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Abstract

The global proteome of sperm and seminal plasma of fertile stallions was investigated to determine whether associations with
relative in vivo fertility exist. Seven stallions at stud in a commercial breeding station were collected throughout the breeding
season and bred to a total of 164 mares to determine conception rates. On three occasions during the breeding season, raw semen
was obtained from a regular collection for proteomic analysis using two-dimensional electrophoresis and also assessed for routine
semen quality end points. First cycle conception rate was negatively related to ejaculate volume (r = —0.43, P = 0.05) and total
IGF1 content (ng) per ejaculate (r = —0.58, P = 0.006), whereas overall pregnancy rate was positively related to sperm
concentration (r = 0.56, P = 0.01). The abundance of three proteins known to be involved in carbohydrate metabolism in sperm
was positively related to fertility. Furthermore, the abundance of four seminal plasma proteins were identified as being negatively
related to fertility; these were identified as kallikrein-1E2 (KLK2), clusterin, and seminal plasma proteins 1 (SP1) and 2 (SP2).
Abundance of cysteine-rich secretory protein 3 (CRISP3) was positively related to first cycle conception rate (r = 0.495, P =
0.027) and may provide a good marker of fertility. Based on stepwise regression analysis, clusterin and SP1 in seminal plasma
together with sperm citrate synthase were predictive of fertility (r = 0.77, P < 0.0001). This study identified proteins within sperm
and seminal plasma that could serve as biomarkers of semen quality and fertility in stallions.
© 2010 Elsevier Inc. All rights reserved.
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1. Introduction portance. Even if subfertile stallions can be identified
through conventional semen quality assessments, there
is substantial variance in relative in vivo fertility in
stallions considered fertile (60% per cycle conception
rate) [1]. Although a stallion may be fertile over re-
peated breedings, there is economic value for both the
mare and stallion breeder if the stallion has a high first
cycle conception rate. The ability to select these fer-
Trresp onding author: Tel: (780) 248-1159; fax: (780) 492- tile st.al.lions or predict fertility using biomarkers is a
4265. promising goal. In recent years, research efforts have
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The horse is unique in that selection of stallions used
for breeding is based on genetics and desired perfor-
mance and conformational characteristics. However,
with increased use of reproductive technologies and
transported semen, stallion fertility is of increasing im-
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either the genomic or proteomic level. Polymor-
phisms in the gene encoding CRISP3, an abundant
seminal plasma protein, have been associated with a
reduction in fertility [2], whereas inhibin beta A
(INHBA) polymorphisms were associated with preg-
nancy rates [1], in a large-scale association study
with Hanoverian stallions.

Proteins in seminal plasma are involved in various
processes to preserve viability of sperm, interactions
with the female reproductive tract, and the process of
fertilization [3] and are good candidates for markers of
fertility. The seminal plasma proteome has been inves-
tigated in the stallion [4], bull [5], and human [6], using
2D gel electrophoresis. The proteins in the sperm mem-
brane are also interesting candidates, as they are im-
portant for sperm adhesion to the sperm reservoir in the
female tract and sperm-egg binding. Proteomics has
identified proteins that are differentially expressed in
human sperm from normal versus asthenozoospermic
samples [7]. In the boar, recent studies have shown
negative relationships between seminal plasma proteins
and fertility [8]. In the bull, specific proteins in seminal
plasma were associated with fertility [9,10], whereas in
equine seminal plasma, one protein was positively (72
kDa, pl 5.6, osteopontin) and three were negatively
associated with fertility [11]. More recently, IGFI con-
centrations in stallion seminal plasma were also shown
to have a relationship to fertility [12]. Three proteins on
the stallion sperm membrane (SNARE proteins, caveo-
lin-1 and NSF) have also recently been identified and
implicated in fertility [13].

The objective of this study was to investigate the
global proteome of both sperm and seminal plasma of
stallions known to be fertile, to determine if any of the
observed proteins were associated with conventional
semen quality measurements and relative in vivo fertil-
ity of stallions at a commercial breeding station. Rela-
tionships between IGF1 concentrations in seminal
plasma of these stallions and their fertility were also
explored.

2. Materials and methods
2.1. Stallion semen collection

Seven fertile stallions with an average age of 12.5 y
(range, 6-23 y) from a commercial stallion breeding
station (Bassano, AB, Canada) were collected every
second day throughout the breeding season and bred to
a total of 164 mares from May to August (on average
25.3 mares per stallion). On three occasions during the
breeding season, each 2 wk apart, an ejaculate was

assessed for routine semen quality parameters such as
ejaculate volume, sperm concentration and percent pro-
gressively motile sperm by the same trained individual.
One of the stallions was only collected on two oc-
casions, as it was no longer needed for breeding. The
ejaculate was then diluted with extender to at least
500 X 10° progressively motile sperm, and immedi-
ately used to inseminate mares at the breeding station.
An aliquot (10 mL) of fresh, raw semen was obtained
from these collections for protein analysis, and sperm
and seminal plasma were immediately separated by
centrifugation at 4,000 X g for 10 min at room tem-
perature, and seminal plasma was frozen at —20 °C.
The sperm pellet was washed three times with 5 mL
PBS and centrifuged each time at 4,000 X g for 10 min.
The washed sperm pellet was immediately frozen at
—20 °C and transported back to the laboratory.

Stallions were assessed for fertility, based on first
cycle conception rate for three 4-wk intervals through-
out the breeding season, and the final pregnancy rate
and average number of cycles bred was determined
after breeding mares for a total of three cycles. Preg-
nancy was confirmed in the mares by ultrasonography
approximately 30 d after insemination.

2.2. IGFI radioimmunoassay

Concentrations of IGF1 in seminal plasma in all
ejaculates were quantified using an established radio-
immunoassay [14]. Samples were extracted singly and
assayed in triplicate. The following modifications were
made: 0.1 mL of seminal plasma was extracted and 0.3
mL of neutralized sample was taken to assay. Diluted
neutralized control pools of boar and horse seminal
plasma each showed parallelism to the standard curve.
The product used for iodination and the standard curve
was GroPep Human IGF-I Receptor Grade (GroPep, #
CU100, GroPep Ltd., Adelaide, SA, Australia). Assay
sensitivity defined as 86% bound was 3.5 pg/tube
(equivalent to 1.81 ng/mL of raw plasma in the current
assay). All samples had concentrations higher than sen-
sitivity. Apparent radioinert % recovery was 44.24 =
1.92% for horse seminal plasma. Results were not cor-
rected for recovery. The intra-assay CV for the single
assay run was 3.05%.

2.3. Sperm and seminal plasma protein preparation

Protein was extracted from the sperm pellet in rehy-
dration lysis buffer (7M Urea, 2M thiourea, 4% (wt/
vol) CHAPS, 20 mM DTT) with repeated homogeni-
zation for 1 h on ice. The sample was centrifuged at
10,000 X g for 10 min to remove debris and the
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supernatant containing the solubilized sperm proteins
was collected and an aliquot was taken for determina-
tion of protein content using the 2D Quant Kit (GE
Healthcare, Baie d’Urfé, QC, Canada). Seminal plasma
proteins were quantified directly using the BCA protein
assay (Pierce, Rockford, IL, USA).

2.4. 2D gel electrophoresis

The seminal plasma and sperm proteins (100 ug)
were solubilized in rehydration buffer (7M Urea, 2M
Thiourea, 20 mM DTT, 0.8% (vol/vol) IPG Buffer pH
3-10, Bromophenol Blue) and loaded by cup-loading
onto rehydrated 24 cm Immobiline DryStrips IPG strips
pH 3-10 Linear (GE Healthcare). There were 20 gels in
total of seminal plasma and 20 gels of sperm proteins,
as one stallion was not collected at one time point. The
first dimension isoelectric focusing protocol included a
gradual increase in voltage to a total of 70,000 Volt-h
over a 24 h interval (IPGPhor, GE Healthcare) and
immediately frozen at —80 °C after isoelectric focus-
ing. Prior to the second dimension separation, strips
were equilibrated in 50 mM Tris-HCI, 6 M urea, 30%
(vol/vol) glycerol, 2% (wt/vol) SDS and bromophe-
nol blue, for 15 min with 1% (wt/vol) DTT, and then
alkylated using 2.5% (wt/vol) iodoacetamide for 15
min. The 24 cm IPG strips were placed on 12%
(wt/vol) polyacrylamide 26 cm-wide slab gels and
initially separated at 5W/gel for 30 min, followed by
17W/gel for 3.5 to 4 h with buffer temperature set to
20 °C in a ETTAN DALT-six gel electrophoresis
system (GE Healthcare). To reduce technical varia-
tion, six gels were cast at once in the multi-gel caster
and six gels were run at once in the second dimen-
sion system when possible.

The proteins were visualized by silver staining [15],
and scanned using a 14-bit scanner (Imagescanner, GE
Healthcare). Silver stain was chosen as a method for
these large format gels, because it is very sensitive to
detect proteins in lower abundance and it is cost-effec-
tive for the number of samples analyzed. Detection and
matching of spots across gels and quantification were
performed using Progenesis PG240 software (Nonlin-
ear Dynamics, UK). Briefly, the program first per-
formed a quality control for each image, verifying ap-
propriate resolution and flagging saturated spots; none
of the images used had saturated spots. A reference gel
for each gel type (sperm or seminal plasma) was chosen
and all gels were matched with the reference gel
through visual examination and selection of user seeds
using the computer aided-alignment in the software,
then the software completed the matching analysis. A

total of 108 spots in seminal plasma and 182 spots in
sperm were matched and analzyed across all gels. All
matches were visually inspected for accuracy and any
spots that needed editing (merging, splitting, or re-
matching) were redone. Non-spots were eliminated
from the analysis and the spot volume for each spot was
normalized against the total spot volume for that gel,
thus applying a correction factor for gels that differed in
staining intensity. The individual normalized spot vol-
umes were extracted from the software and statistically
analyzed in SAS (SAS Institute, Cary, NC, USA).

2.5. Statistics

The quantified sperm and seminal plasma proteins,
semen characteristics and IGF1 concentrations were
analyzed to determine if there were differences across
stallions with each of the three ejaculates for each
stallion as replicates, using the general linear models
procedure of SAS.

The quantified proteins were also correlated to vi-
sual semen quality characteristics (semen volume,
sperm concentration, total sperm number per ejaculate,
% motility, and total progressively motile sperm), IGF1
concentrations, protein concentrations, total IGF1 con-
tent and total protein content in seminal plasma and in
vivo fertility (first cycle conception rate, and overall
pregnancy rate).

Correlation analyses and stepwise regression analy-
sis were conducted to determine the specific relation-
ships between fertility and sperm and seminal plasma
characteristics and proteins. A principal components
analysis (PCA) was also conducted to confirm these
relationships, all within SAS.

2.6. LC-MS/MS identification of sperm and seminal
plasma proteins

A preparative 2D gel was run for each of the sperm
(1 mg) and seminal plasma proteins (500 wg) on 24 cm
Immobiline DryStrip Gels (GE Healthcare), in the lin-
ear pH 3-10 range, using an extended isoelectric fo-
cusing protocol for 85,000 Vh with rehydration load-
ing, and loaded onto a 12 (wt/vol) % SDS-PAGE slab
gel. The resulting gel was fixed overnight in 50% (vol/
vol) methanol and stained using Bio-Safe Coomassie
Blue (Bio-Rad Labs, Hercules, CA). The protein spots
of interest were manually excised and sent to a mass
spectrometry facility for further processing and identi-
fication (Centre Genomique du Quebec, Sainte-Foy,
QC, Canada). All procedures for mass spectrometry
and database searching for protein identification have
been previously described [8].
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Table 1

Reproductive and semen characteristics of the seven stallions. Fertility values were based on the entire breeding season from late May to
early August and the semen characteristics are an average from three ejaculates, each taken 2 wk apart, from the end of May to mid July.

Stallion  First Overall pregnancy No. cycles Ejaculate Sperm Progressive Total no. Total no.
cycle rate (%) per volume concentration  motility sperm progressively motile
conception pregnancy (mL) (X 10%mL) (%) (X 109 sperm (X 10°)
rate (%)

1 63.9 100 1.36 31.3° 246.0* 58.3 7609 4691

2 100* 100 1.0 26.0¢ 197.0*° 70.0 4613 3127

3 63.3" 93.1 1.46 53.3¢ 47.7° 56.6 3020 2057

4 62.9 87.5 1.35 93.7% 118.3% 73.3 11049 8265

5 77.7° 91.2 1.26 37.5¢ 79.5% 62.5 2947 1850

6 52.9¢ 75 1.36 31.0¢ 79.3% 58.3 2459 1449

7 100* 100 1.0 21.7¢ 199.7° 71.3 2459 2048

Pooled 49 9.35 0.17 11.5 36.5 7.5 1722 1442

SEM
Prob.* < 0.0001 0.385 0.776 0.009 0.015 0.538 0.030 0.059

#7¢ Within a column, means without a common superscript differed (P < 0.05).

* Probability for the main effect of stallion.

3. Results
3.1. Stallion fertility and semen quality

First cycle conception rate of the stallions was 50—
100%; overall pregnancy rates ranged from 75-100 %
(Table 1), and all stallions were considered fertile.
There were differences (P < 0.05) among stallions in
sperm concentration, total number of sperm, and ejac-
ulate volume (Table 1). Stallion 4 had a higher ejacu-
late volume than the other six stallions (P = 0.0009),
whereas sperm concentration varied greatly among stal-
lions. There were no differences in progressively motile
sperm (PMS), or the total number of progressively
motile sperm (P > 0.05). All stallions were considered
to have acceptable sperm morphology (>70% normal
sperm; data not available). First cycle pregnancy rate

Table 2

was negatively related to ejaculate volume (r =
—0.436, P = 0.05) and overall pregnancy rate was
positively related to sperm concentration (r = 0.564,
P = 0.01).

There were differences in total protein concentration
(P = 0.01), but not total protein content (P > 0.05), in
the seminal plasma across stallions (Table 2). However,
total protein content in the ejaculate was negatively
related to first cycle conception rate
(r = —0.496, P = 0.026), but not protein concentration.
Seminal plasma IGF1 concentrations and total IGF1
content were different among stallions (P = 0.007).
Concentrations of IGF1 in seminal plasma were not
related to fertility, however lower total seminal plasma
IGF1 content was associated with the most fertile stal-
lions, with an overall negative relationship to first cycle

Total protein and IGF1 concentrations and total content in seminal plasma of stallions.

Stallion Ejaculate [IGF1] (ng/mL) IGF1 content (ng) Total protein Total protein content
volume (mL) concentration (mg/mL) (mg)

1 31.3¢ 28.0* 808.6* 20.63* 631.2

2 26.0° 12.0b<d 234.7%° 14.08>° 366.8

3 53.3° 13.204 688.7° 11.6° 550.7

4 93.7% 10.5%4 1000.7* 6.27¢ 600.6

5 37.5¢ 22.4% 857.2% 26.89% 642.0

6 31.0° 15.3%¢ 493.0% 12.99%¢ 404.0

7 21.7¢ 7.54 139.8¢ 7.63¢ 127.2

Pooled SEM 11.5 3.94 172.0 2.29 142.7

P-value 0.009 0.009 0.004 0.010 0.211

Semen values are expressed as means.

#¢ Within a column, means without a common superscript differed (P < 0.05).

*Probability for the main effect of stallion.
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Fig. 1. Relationship between first cycle conception rate and IGF1 content in equine ejaculates (P = 0.007).

conception rate (r = —0.589, P = 0.006; Fig. 1). Total
IGF1 content was also strongly positively correlated
with ejaculate volume (r = 0.724, P = 0.0003), dem-
onstrating a relationship between ejaculate volume and
IGF1 content that may be indicative of fertility as both
were related to first cycle conception rate.

3.2. Proteomics analysis of sperm and seminal
plasma proteins

The software initially detected >3000 sperm pro-
teins (n = 20 gels) and >4000 seminal plasma proteins
(n = 20 gels). After all detected proteins were edited
and correctly matched, 108 proteins total were submit-
ted for analysis on the seminal plasma gels; of these
108 proteins, the 20 gels had on average 92 spots
(range, 75-108). For the sperm proteins, 182 spots were
considered for analysis after correct matches were
made (average 141 spots; range 99182 spots across 20
gels) All protein spots were numbered and those that
were associated with fertility are identified by their
number on Fig. 2 and listed in Table 3. For the proteins
found in sperm, four proteins were positively related to
fertility; Spot 1692, identified as malate dehydrogenase
was positively related to first cycle conception rate (r =
0.46, P = 0.04), , and Spot 1182 identified as fumarate
hydratase was also associated with first cycle concep-
tion rate (r = 0.466, P = 0.038). Protein Spot 1213 was
strongly related to first cycle conception rate (r = 0.55,
P = 0.011) and overall pregnancy rate (r = 0.54, P =
0.014), and was identified as citrate synthase. Protein
Spot 1145, identified as a-enolase, had a negative re-

lationship with seminal plasma IGF1 concentrations
(r = —0.448, P = 0.047) and was positively associated
with first cycle conception rate (r = 0.517, P = 0.019).
Protein Spot 899, identified as dihydrolipoamide de-
hydrogenase, was negatively related to ejaculate vol-
ume (r = —0.459, P = 0.042), as well as positively
related to first cycle conception rate (r = 0.589, P =
0.007).

For the proteins found in seminal plasma, six were
related to fertility or semen characteristics (Table 3).
Protein Spots 329, 322, 344, and 331 were all clustered
in a similar region of the gel (Fig. 2) and were identified
as a protein similar to palate, lung, and nasal epithelium
protein (PLUNC). These spots represent different iso-
forms of the protein, were all negatively related to IGF1
concentrations (r = —0.45, P = 0.04), and had a pos-
itive relationship with first cycle conception rate (r =
0.435, P = 0.05) in seminal plasma. Spot 302 was
negatively related to overall fertility (r = —0.558, P =
0.01), first cycle conception rate (r = —0.721, P =
0.0003; Fig. 3), and tended to be positively associated
with IGF1 concentrations in seminal plasma (r = 0.432,
P = 0.06). This protein was identified as clusterin, an
abundant protein in the seminal plasma of horses. Fur-
thermore, KLK2 was represented on a 2D gel as a
cluster of protein isoforms of which we identified Spots
3851 and 966 (Fig. 2). Spot 3851 was negatively related
to overall pregnancy rate (r = —0.60, P = 0.028), and
positively related to ejaculate volume (r = 0.46, P =
0.04). Spot 966 was negatively related to overall preg-
nancy rate (r = —0.62, P = 0.004) and negatively
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Fig. 2. Two-dimensional gels (pH 3-10 in the first dimension and 12% SDS-PAGE in the second dimension) of equine sperm (A) and seminal
plasma (B). Proteins that were identified by LC-MSMS (Table 3) are labeled with their corresponding number.
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Table 3

Identification of proteins of interest in seminal plasma and sperm of stallions and their association with fertility (first cycle conception rate)

and semen characteristics.

Spot # Source Association Protein name Accession number Theoretical No. unique
(Uni-Prot) MW (kDa) peptides
(% Coverage)

1213 Sperm Fertility + Citrate Synthase UPI0001561064 52 11 (36%)

1182 Sperm Fertility + Fumarate hydratase UPIO001560C16 50.9 20 (66%)

1692 Sperm Fertility + Malate dehydrogenase UPIO00155F7AE 36 12 (39%)

899 Sperm Fertility + Dihydrolipamide dehydrogenase UPIOO0155E1EA 54 29 (62%)
Volume —

1119 Sperm Fertility + a-enolase UPIO00155DDF2 41 41 (83 %)
[IGF1] —*

413 Seminal Plasma Fertility + Cysteine-rich secretory protein 019010 29.3 5 (36%)

3 (CRISP3)

966 Seminal Plasma Fertility — Kallikrein-1E2 (KLK2) Q6H321 29 8 (31%)
[Sperm]—

3851 Seminal Plasma Fertility — Kallikrein-1E2 (KLK2) Q6H321 29 12 (49%)
Volume +

302 Seminal Plasma Fertility — Clusterin (alpha-chain) Q29482 52 21 (32%)
[IGF1] +*

672 Seminal Plasma Fertility — Seminal Plasma Protein 2 (SP2) UPIO00155EF95 19.2 13 (43%)
[IGF1] +

628 Seminal Plasma Fertility — Seminal Plasma Protein 1 (SP1) P81121 14 5 (39%)
[sperm] —
Volume +

329 Seminal Plasma Fertility + Similar to PLUNC UPI00000156000D 26.9 9 (47%)
[IGF1] —

322 Seminal Plasma Fertility + Similar to PLUNC UPIO0000156000D 26.9 8 (37%)
[IGF1] —

344 Seminal Plasma Fertility + Similar to PLUNC UPI00000156000D 26.9 6 (28%)
[IGF1] —

331 Seminal Plasma Fertility + Similar to PLUNC UPI00000156000D 26.9 7 (32%)
[IGF1] —

* Correlation (P < 0.10).
associated with sperm concentration (r = —0.47, P = 3.3. Stepwise regression analysis

0.036). Two more proteins were negatively related to
fertility, Spots 628 and 672. Spot 628 was identified
as seminal plasma protein 1 (SP1) and was nega-
tively associated with first cycle conception rate (r =
—0.59, P = 0.006) and overall pregnancy rate (r =
—0.56, P = 0.01), as well as negatively associated
with sperm concentration (r = —0.52, P = 0.02) and
positively associated with ejaculate volume (r =
0.47, P = 0.037). Spot 672 was also identified as a
major component of seminal plasma, seminal plasma
protein 2 (SP2) and was also related with first cycle
conception rate (r = —0.55, P = 0.012), and posi-
tively related to IGF1 concentrations (r = 0.67, P =
0.001). The only protein identified in this analysis to
be positively related to fertility was Spot 413, cys-
teine-rich secretory protein 3 (CRISP3), which was
positively associated with first cycle conception rate
(r = 0.495, P = 0.027).

Stepwise regression analysis was performed to de-
termine which variables contributed to the determina-
tion of first cycle conception rate (%). Although overall
pregnancy rate was also used in the stepwise regres-
sion, each of the three normalized spot volume values
for each stallion was regressed against single value
obtained for overall pregnancy rate. First cycle concep-
tion rate was more accurate to predict the relative fer-
tility of these stallions, and semen characteristics were
represented within the three time points chosen
throughout the breeding season. All variables were en-
tered into the stepwise regression analysis including:
ejaculate volume, sperm concentration, motility, total
sperm, total progressively motile sperm, IGF1 concentra-
tions, IGF1 content, seminal plasma protein concentra-
tions and content, as well as all identified seminal plasma
and sperm proteins (clusterin, CRISP3, PLUNC, SP1,
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Fig. 3. The relationship of clusterin protein in equine seminal plasma and first cycle conception rate (P = 0.0003).

SP2, kallikrein, malate dehydrogenase, citrate synthase,
fumarate hydratase, a-enolase, and dihydrolipoamide de-
hydrogenase).

3.3.1.Stepwise regression analysis for first cycle
conception rate

The regression analysis retained variables that were
significant at the P < 0.15 level in the model. The
resulting model included clusterin (partial R* = 0.52,
P = 0.0003), SP1 (partial R* = 0.16, P = 0.01), and
citrate synthase (partial R> = 0.096, P = 0.019). The
overall model had an R* = 0.77, P < 0.0001. The
equation was as follows:

First cycle conception rate (%) = 0.90765 — 14.45
(clusterin) — 5.99 (SP1) + 0.10 (citrate synthase).

3.3.2. Stepwise regression analysis for overall
pregnancy rate

The regression analysis retained variables that were
significant at the P < 0.15 level in the model. The
resulting model included kallikrein (Spot 966, partial
R? = 0.385, P = 0.0035), citrate synthase (partial R* =
0.1231, P = 0.0548), and sperm concentration (partial
R? = 0.1171, P = 0.04). The overall model had an
R? = 0.6251, P = 0.001. The equation is as follows:

Overall pregnancy rate (%) = 0.8977 + 38.8 (sperm
concentration) + 0.0558 (citrate synthase) + 3.55 (kal-
likrein).

4. Discussion

This study demonstrated the identification of semen
biomarkers associated with stallion in vivo fertility.
First cycle conception rate is a good indicator of rela-
tive fertility, as it becomes an economically important

trait in breeding programs to reduce matings over mul-
tiple cycles. When first cycle conception rate was con-
sidered in this study, it was negatively related to some
abundant proteins in semen and also semen volume,
demonstrating that more dilute semen may not be ben-
eficial for relative fertility in the stallion. Both the
negative relationships with IGF1 content and clusterin
in semen could be used independently as good predic-
tors of fertility. In contrast, all of the sperm proteins
shown to vary with relative fertility were positively
related to first cycle conception rate, and there was also
a strong positive relationship between overall preg-
nancy rate and sperm concentration.

Based on multiple regression analysis of all vari-
ables in the ejaculates, including semen characteristics
and abundance of all sperm and seminal plasma pro-
teins, clusterin, SP1, and citrate synthase, were all sig-
nificant factors in an equation to predict fertility. The
contributions of the sperm proteins to the model were
approximately 10%, compared to the 90% contribution
of seminal plasma proteins. Even though there were
no significant differences in overall pregnancy rate
among stallions, a stepwise regression analysis re-
confirmed the relationship of citrate synthase with
fertility. With pregnancy rate considered, other pro-
teins included in the model were kallikrein. Interest-
ingly, sperm concentration as a semen characteristic
was included in this model, further supporting the
concept that increased semen volumes were nega-
tively associated with fertility.

In the present study, the volume of the raw ejaculate
was negatively related to first cycle conception rate and
higher sperm concentration in semen was positively
associated with overall pregnancy rate. These ejacu-
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lates tended to be diluted to a lesser extent in order to
maintain at least 500 X 10° sperm for each insemina-
tion, and the increased amount of seminal plasma per
ejaculate could have negatively affected the fertilizing
ability of the sperm for immediate breeding. In support
of this, the major seminal plasma proteins that exhib-
ited a relationship with fertility in this study, such as
kallikrein-1E2, SP1 and SP2, had a negative relation-
ship with fertility, suggesting that these proteins may
serve to bind to spermatozoa in the ejaculate to protect
them and possibly reduce their ability to fertilize eggs,
when artificial insemination of reduced sperm doses
was done. We have recently shown similar results in
the boar, demonstrating that the boar spermadhesins,
AWNI, PSP1 and osteopontin in seminal plasma could
have a negative effect on fertility in a low sperm dose
situation [8]. During natural breeding, the entire raw
ejaculate would contain a much higher concentration of
sperm without dilution of seminal plasma, which could
buffer the ratio of sperm to seminal plasma, thereby
potentially improving the fertilizing ability of sperm in
natural breeding compared to artificial insemination.
The concentrations of IGF1 in seminal plasma have
previously been found to be positively associated with
fertility in the stallion [12]. Although there were only
seven stallions in the study, no relationships between
seminal plasma IGF1 concentrations and either first-
cycle conception rate or overall pregnancy rate were
detected. Similar to the previous study, our stallions
were part of a regular breeding program and were
collected every second day throughout the breeding
season. The IGF1 measurements were also an average
of three samples for each stallion, and the variance
between samples was small. Mouse IGF1 knockouts
produced males with reduced testosterone concentra-
tions and markedly lowered sperm production [16], and
Macpherson et al [12] also reported a relationship be-
tween IGF1 concentrations and sperm motility in stal-
lions. One of the possible reasons why we did not see
any relationship between IGF1 concentrations and fer-
tility may be inherent with the use of normal, relatively
fertile stallions in the current study. However, although
there was no relationship between fertility and IGF1
concentrations in the current study, total IGF1 content
in the ejaculate was highly negatively related to first
cycle conception rate and could prove to be a simple
and effective tool to measure fertility. The measure-
ment of total IGF1 content in the ejaculate is largely
dependent on the ejaculate volume, which was inde-
pendently shown to have a negative effect on first cycle
conception rate in this study. Taken together, the mea-

surement of total IGF1 content may be an effective
predictive measure of relative fertility that merits fur-
ther investigation.

Seminal plasma proteins have been investigated as
markers of fertility using two-dimensional electro-
phoresis in the bull [9], stallion [11], boar [8], and
human [17]. The human seminal plasma proteome has
considerable diversity in the proteins present, whereas
the boar and bull contain a large proportion of sper-
madhesins and heavily glycosylated proteins. The stal-
lion appears to be intermediate between these extremes,
exhibiting large families of proteins, as well as many
unique spots. One of the two proteins in seminal plasma
that was identified as being positively related to fertility
was cysteine-rich secretory protein 3 (CRISP3) (spot
413). This protein was present in large amounts in
stallion seminal plasma [18]. As this appears to be a
characteristic unique to this species, Hamann et al., [1]
postulated that a special role for this protein may exist
in the horse, and also reported that certain polymor-
phisms in the CRISP3 gene were positively related to
fertility using SNP analysis techniques. Interestingly,
the polymorphism that was found to be negatively re-
lated to fertility in that study was an amino acid sub-
stitution from glutamic acid to lysine at position 208.
Consistent with this finding, the amino acid at that
position in the CRISP3 in our study was identified as
glutamic acid, not lysine. In the mouse, the CRISP1
protein bound to sperm and was involved in sperm-egg
fusion at specific binding sites [19], and may help
explain the positive association with fertility and
CRISP3 in the present study.

The abundance of a cluster of seminal plasma pro-
teins (Spots 329, 322, 344, 331) in our study was also
identified to be negatively associated with IGF1 con-
centrations and positively associated with fertility.
These proteins were identified as being similar to pal-
ate, lung, and nasal epithelium protein (PLUNC),
which is thought to be involved in the inflammatory
response to irritants in the respiratory pathways. How-
ever this is first study to report the presence of this
family of proteins in the male reproductive tract, spe-
cifically in seminal plasma. Fouchécourt et al [4] also
identified proteins in this same area, based on their
appearance in two-dimensional gels in equine seminal
plasma, however they identified these proteins as iso-
forms belonging to the clusterin family. Although clus-
terin is a possible identification for these proteins in our
analyses, the number of unique peptides matched, and
sequence coverage, is much higher in all cases to the
predicted PLUNC protein. The molecular weight re-
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ported for PLUNC at 26.9 kDa is also very similar to
the molecular weight observed on our gels, rather than
the 52 kDa molecular weight reported for clusterin.
As the study by Fouchécourt [4] was published in the
year 2000, and the entry for the Equus caballus
PLUNC protein was only published in 2008, this would
have precluded their ability to identify this protein.
Also, in our study, the clusterin protein was found to be
negatively associated with fertility, whereas the
PLUNC protein was positively associated with fertility,
suggesting different roles for these proteins in seminal
plasma. Functionally, the PLUNC protein is a lipopo-
lysaccharide-binding protein and a bacteriocidal per-
meability-increasing protein, and its positive associa-
tion with fertility suggests that it may play a role after
insemination, possibly by aiding the mare’s own im-
mune response in clearing the female reproductive tract
of bacteria in the horse.

In seminal plasma, the proteins that were identified
as being negatively associated with fertility, were horse
seminal plasma protein 1 (SP1) and seminal plasma
protein 2 (SP2), clusterin (alpha-chain), and the kal-
likrein -1E2 protein, which is a homologue for prostate-
specific antigen [20]. Two spots (966 and 3851) were
identified as kallikrein 1-E2 (KLK?2), and were also
negatively related to overall pregnancy rate, with Spot
966 included in the equation to predict overall preg-
nancy rate. One of the kallikrein spots was positively
related to ejaculate volume, and the other negatively
related to sperm concentration. The kallikreins are
serine proteases and the glandular kallikrein is regu-
lated by androgens and secreted by the prostate. The
amount of prostate-specific antigen present in serum is
currently the best marker for the development of pros-
tate tumors [21]. Perhaps the volume of seminal fluid
and prostate secretions could have an inverse relation-
ship with fertility; stallions producing more concen-
trated semen with higher sperm concentrations and
lower amounts of seminal plasma would have higher
fertilizing ability. To further support this concept, we
also detected an inverse relationship with ejaculate vol-
ume and first cycle conception rate and, similar to the
kallikrein protein, many of the abundant proteins found
in seminal plasma, the clusterins and seminal plasma
proteins 1 (SP1) and 2 (SP2), also exhibited a negative
relationship with fertility. Additionally, clusterin and
SP1 both had positive associations with ejaculate vol-
ume and were the two seminal plasma proteins included
in the regression model equation used to predict first
cycle conception rate. The immediate protective effect
of these proteins on sperm, which may be inhibitory to

sperm activity and fertilization, would be diluted out
with the increased extender volumes in these stallions.
Support for this hypothesis comes from reports of sim-
ilar relationships between seminal plasma proteins and
relative fertility in the stallion [11] and in the boar [8].
The functions of the seminal plasma proteins, SP1
and SP2 are not yet fully elucidated, but they bind to
sperm and are likely involved in capacitation [3]. The
quantity of these proteins in seminal plasma, but not the
amount bound to sperm, were negatively associated
with fertility, but this may merely be a reflection of the
volume of seminal plasma in the ejaculate, rather than
an observed functional relationship between these pro-
teins and fertility. Likewise, the clusterins were also
negatively associated with fertility and are also an
abundant protein family found in seminal plasma [4].
We have already established a strong negative relation-
ship between first cycle conception rate and total IGF1
content in seminal plasma, however when all of the
proteins were also included in a multiple regression
analysis with IGF1, the abundance of clusterin protein
and SP1 together replaced IGF1 content as a predictive
measure of fertility. The abundance of these two pro-
teins in seminal plasma explains the majority (82%) of
the differences in fertility between stallions in the re-
gression model, whereas IGF1 content only explained
50% of this relationship. However, IGF1 content is
easier to measure and a more accessible end point than
two seminal plasma proteins at the present time.
When the proteins in spermatozoa are considered,
all five identified proteins had a positive relationship
with fertility, which was opposite to the relationship
predominantly seen in the seminal plasma. Three of
these proteins (citrate synthase, fumarate hydratase, and
malate dehydrogenase) are involved in carbohydrate
metabolism, and are enzymes directly involved in the
TCA cycle. It is likely that increased sperm metabolism
and the ability to use carbohydrates as energy may have
a positive effect on the fertilizing ability of sperm.
Another protein, dihydrolipoamide dehydrogenase, was
negatively related to ejaculate volume and strongly
positively correlated to first cycle conception rate. In-
terestingly, Martinez-Heredia et al [7] also reported
higher levels of both the precursor forms of fumarate
hydratase and dihydrolipoamide dehydrogenase in as-
thenozoospermic (lower motility) sperm samples from
men, and suggested that there was an impairment in
these infertile sperm in their ability to process these
enzymes to their functional mature form. Another en-
zyme, a-enolase was identified as having a positive
relationship with first cycle conception rate and a neg-
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ative tendency to be associated with IGF1 concentra-
tions in seminal plasma. In infertile men, sperm-spe-
cific enolase enzyme activity was elevated in normal
sperm compared to abnormal sperm [22], however in
the present study we were unable to distinguish the
enolase identified as the sperm-specific enolase in hu-
mans. There is not enough information available in the
literature or in the available gene information banks to
distinguish between these two isoforms at a proteomic
level using mass spectrometry. It is interesting to con-
sider that previous studies have focused on enzyme
activities in sperm as potential markers of fertility, and
the current study identified seven sperm proteins as
markers of fertility, all of which were enzymes.

It is important to note that the relationships estab-
lished in the present study were not always indicative of
a functional relationship; however, the proteins may
serve as markers of that attribute or characteristic. A
good example of this concept is the negative relation-
ship reported for the seminal plasma proteins, where it
may not be reflective of function, but rather the relative
abundance of seminal plasma or secretory activity of
the specific glands contributing to the seminal fluid in
the ejaculate. In addition, fertility is a complex multi-
gene trait that is considered to be specific to the envi-
ronment in which it is measured, whether in vivo using
natural breeding or artificial insemination, whether the
sperm are used fresh or frozen, or whether in vitro for
use in assisted reproductive technologies; presumably,
this contributed to so many reported markers of fertility
in numerous species. A panel of biomarkers will likely
be necessary to establish screening tests for breeding
stock for specific purposes.

In conclusion, the current study demonstrated strong
positive relationships between proteins involved in car-
bohydrate metabolism in the sperm and fertility, as well
as negative relationships with some seminal plasma
proteins, such as SP1, SP2, and clusterin. Furthermore,
the negative relationship established between total
IGF1 content in seminal plasma and fertility, or the
negative relationship between clusterin and SP1 with
fertility could also be predictive of fertility in stallions.
As many of the characteristics that were negatively
related to fertility were associated with ejaculate vol-
ume, and overall pregnancy rate was positively associ-
ated with spem concentration, we inferred that the
higher secretory activity of the accessory glands to
produce larger volumes of semen may not be beneficial.
A panel of biomarkers was identified to predict first
cycle conception rate; these included clusterin and SP1
in seminal plasma, as well as citrate synthase in sperm.

A stepwise regression analysis with overall pregnancy
rate also re-confirmed these relationships between fer-
tility and citrate synthase and included kallikrein and
sperm concentration. This study provides insight on the
proteins within sperm and seminal plasma that could
serve as biomarkers for semen quality in stallions. Fur-
ther validation of these markers across a large popula-
tion of stallions is necessary.
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