Clu-
low and Jones, 1982). However, some post-testicular
sperm maturation can appear in the epididymis and is
manifested in the ability to display progressive motil-
ity sufficient to achieve fertilization following natural
mating (Nixon et al., 2014). In our study, the secre-
tion of albumin was detected in the epididymis. Per-
haps its function can be related to motility develop-
ment. This suggestion is supported by the results of in
vitro study of turkey semen indicating a positive ef-
fect of albumin on sperm motility parameters including
the percentage of motile spermatozoa, sperm velocity
and linearity after short term storage (Bakst and Cecil,
1992).

The results of immunohistochemical localization of
albumin within the reproductive tract showed similar
sites of albumin secretion in tissues from YSS and
WS turkeys, however, with a reduced signal in YSS
turkeys. The lesser intensity of staining in YSS male
reproductive tissues was unexpected due to results
of RT-PCR and western blot analysis. We believe
that the main reason for less intensive staining is
related to presence of lipid-like vacuoles, present
in high amounts in the reproductive tract of YSS
turkeys (Hess et al., 1982; Thurston and Korn, 1997),
which could have contributed to the formation of

(Figure 2D’) and ductus deferens (Figure 2F’).
Disturbance in lipid metabolism in YSS semen was
also confirmed in our recent metabolomic analysis of
white and yellow seminal plasma (Slowiniska et al.,
2018). In summary, disturbance in lipid metabolism
may contribute to the numerous lipid vacuoles ob-
served in the reproductive tracts of YSS males which
contributed to disturbance in immunohistochem-
istry. Ductal abnormalities, particularly visible in
the epididymis and ductus deferens, presumably
impaired the immunohistochemical pattern of albumin
localization.

In conclusion, our results demonstrated that cells in
the reproductive tract of turkeys synthesized and se-
creted albumin. The ductus deferens secretion of al-
bumin seems to be mostly responsible for YSS. Over-
secretion by the ductus deferens seems to be the main
reason for albumin abundance in YSS semen. Distur-
bance in lipid metabolism may contribute to the nu-
merous lipid-like vacuoles observed in the reproductive
tracts of YSS males, which may have caused problems
with albumin identification using immunohistochemical
techniques.

SUPPLEMENTARY DATA

Supplementary data are available at Poultry Science
online.
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