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bstract

The global proteome of sperm and seminal plasma of fertile stallions was investigated to determine whether associations with
elative in vivo fertility exist. Seven stallions at stud in a commercial breeding station were collected throughout the breeding
eason and bred to a total of 164 mares to determine conception rates. On three occasions during the breeding season, raw semen
as obtained from a regular collection for proteomic analysis using two-dimensional electrophoresis and also assessed for routine

emen quality end points. First cycle conception rate was negatively related to ejaculate volume (r � �0.43, P � 0.05) and total
GF1 content (ng) per ejaculate (r � �0.58, P � 0.006), whereas overall pregnancy rate was positively related to sperm
oncentration (r � 0.56, P � 0.01). The abundance of three proteins known to be involved in carbohydrate metabolism in sperm
as positively related to fertility. Furthermore, the abundance of four seminal plasma proteins were identified as being negatively

elated to fertility; these were identified as kallikrein-1E2 (KLK2), clusterin, and seminal plasma proteins 1 (SP1) and 2 (SP2).
bundance of cysteine-rich secretory protein 3 (CRISP3) was positively related to first cycle conception rate (r � 0.495, P �
.027) and may provide a good marker of fertility. Based on stepwise regression analysis, clusterin and SP1 in seminal plasma
ogether with sperm citrate synthase were predictive of fertility (r � 0.77, P � 0.0001). This study identified proteins within sperm
nd seminal plasma that could serve as biomarkers of semen quality and fertility in stallions.

2010 Elsevier Inc. All rights reserved.
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. Introduction

The horse is unique in that selection of stallions used
or breeding is based on genetics and desired perfor-
ance and conformational characteristics. However,
ith increased use of reproductive technologies and

ransported semen, stallion fertility is of increasing im-

* Corresponding author: Tel.: (780) 248-1159; fax: (780) 492-
265.
fEmail address: susan.novak@ualberta.ca (S. Novak).

093-691X/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
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ortance. Even if subfertile stallions can be identified
hrough conventional semen quality assessments, there
s substantial variance in relative in vivo fertility in
tallions considered fertile (60% per cycle conception
ate) [1]. Although a stallion may be fertile over re-
eated breedings, there is economic value for both the
are and stallion breeder if the stallion has a high first

ycle conception rate. The ability to select these fer-
ile stallions or predict fertility using biomarkers is a
romising goal. In recent years, research efforts have

ocused on identifying reliable markers of fertility at

mailto:susan.novak@ualberta.ca
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ither the genomic or proteomic level. Polymor-
hisms in the gene encoding CRISP3, an abundant
eminal plasma protein, have been associated with a
eduction in fertility [2], whereas inhibin beta A
INHBA) polymorphisms were associated with preg-
ancy rates [1], in a large-scale association study
ith Hanoverian stallions.
Proteins in seminal plasma are involved in various

rocesses to preserve viability of sperm, interactions
ith the female reproductive tract, and the process of

ertilization [3] and are good candidates for markers of
ertility. The seminal plasma proteome has been inves-
igated in the stallion [4], bull [5], and human [6], using
D gel electrophoresis. The proteins in the sperm mem-
rane are also interesting candidates, as they are im-
ortant for sperm adhesion to the sperm reservoir in the
emale tract and sperm-egg binding. Proteomics has
dentified proteins that are differentially expressed in
uman sperm from normal versus asthenozoospermic
amples [7]. In the boar, recent studies have shown
egative relationships between seminal plasma proteins
nd fertility [8]. In the bull, specific proteins in seminal
lasma were associated with fertility [9,10], whereas in
quine seminal plasma, one protein was positively (72
Da, pI 5.6, osteopontin) and three were negatively
ssociated with fertility [11]. More recently, IGFI con-
entrations in stallion seminal plasma were also shown
o have a relationship to fertility [12]. Three proteins on
he stallion sperm membrane (SNARE proteins, caveo-
in-1 and NSF) have also recently been identified and
mplicated in fertility [13].

The objective of this study was to investigate the
lobal proteome of both sperm and seminal plasma of
tallions known to be fertile, to determine if any of the
bserved proteins were associated with conventional
emen quality measurements and relative in vivo fertil-
ty of stallions at a commercial breeding station. Rela-
ionships between IGF1 concentrations in seminal
lasma of these stallions and their fertility were also
xplored.

. Materials and methods

.1. Stallion semen collection

Seven fertile stallions with an average age of 12.5 y
range, 6–23 y) from a commercial stallion breeding
tation (Bassano, AB, Canada) were collected every
econd day throughout the breeding season and bred to
total of 164 mares from May to August (on average

5.3 mares per stallion). On three occasions during the

reeding season, each 2 wk apart, an ejaculate was 1
ssessed for routine semen quality parameters such as
jaculate volume, sperm concentration and percent pro-
ressively motile sperm by the same trained individual.
ne of the stallions was only collected on two oc-

asions, as it was no longer needed for breeding. The
jaculate was then diluted with extender to at least
00 � 106 progressively motile sperm, and immedi-
tely used to inseminate mares at the breeding station.
n aliquot (10 mL) of fresh, raw semen was obtained

rom these collections for protein analysis, and sperm
nd seminal plasma were immediately separated by
entrifugation at 4,000 � g for 10 min at room tem-
erature, and seminal plasma was frozen at �20 °C.
he sperm pellet was washed three times with 5 mL
BS and centrifuged each time at 4,000 � g for 10 min.
he washed sperm pellet was immediately frozen at
20 °C and transported back to the laboratory.
Stallions were assessed for fertility, based on first

ycle conception rate for three 4-wk intervals through-
ut the breeding season, and the final pregnancy rate
nd average number of cycles bred was determined
fter breeding mares for a total of three cycles. Preg-
ancy was confirmed in the mares by ultrasonography
pproximately 30 d after insemination.

.2. IGF1 radioimmunoassay

Concentrations of IGF1 in seminal plasma in all
jaculates were quantified using an established radio-
mmunoassay [14]. Samples were extracted singly and
ssayed in triplicate. The following modifications were
ade: 0.1 mL of seminal plasma was extracted and 0.3
L of neutralized sample was taken to assay. Diluted

eutralized control pools of boar and horse seminal
lasma each showed parallelism to the standard curve.
he product used for iodination and the standard curve
as GroPep Human IGF-I Receptor Grade (GroPep, #
U100, GroPep Ltd., Adelaide, SA, Australia). Assay

ensitivity defined as 86% bound was 3.5 pg/tube
equivalent to 1.81 ng/mL of raw plasma in the current
ssay). All samples had concentrations higher than sen-
itivity. Apparent radioinert % recovery was 44.24 �
.92% for horse seminal plasma. Results were not cor-
ected for recovery. The intra-assay CV for the single
ssay run was 3.05%.

.3. Sperm and seminal plasma protein preparation

Protein was extracted from the sperm pellet in rehy-
ration lysis buffer (7M Urea, 2M thiourea, 4% (wt/
ol) CHAPS, 20 mM DTT) with repeated homogeni-
ation for 1 h on ice. The sample was centrifuged at

0,000 � g for 10 min to remove debris and the
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upernatant containing the solubilized sperm proteins
as collected and an aliquot was taken for determina-

ion of protein content using the 2D Quant Kit (GE
ealthcare, Baie d’Urfé, QC, Canada). Seminal plasma
roteins were quantified directly using the BCA protein
ssay (Pierce, Rockford, IL, USA).

.4. 2D gel electrophoresis

The seminal plasma and sperm proteins (100 �g)
ere solubilized in rehydration buffer (7M Urea, 2M
hiourea, 20 mM DTT, 0.8% (vol/vol) IPG Buffer pH
–10, Bromophenol Blue) and loaded by cup-loading
nto rehydrated 24 cm Immobiline DryStrips IPG strips
H 3–10 Linear (GE Healthcare). There were 20 gels in
otal of seminal plasma and 20 gels of sperm proteins,
s one stallion was not collected at one time point. The
rst dimension isoelectric focusing protocol included a
radual increase in voltage to a total of 70,000 Volt-h
ver a 24 h interval (IPGPhor, GE Healthcare) and
mmediately frozen at �80 °C after isoelectric focus-
ng. Prior to the second dimension separation, strips
ere equilibrated in 50 mM Tris-HCl, 6 M urea, 30%

vol/vol) glycerol, 2% (wt/vol) SDS and bromophe-
ol blue, for 15 min with 1% (wt/vol) DTT, and then
lkylated using 2.5% (wt/vol) iodoacetamide for 15
in. The 24 cm IPG strips were placed on 12%

wt/vol) polyacrylamide 26 cm-wide slab gels and
nitially separated at 5W/gel for 30 min, followed by
7W/gel for 3.5 to 4 h with buffer temperature set to
0 °C in a ETTAN DALT-six gel electrophoresis
ystem (GE Healthcare). To reduce technical varia-
ion, six gels were cast at once in the multi-gel caster
nd six gels were run at once in the second dimen-
ion system when possible.

The proteins were visualized by silver staining [15],
nd scanned using a 14-bit scanner (Imagescanner, GE
ealthcare). Silver stain was chosen as a method for

hese large format gels, because it is very sensitive to
etect proteins in lower abundance and it is cost-effec-
ive for the number of samples analyzed. Detection and
atching of spots across gels and quantification were

erformed using Progenesis PG240 software (Nonlin-
ar Dynamics, UK). Briefly, the program first per-
ormed a quality control for each image, verifying ap-
ropriate resolution and flagging saturated spots; none
f the images used had saturated spots. A reference gel
or each gel type (sperm or seminal plasma) was chosen
nd all gels were matched with the reference gel
hrough visual examination and selection of user seeds
sing the computer aided-alignment in the software,

hen the software completed the matching analysis. A b
otal of 108 spots in seminal plasma and 182 spots in
perm were matched and analzyed across all gels. All
atches were visually inspected for accuracy and any

pots that needed editing (merging, splitting, or re-
atching) were redone. Non-spots were eliminated

rom the analysis and the spot volume for each spot was
ormalized against the total spot volume for that gel,
hus applying a correction factor for gels that differed in
taining intensity. The individual normalized spot vol-
mes were extracted from the software and statistically
nalyzed in SAS (SAS Institute, Cary, NC, USA).

.5. Statistics

The quantified sperm and seminal plasma proteins,
emen characteristics and IGF1 concentrations were
nalyzed to determine if there were differences across
tallions with each of the three ejaculates for each
tallion as replicates, using the general linear models
rocedure of SAS.

The quantified proteins were also correlated to vi-
ual semen quality characteristics (semen volume,
perm concentration, total sperm number per ejaculate,

motility, and total progressively motile sperm), IGF1
oncentrations, protein concentrations, total IGF1 con-
ent and total protein content in seminal plasma and in
ivo fertility (first cycle conception rate, and overall
regnancy rate).

Correlation analyses and stepwise regression analy-
is were conducted to determine the specific relation-
hips between fertility and sperm and seminal plasma
haracteristics and proteins. A principal components
nalysis (PCA) was also conducted to confirm these
elationships, all within SAS.

.6. LC-MS/MS identification of sperm and seminal
lasma proteins

A preparative 2D gel was run for each of the sperm
1 mg) and seminal plasma proteins (500 �g) on 24 cm
mmobiline DryStrip Gels (GE Healthcare), in the lin-
ar pH 3–10 range, using an extended isoelectric fo-
using protocol for 85,000 Vh with rehydration load-
ng, and loaded onto a 12 (wt/vol) % SDS-PAGE slab
el. The resulting gel was fixed overnight in 50% (vol/
ol) methanol and stained using Bio-Safe Coomassie
lue (Bio-Rad Labs, Hercules, CA). The protein spots
f interest were manually excised and sent to a mass
pectrometry facility for further processing and identi-
cation (Centre Genomique du Quebec, Sainte-Foy,
C, Canada). All procedures for mass spectrometry

nd database searching for protein identification have

een previously described [8].
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. Results

.1. Stallion fertility and semen quality

First cycle conception rate of the stallions was 50–
00%; overall pregnancy rates ranged from 75–100 %
Table 1), and all stallions were considered fertile.
here were differences (P � 0.05) among stallions in
perm concentration, total number of sperm, and ejac-
late volume (Table 1). Stallion 4 had a higher ejacu-
ate volume than the other six stallions (P � 0.0009),
hereas sperm concentration varied greatly among stal-

ions. There were no differences in progressively motile
perm (PMS), or the total number of progressively
otile sperm (P � 0.05). All stallions were considered

o have acceptable sperm morphology (�70% normal
perm; data not available). First cycle pregnancy rate

able 1
eproductive and semen characteristics of the seven stallions. Fertil
arly August and the semen characteristics are an average from thre

tallion First
cycle
conception
rate (%)

Overall pregnancy
rate (%)

No. cycles
per
pregnancy

Ejacul
volum
(mL)

63.9bc 100 1.36 31.3c

100a 100 1.0 26.0c

63.3bc 93.1 1.46 53.3c

62.9bc 87.5 1.35 93.7a

77.7c 91.2 1.26 37.5c

52.9c 75 1.36 31.0c

100a 100 1.0 21.7c

ooled
SEM

4.9 9.35 0.17 11.5

rob.* � 0.0001 0.385 0.776 0.00

–c Within a column, means without a common superscript differed
* Probability for the main effect of stallion.

able 2
otal protein and IGF1 concentrations and total content in seminal p

tallion Ejaculate
volume (mL)

[IGF1] (ng/mL) IGF

31.3c 28.0a 80
26.0c 12.0bcd 23
53.3c 13.2bcd 68
93.7a 10.5cd 100
37.5c 22.4ab 85
31.0c 15.3abc 49
21.7c 7.5d 13

ooled SEM 11.5 3.94 17
-value 0.009 0.009

emen values are expressed as means.
–c Within a column, means without a common superscript differed
*Probability for the main effect of stallion.
as negatively related to ejaculate volume (r �
0.436, P � 0.05) and overall pregnancy rate was

ositively related to sperm concentration (r � 0.564,
� 0.01).
There were differences in total protein concentration

P � 0.01), but not total protein content (P � 0.05), in
he seminal plasma across stallions (Table 2). However,
otal protein content in the ejaculate was negatively
elated to first cycle conception rate
r � �0.496, P � 0.026), but not protein concentration.
eminal plasma IGF1 concentrations and total IGF1
ontent were different among stallions (P � 0.007).
oncentrations of IGF1 in seminal plasma were not

elated to fertility, however lower total seminal plasma
GF1 content was associated with the most fertile stal-
ions, with an overall negative relationship to first cycle

es were based on the entire breeding season from late May to
lates, each taken 2 wk apart, from the end of May to mid July.

Sperm
concentration
(� 106/mL)

Progressive
motility
(%)

Total no.
sperm
(� 106)

Total no.
progressively motile
sperm (� 106)

246.0a 58.3 7609 4691
197.0ab 70.0 4613 3127
47.7c 56.6 3020 2057

118.3bc 73.3 11049 8265
79.5bc 62.5 2947 1850
79.3bc 58.3 2459 1449

199.7ab 71.3 2459 2048
36.5 7.5 1722 1442

0.015 0.538 0.030 0.059

.05).

of stallions.

nt (ng) Total protein
concentration (mg/mL)

Total protein content
(mg)

20.63a 631.2
14.08abc 366.8
11.6bc 550.7
6.27c 600.6

26.89ab 642.0
12.99abc 404.0
7.63c 127.2
2.29 142.7
0.010 0.211

.05).
ity valu
e ejacu

ate
e

9

(P � 0
lasma

1 conte

8.6a

4.7bc

8.7a

0.7a

7.2a

3.0ab

9.8c

2.0
0.004

(P � 0
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onception rate (r � �0.589, P � 0.006; Fig. 1). Total
GF1 content was also strongly positively correlated
ith ejaculate volume (r � 0.724, P � 0.0003), dem-
nstrating a relationship between ejaculate volume and
GF1 content that may be indicative of fertility as both
ere related to first cycle conception rate.

.2. Proteomics analysis of sperm and seminal
lasma proteins

The software initially detected �3000 sperm pro-
eins (n � 20 gels) and �4000 seminal plasma proteins
n � 20 gels). After all detected proteins were edited
nd correctly matched, 108 proteins total were submit-
ed for analysis on the seminal plasma gels; of these
08 proteins, the 20 gels had on average 92 spots
range, 75–108). For the sperm proteins, 182 spots were
onsidered for analysis after correct matches were
ade (average 141 spots; range 99–182 spots across 20

els) All protein spots were numbered and those that
ere associated with fertility are identified by their
umber on Fig. 2 and listed in Table 3. For the proteins
ound in sperm, four proteins were positively related to
ertility; Spot 1692, identified as malate dehydrogenase
as positively related to first cycle conception rate (r �
.46, P � 0.04), , and Spot 1182 identified as fumarate
ydratase was also associated with first cycle concep-
ion rate (r � 0.466, P � 0.038). Protein Spot 1213 was
trongly related to first cycle conception rate (r � 0.55,
� 0.011) and overall pregnancy rate (r � 0.54, P �

.014), and was identified as citrate synthase. Protein

0
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0.6

0.8

1

1.2

0 200 400 6

IGF1 cont
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Fig. 1. Relationship between first cycle conception
pot 1145, identified as �-enolase, had a negative re- n
ationship with seminal plasma IGF1 concentrations
r � �0.448, P � 0.047) and was positively associated
ith first cycle conception rate (r � 0.517, P � 0.019).
rotein Spot 899, identified as dihydrolipoamide de-
ydrogenase, was negatively related to ejaculate vol-
me (r � �0.459, P � 0.042), as well as positively
elated to first cycle conception rate (r � 0.589, P �
.007).

For the proteins found in seminal plasma, six were
elated to fertility or semen characteristics (Table 3).
rotein Spots 329, 322, 344, and 331 were all clustered

n a similar region of the gel (Fig. 2) and were identified
s a protein similar to palate, lung, and nasal epithelium
rotein (PLUNC). These spots represent different iso-
orms of the protein, were all negatively related to IGF1
oncentrations (r � �0.45, P � 0.04), and had a pos-
tive relationship with first cycle conception rate (r �
.435, P � 0.05) in seminal plasma. Spot 302 was
egatively related to overall fertility (r � �0.558, P �
.01), first cycle conception rate (r � �0.721, P �
.0003; Fig. 3), and tended to be positively associated
ith IGF1 concentrations in seminal plasma (r � 0.432,
� 0.06). This protein was identified as clusterin, an

bundant protein in the seminal plasma of horses. Fur-
hermore, KLK2 was represented on a 2D gel as a
luster of protein isoforms of which we identified Spots
851 and 966 (Fig. 2). Spot 3851 was negatively related
o overall pregnancy rate (r � �0.60, P � 0.028), and
ositively related to ejaculate volume (r � 0.46, P �
.04). Spot 966 was negatively related to overall preg-

y = -0.0003x + 0.9154
R2 = 0.3478

800 1000 1200 1400

r ejaculate (ng)

d IGF1 content in equine ejaculates (P � 0.007).
00

ent pe
ancy rate (r � �0.62, P � 0.004) and negatively
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344
3851

ig. 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

lasma (B). Proteins that were identified by LC-MSMS (Table 3) are labeled with their corresponding number.
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ssociated with sperm concentration (r � �0.47, P �
.036). Two more proteins were negatively related to
ertility, Spots 628 and 672. Spot 628 was identified
s seminal plasma protein 1 (SP1) and was nega-
ively 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
ith sperm concentration (r � �0.52, P � 0.02) and
ositively associated with ejaculate volume (r �
.47, P � 0.037). Spot 672 was also identified as a
ajor component of seminal plasma, seminal plasma

rotein 2 (SP2) and was also related with first cycle
onception rate (r � �0.55, P � 0.012), and posi-
ively related to IGF1 concentrations (r � 0.67, P �
.001). The only protein identified in this analysis to
e positively related to fertility was Spot 413, cys-
eine-rich secretory protein 3 (CRISP3), which was
ositively associated with first cycle conception rate

able 3
dentification of proteins of interest in seminal plasma and sperm of
nd semen characteristics.

pot # Source Association Protein name

213 Sperm Fertility � Citrate Synthase
182 Sperm Fertility � Fumarate hydrata
692 Sperm Fertility � Malate dehydroge
99 Sperm Fertility �

Volume �
Dihydrolipamide

119 Sperm Fertility �
[IGF1] �*

�-enolase

13 Seminal Plasma Fertility � Cysteine-rich secr
3 (CRISP3)

66 Seminal Plasma Fertility –
[Sperm]�

Kallikrein-1E2 (K

851 Seminal Plasma Fertility –
Volume �

Kallikrein-1E2 (K

02 Seminal Plasma Fertility –
[IGF1] �*

Clusterin (alpha-c

72 Seminal Plasma Fertility –
[IGF1] �

Seminal Plasma P

28 Seminal Plasma Fertility –
[sperm] –
Volume �

Seminal Plasma P

29 Seminal Plasma Fertility �
[IGF1] �

Similar to PLUNC

22 Seminal Plasma Fertility �
[IGF1] �

Similar to PLUNC

44 Seminal Plasma Fertility �
[IGF1] �

Similar to PLUNC

31 Seminal Plasma Fertility �
[IGF1] �

Similar to PLUNC

* Correlation (P � 0.10).
r � 0.495, P � 0.027). a
.3. Stepwise regression analysis

Stepwise regression analysis was performed to de-
ermine which variables contributed to the determina-
ion of first cycle conception rate (%). Although overall
regnancy rate was also used in the stepwise regres-
ion, each of the three normalized spot volume values
or each stallion was regressed against single value
btained for overall pregnancy rate. First cycle concep-
ion rate was more accurate to predict the relative fer-
ility of these stallions, and semen characteristics were
epresented within the three time points chosen
hroughout the breeding season. All variables were en-
ered into the stepwise regression analysis including:
jaculate volume, sperm concentration, motility, total
perm, total progressively motile sperm, IGF1 concentra-
ions, IGF1 content, seminal plasma protein concentra-
ions and content, as well as all identified seminal plasma

s and their association with fertility (first cycle conception rate)

Accession number
(Uni-Prot)

Theoretical
MW (kDa)

No. unique
peptides
(% Coverage)

UPI0001561064 52 11 (36%)
UPI0001560C16 50.9 20 (66%)
UPI000155F7AE 36 12 (39%)

genase UPI000155E1EA 54 29 (62%)

UPI000155DDF2 41 41 (83 %)

rotein O19010 29.3 5 (36%)

Q6H321 29 8 (31%)

Q6H321 29 12 (49%)

Q29482 52 21 (32%)

(SP2) UPI000155EF95 19.2 13 (43%)

(SP1) P81121 14 5 (39%)

UPI00000156000D 26.9 9 (47%)

UPI00000156000D 26.9 8 (37%)

UPI00000156000D 26.9 6 (28%)

UPI00000156000D 26.9 7 (32%)
stallion

se
nase
dehydro

etory p

LK2)

LK2)

hain)

rotein 2

rotein 1
nd sperm proteins (clusterin, CRISP3, PLUNC, SP1,
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P2, kallikrein, malate dehydrogenase, citrate synthase,
umarate hydratase, �-enolase, and dihydrolipoamide de-
ydrogenase).

.3.1.Stepwise regression analysis for first cycle
onception rate

The regression analysis retained variables that were
ignificant at the P � 0.15 level in the model. The
esulting model included clusterin (partial R2 � 0.52,

� 0.0003), SP1 (partial R2 � 0.16, P � 0.01), and
itrate synthase (partial R2 � 0.096, P � 0.019). The
verall model had an R2 � 0.77, P � 0.0001. The
quation was as follows:

First cycle conception rate (%) � 0.90765 – 14.45
clusterin) – 5.99 (SP1) � 0.10 (citrate synthase).

.3.2. Stepwise regression analysis for overall
regnancy rate

The regression analysis retained variables that were
ignificant at the P � 0.15 level in the model. The
esulting model included kallikrein (Spot 966, partial
2 � 0.385, P � 0.0035), citrate synthase (partial R2 �
.1231, P � 0.0548), and sperm concentration (partial
2 � 0.1171, P � 0.04). The overall model had an
2 � 0.6251, P � 0.001. The equation is as follows:

Overall pregnancy rate (%) � 0.8977 � 38.8 (sperm
oncentration) � 0.0558 (citrate synthase) � 3.55 (kal-
ikrein).

. Discussion

This study demonstrated the identification of semen
iomarkers associated with stallion in vivo fertility.
irst cycle conception rate is a good indicator of rela-

Fig. 3. The relationship of clusterin protein in equine
ive fertility, as it becomes an economically important a
rait in breeding programs to reduce matings over mul-
iple cycles. When first cycle conception rate was con-
idered in this study, it was negatively related to some
bundant proteins in semen and also semen volume,
emonstrating that more dilute semen may not be ben-
ficial for relative fertility in the stallion. Both the
egative relationships with IGF1 content and clusterin
n semen could be used independently as good predic-
ors of fertility. In contrast, all of the sperm proteins
hown to vary with relative fertility were positively
elated to first cycle conception rate, and there was also

strong positive relationship between overall preg-
ancy rate and sperm concentration.

Based on multiple regression analysis of all vari-
bles in the ejaculates, including semen characteristics
nd abundance of all sperm and seminal plasma pro-
eins, clusterin, SP1, and citrate synthase, were all sig-
ificant factors in an equation to predict fertility. The
ontributions of the sperm proteins to the model were
pproximately 10%, compared to the 90% contribution
f seminal plasma proteins. Even though there were
o significant differences in overall pregnancy rate
mong stallions, a stepwise regression analysis re-
onfirmed the relationship of citrate synthase with
ertility. With pregnancy rate considered, other pro-
eins included in the model were kallikrein. Interest-
ngly, sperm concentration as a semen characteristic
as included in this model, further supporting the

oncept that increased semen volumes were nega-
ively associated with fertility.

In the present study, the volume of the raw ejaculate
as negatively related to first cycle conception rate and
igher sperm concentration in semen was positively

plasma and first cycle conception rate (P � 0.0003).
ssociated with overall pregnancy rate. These ejacu-
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ates tended to be diluted to a lesser extent in order to
aintain at least 500 � 106 sperm for each insemina-

ion, and the increased amount of seminal plasma per
jaculate could have negatively affected the fertilizing
bility of the sperm for immediate breeding. In support
f this, the major seminal plasma proteins that exhib-
ted a relationship with fertility in this study, such as
allikrein-1E2, SP1 and SP2, had a negative relation-
hip with fertility, suggesting that these proteins may
erve to bind to spermatozoa in the ejaculate to protect
hem and possibly reduce their ability to fertilize eggs,
hen artificial insemination of reduced sperm doses
as done. We have recently shown similar results in

he boar, demonstrating that the boar spermadhesins,
WN1, PSP1 and osteopontin in seminal plasma could
ave a negative effect on fertility in a low sperm dose
ituation [8]. During natural breeding, the entire raw
jaculate would contain a much higher concentration of
perm without dilution of seminal plasma, which could
uffer the ratio of sperm to seminal plasma, thereby
otentially improving the fertilizing ability of sperm in
atural breeding compared to artificial insemination.

The concentrations of IGF1 in seminal plasma have
reviously been found to be positively associated with
ertility in the stallion [12]. Although there were only
even stallions in the study, no relationships between
eminal plasma IGF1 concentrations and either first-
ycle conception rate or overall pregnancy rate were
etected. Similar to the previous study, our stallions
ere part of a regular breeding program and were

ollected every second day throughout the breeding
eason. The IGF1 measurements were also an average
f three samples for each stallion, and the variance
etween samples was small. Mouse IGF1 knockouts
roduced males with reduced testosterone concentra-
ions and markedly lowered sperm production [16], and

acpherson et al [12] also reported a relationship be-
ween IGF1 concentrations and sperm motility in stal-
ions. One of the possible reasons why we did not see
ny relationship between IGF1 concentrations and fer-
ility may be inherent with the use of normal, relatively
ertile stallions in the current study. However, although
here was no relationship between fertility and IGF1
oncentrations in the current study, total IGF1 content
n the ejaculate was highly negatively related to first
ycle conception rate and could prove to be a simple
nd effective tool to measure fertility. The measure-
ent of total IGF1 content in the ejaculate is largely

ependent on the ejaculate volume, which was inde-
endently shown to have a negative effect on first cycle

onception rate in this study. Taken together, the mea- p
urement of total IGF1 content may be an effective
redictive measure of relative fertility that merits fur-
her investigation.

Seminal plasma proteins have been investigated as
arkers of fertility using two-dimensional electro-

horesis in the bull [9], stallion [11], boar [8], and
uman [17]. The human seminal plasma proteome has
onsiderable diversity in the proteins present, whereas
he boar and bull contain a large proportion of sper-
adhesins and heavily glycosylated proteins. The stal-

ion appears to be intermediate between these extremes,
xhibiting large families of proteins, as well as many
nique spots. One of the two proteins in seminal plasma
hat was identified as being positively related to fertility
as cysteine-rich secretory protein 3 (CRISP3) (spot
13). This protein was present in large amounts in
tallion seminal plasma [18]. As this appears to be a
haracteristic unique to this species, Hamann et al., [1]
ostulated that a special role for this protein may exist
n the horse, and also reported that certain polymor-
hisms in the CRISP3 gene were positively related to
ertility using SNP analysis techniques. Interestingly,
he polymorphism that was found to be negatively re-
ated to fertility in that study was an amino acid sub-
titution from glutamic acid to lysine at position 208.
onsistent with this finding, the amino acid at that
osition in the CRISP3 in our study was identified as
lutamic acid, not lysine. In the mouse, the CRISP1
rotein bound to sperm and was involved in sperm-egg
usion at specific binding sites [19], and may help
xplain the positive association with fertility and
RISP3 in the present study.

The abundance of a cluster of seminal plasma pro-
eins (Spots 329, 322, 344, 331) in our study was also
dentified to be negatively associated with IGF1 con-
entrations and positively associated with fertility.
hese proteins were identified as being similar to pal-
te, lung, and nasal epithelium protein (PLUNC),
hich is thought to be involved in the inflammatory

esponse to irritants in the respiratory pathways. How-
ver this is first study to report the presence of this
amily of proteins in the male reproductive tract, spe-
ifically in seminal plasma. Fouchécourt et al [4] also
dentified proteins in this same area, based on their
ppearance in two-dimensional gels in equine seminal
lasma, however they identified these proteins as iso-
orms belonging to the clusterin family. Although clus-
erin is a possible identification for these proteins in our
nalyses, the number of unique peptides matched, and
equence coverage, is much higher in all cases to the

redicted PLUNC protein. The molecular weight re-
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orted for PLUNC at 26.9 kDa is also very similar to
he molecular weight observed on our gels, rather than
he 52 kDa molecular weight reported for clusterin.
s the study by Fouchécourt [4] was published in the
ear 2000, and the entry for the Equus caballus
LUNC protein was only published in 2008, this would
ave precluded their ability to identify this protein.
lso, in our study, the clusterin protein was found to be
egatively associated with fertility, whereas the
LUNC protein was positively associated with fertility,
uggesting different roles for these proteins in seminal
lasma. Functionally, the PLUNC protein is a lipopo-
ysaccharide-binding protein and a bacteriocidal per-
eability-increasing protein, and its positive associa-

ion with fertility suggests that it may play a role after
nsemination, possibly by aiding the mare’s own im-
une response in clearing the female reproductive tract

f bacteria in the horse.
In seminal plasma, the proteins that were identified

s being negatively associated with fertility, were horse
eminal plasma protein 1 (SP1) and seminal plasma
rotein 2 (SP2), clusterin (alpha-chain), and the kal-
ikrein -1E2 protein, which is a homologue for prostate-
pecific antigen [20]. Two spots (966 and 3851) were
dentified as kallikrein 1-E2 (KLK2), and were also
egatively related to overall pregnancy rate, with Spot
66 included in the equation to predict overall preg-
ancy rate. One of the kallikrein spots was positively
elated to ejaculate volume, and the other negatively
elated to sperm concentration. The kallikreins are
erine proteases and the glandular kallikrein is regu-
ated by androgens and secreted by the prostate. The
mount of prostate-specific antigen present in serum is
urrently the best marker for the development of pros-
ate tumors [21]. Perhaps the volume of seminal fluid
nd prostate secretions could have an inverse relation-
hip with fertility; stallions producing more concen-
rated semen with higher sperm concentrations and
ower amounts of seminal plasma would have higher
ertilizing ability. To further support this concept, we
lso detected an inverse relationship with ejaculate vol-
me and first cycle conception rate and, similar to the
allikrein protein, many of the abundant proteins found
n seminal plasma, the clusterins and seminal plasma
roteins 1 (SP1) and 2 (SP2), also exhibited a negative
elationship with fertility. Additionally, clusterin and
P1 both had positive associations with ejaculate vol-
me and were the two seminal plasma proteins included
n the regression model equation used to predict first
ycle conception rate. The immediate protective effect

f these proteins on sperm, which may be inhibitory to r
perm activity and fertilization, would be diluted out
ith the increased extender volumes in these stallions.
upport for this hypothesis comes from reports of sim-

lar relationships between seminal plasma proteins and
elative fertility in the stallion [11] and in the boar [8].

The functions of the seminal plasma proteins, SP1
nd SP2 are not yet fully elucidated, but they bind to
perm and are likely involved in capacitation [3]. The
uantity of these proteins in seminal plasma, but not the
mount bound to sperm, were negatively associated
ith fertility, but this may merely be a reflection of the
olume of seminal plasma in the ejaculate, rather than
n observed functional relationship between these pro-
eins and fertility. Likewise, the clusterins were also
egatively associated with fertility and are also an
bundant protein family found in seminal plasma [4].
e have already established a strong negative relation-

hip between first cycle conception rate and total IGF1
ontent in seminal plasma, however when all of the
roteins were also included in a multiple regression
nalysis with IGF1, the abundance of clusterin protein
nd SP1 together replaced IGF1 content as a predictive
easure of fertility. The abundance of these two pro-

eins in seminal plasma explains the majority (82%) of
he differences in fertility between stallions in the re-
ression model, whereas IGF1 content only explained
0% of this relationship. However, IGF1 content is
asier to measure and a more accessible end point than
wo seminal plasma proteins at the present time.

When the proteins in spermatozoa are considered,
ll five identified proteins had a positive relationship
ith fertility, which was opposite to the relationship
redominantly seen in the seminal plasma. Three of
hese proteins (citrate synthase, fumarate hydratase, and
alate dehydrogenase) are involved in carbohydrate
etabolism, and are enzymes directly involved in the
CA cycle. It is likely that increased sperm metabolism
nd the ability to use carbohydrates as energy may have

positive effect on the fertilizing ability of sperm.
nother protein, dihydrolipoamide dehydrogenase, was
egatively related to ejaculate volume and strongly
ositively correlated to first cycle conception rate. In-
erestingly, Martinez-Heredia et al [7] also reported
igher levels of both the precursor forms of fumarate
ydratase and dihydrolipoamide dehydrogenase in as-
henozoospermic (lower motility) sperm samples from
en, and suggested that there was an impairment in

hese infertile sperm in their ability to process these
nzymes to their functional mature form. Another en-
yme, �-enolase was identified as having a positive

elationship with first cycle conception rate and a neg-
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tive tendency to be associated with IGF1 concentra-
ions in seminal plasma. In infertile men, sperm-spe-
ific enolase enzyme activity was elevated in normal
perm compared to abnormal sperm [22], however in
he present study we were unable to distinguish the
nolase identified as the sperm-specific enolase in hu-
ans. There is not enough information available in the

iterature or in the available gene information banks to
istinguish between these two isoforms at a proteomic
evel using mass spectrometry. It is interesting to con-
ider that previous studies have focused on enzyme
ctivities in sperm as potential markers of fertility, and
he current study identified seven sperm proteins as
arkers of fertility, all of which were enzymes.
It is important to note that the relationships estab-

ished in the present study were not always indicative of
functional relationship; however, the proteins may

erve as markers of that attribute or characteristic. A
ood example of this concept is the negative relation-
hip reported for the seminal plasma proteins, where it
ay not be reflective of function, but rather the relative

bundance of seminal plasma or secretory activity of
he specific glands contributing to the seminal fluid in
he ejaculate. In addition, fertility is a complex multi-
ene trait that is considered to be specific to the envi-
onment in which it is measured, whether in vivo using
atural breeding or artificial insemination, whether the
perm are used fresh or frozen, or whether in vitro for
se in assisted reproductive technologies; presumably,
his contributed to so many reported markers of fertility
n numerous species. A panel of biomarkers will likely
e necessary to establish screening tests for breeding
tock for specific purposes.

In conclusion, the current study demonstrated strong
ositive relationships between proteins involved in car-
ohydrate metabolism in the sperm and fertility, as well
s negative relationships with some seminal plasma
roteins, such as SP1, SP2, and clusterin. Furthermore,
he negative relationship established between total
GF1 content in seminal plasma and fertility, or the
egative relationship between clusterin and SP1 with
ertility could also be predictive of fertility in stallions.
s many of the characteristics that were negatively

elated to fertility were associated with ejaculate vol-
me, and overall pregnancy rate was positively associ-
ted with spem concentration, we inferred that the
igher secretory activity of the accessory glands to
roduce larger volumes of semen may not be beneficial.

panel of biomarkers was identified to predict first
ycle conception rate; these included clusterin and SP1

n seminal plasma, as well as citrate synthase in sperm.
stepwise regression analysis with overall pregnancy
ate also re-confirmed these relationships between fer-
ility and citrate synthase and included kallikrein and
perm concentration. This study provides insight on the
roteins within sperm and seminal plasma that could
erve as biomarkers for semen quality in stallions. Fur-
her validation of these markers across a large popula-
ion of stallions is necessary.
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