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Globally, �1 in 15 men of reproductive age are infertile,
yet the precise mechanisms underlying their gamete fail-
ure are unknown. Although a semen analysis is performed
to determine fertilizing potential, the diagnostic suitability
of this analysis has been questioned in several reports, as
many men, classified as infertile according to their semen
analysis, subsequently turn out to be fertile. Herein, we
have used a quantitative (phospho)-proteomic analysis,
using enrichment on titanium dioxide followed by ion-trap
mass spectrometry (LC-MS/MS), to compare the semen
of infertile versus fertile males. One protein, namely outer
dense fiber 1 (ODF1), was dramatically reduced in infertile
males. Using specific antibodies, we then screened the
gametes of a cohort of suspected infertile men and dem-
onstrated a reduction in the amount of ODF1 compared
with fertile controls. Stress treatment of sperm deficient
in ODF1 caused the head to decapitate, suggesting why
these gametes fail to initiate fertilization. Interestingly,
electron micrographs of ODF1-deficient spermatozoa re-
vealed an abnormal connecting piece, indicating several
developmental defects with both the implantation plate
and the thin laminated fibers. In some cases, the implan-
tation plate appeared to be reduced in size or was over-
burdened by granular material near the connecting pi-
ece. Hence, a strong reduction ODF1 is a marker of
idiopathic male infertility and a potential driver of this
condition. Molecular & Cellular Proteomics 15: 10.1074/
mcp.M116.060343, 3685–3693, 2016.

Globally, in excess of 80 million people suffer from infertility
(1), with �1 in every seven couples so affected (2). In at least

half of these cases, a defect in one or more aspects of sperm
function appears to be the cause (2). Understanding the con-
tribution of each partner to a couple’s infertility is critical in
determining how this situation can be optimally addressed. In
the case of the male, a semen analysis focusing on sperm
motility, concentration, and morphology is often performed to
determine the fertilizing potential. A set of guidelines for eval-
uating semen quality was originally published by the World
Health Organization (WHO) in 1980 (3). However, so inade-
quate were these criteria in predicting infertility that revised
values had to be released in 1987, 1992, 1999, and again in
2010 (4). Although a semen analysis is the best predictive test
we have to date, it clearly falls short of a true diagnosis (5, 6).
Indeed, several studies have shown that men with sperm
numbers (7–9), morphology (8, 10), and motility (11–17) below
the thresholds outlined by the WHO can be fertile. Further-
more, there are many instances of men with normal sperm
parameters that are infertile (13, 18–20). Thus, these tradi-
tional diagnostic tests are limited in the information they gen-
erate and are poor predictors of male-factor infertility.

In order to define the cause of male infertility, attempts have
been made to identify changes in the proteomic composition
of normal and infertile spermatozoa (20–27). However, many
of the proteins undergoing a quantitative change, for example,
heat shock protein, are highly abundant in the sperm (21) and
are likely to be a reflection of the condition, rather than the
cause. Thus, the etiology of male infertility remains largely
undefined.

It has been previously documented that 24% of men re-
ferred to assisted reproductive technology are classified as
idiopathic (no obvious cause for infertility) (22). In order to
understand the molecular basis of such, we have used a
quantitative proteomic approach to compare the spermato-
zoa of normozoospermic (normal morphology of spermato-
zoa) idiopathic men to several known fertile donors. Herein,
we show that the sperm-specific protein, outer dense fiber 1
(ODF1), was dramatically underexpressed within the infertile
donors. As such, these sperm were prone to decapitation
under freeze-thawing condition due to structural defects
within their implantation plate and thin laminated fibers. Thus,
the lack of ODF1 could explain why these men are infertile and
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is a biomarker that could be used for definitive diagnosis of
male infertility.

EXPERIMENTAL PROCEDURES

Materials—All chemicals and antibodies were purchased from Sig-
ma-Aldrich at the highest research grade, with the exception of albu-
min and ammonium persulphate (Research Organics, Cleveland, OH),
Percoll (GE Healthcare, Castle Hill, Sydney, NSW Australia), HEPES
(Gibco, Invitrogen Australia, Melbourne, VIC, Australia), and 10 �
Ham’s F-10 (MP Biomedical, Seven Hills, Sydney, NSW Australia).
D-glucose, sodium hydrogen carbonate, sodium chloride, potassium
chloride, calcium chloride, potassium orthophosphate, and magne-
sium sulfide were all AnalaR grade. Chloroform, methanol, and form-
aldehyde were purchased from Fronine (Riverstone, Sydney, NSW
Australia) at the highest purity available. Ultrapure water was from
Fluka (Castle Hill, Sydney, NSW Australia), Tris from ICN Biochemi-
cals (Castle Hill, Sydney, NSW Australia), and the 4–20% precast-
SDS gels were from NuSep, Ltd., Lane Cove, NSW, Australia. Anti-
ODF1 and anti-CD45 were purchased from Abcam (Melbourne, Vic,
Australia).

Preparation of Human Spermatozoa—Institutional and state gov-
ernment ethical approval were secured for the use of human semen
samples in this research program. The study population was com-
prised of known fertile and suspected infertile (idiopathic) donors who
were free of any detectable organic disease and were normozoosper-
mic according to the conventional criteria of semen quality (4). A
consent form was obtained from all donors. The semen samples were
produced by masturbation and processed within 1 h of ejaculation
using Percoll fractionation as described previously (23). The purified
spermatozoa were obtained from the lower (80% Percoll) fraction.
Sperm spermatozoa were washed three times in biggers-whitten-
whittingham (BWW) medium and microscopically examined to ensure
they were clear of any detectable round cells. The lack of leukocytes
was ensured by probing with an anti-CD45 antibody in an immunoblot
analysis.

Solubilization of Sperm Proteins and Trypsin Digestion—Approxi-
mately 400 �l of lysis buffer consisting of 4% (w/v) CHAPS, 7 M urea,
1/100 dilution of Halt™ phosphatase inhibitor (Pierce, Castle Hill,
Sydney, NSW Australia) and 2 M thiourea were added to 1 � 107

sperm cells. The samples were lysed for 1 h at 4 °C with constant
rotation then centrifuged (16,000 � g, 15 min, 4 °C) and the super-
natant transferred to a new Eppendorf tube. An estimation of protein
quantity was subsequently performed using a 2D quant kit (GE
Healthcare). To 400 �g of protein, 10 mM DTT were added before
incubation for 1 h at room temperature. After this, 50 mM idodoacet-
amide was added and allowed to incubate for 1 h in the dark (room
temperature). These samples were then stored at �80 °C until
needed. Before digestion, the sample was precipitated using metha-
nol/chloroform as described elsewhere (24). Trypsin was then added
in a ratio of 50:1 (protein:trypsin) in 25 mM ammonium bicarbonate
containing 1 M urea, with constant shaking overnight at 37 °C.

Phosphopeptide Enrichment—Purification and enrichment of
phosphopeptides from the tryptic digest (400 �g) was performed by
a similar method to that previously described (25). Tryptic peptides
were diluted fivefold in DHB1 buffer [350 mg/ml DHB, 80% (v/v)
acetonitrile, 2% (v/v) trifluoroacetic acid (TFA)] and applied to dry TiO2

beads (200 �g). The sample was then washed 1 � in DHB buffer

before being washed three times with wash buffer [80% acetonitrile
(v/v), 2% TFA (v/v)] to remove the DHB. The sample was then directly
eluted using 25 �l 2.5% ammonium hydroxide (pH � 10.5) and
immediately neutralized with 0.3 �l formic acid at a final concentration
of 1.2%. All buffers used ultrapure water and were made fresh on the
day of experimentation. The eluates, typically in 25 �l, were used
immediately.

Ultra High Pressure Liquid Chromatography—For all experiments,
an Ultimate3000 ultra high pressure liquid chromatography system
(Dionex, Castle Hill, Sydney, Australia) was used, equipped with a
ternary low pressure mixing gradient pump (LPG-3600), a membrane
degasser unit (SRD-3600), a temperature-controlled pulled-loop au-
tosampler (WPS-3000T), and a temperature controlled column oven
with flow manager (FLM-3100). The LC experiments were performed
using the preconcentration setup under the following conditions:
Nanocolumn C18 PepMap100, 75 �m inner diameter � 150 mm, 3
�m, 100 Å; mobile phase A: 99.9% water � 0.1% formic acid (v/v);
mobile phase B: 20/80 water/acetonitrile (v/v) � 0.08% formic acid;
flow rate nanocolumn, 400 nl/min; gradient, 2–40% B over 45 min,
90% B for 5 min, 4% B for 30 min; loopsize: 5 �l; injection volume, 4
�l (FullLoop) by User Defined Program. The oven was set to 35 °C.

Mass Spectrometry—For the identification of phosphopeptides,
separate collision induced dissociation (CID) and electron transfer
dissociation (ETD) experiments were performed using an AmaZon
ETD Ion Trap (Bruker Daltonik GmbH, Preston, Vic, Australia)
equipped with an online-nanosprayer spraying from a 0.090 mm inner
diameter and 0.02 mm inner diameter fused silica capillary to avoid
any loss of phosphopeptides. Fine tuning was achieved using the
smart parameter setting option (SPS) for 900 m/z, compound stability
60%, and trap drive level at 100% in normal mode resulted in the
following mass spectrometric parameters: dry gas temperature,
180 °C; dry gas, 4.0 l min�1; nebulizer gas, 0.4 bar; electrospray
voltage, 4500 V; high-voltage end-plate offset, �200 V; capillary exit,
140 V; trap drive, 57.4; funnel 1 in 100 V, out 35 V, and funnel 2 in 12
V, out 3.3 V; ion charge control (ICC) target, 500,000; maximum
accumulation time, 50 ms. The sample was measured with the “En-
hanced Scan Mode” at 8100 m/z per second (which allows monoiso-
topic resolution up to four charge stages), polarity positive, scan
range from m/z 100–3000, five spectra averaged and rolling average
of 2. The ETD reaction time was set to 100 ms using a reactant ICC
of 500,000 allowing a maximum accumulation time for the reactant
ion of 50 ms. The “Smart Decomposition” was set to “auto.” Acquired
ETD/CID spectra were processed in DataAnalysis 4.0; deconvoluted
spectra were further analyzed with BioTools 3.2 software and sub-
mitted to Mascot database search (Mascot 2.2.04, Swissprot data-
base (Mascot 2.3.02, Swissprot database, 546, 000 sequences,
194,259,968 residues, release date January 10, 2014). The species
subset was set at Homo sapiens parent peptide mass tolerance � 0.8
Da, fragment mass tolerance �0.8 Da; enzyme specificity trypsin with
two missed cleavages considered. The following variable modifica-
tions have been used: fixed: carbamidomethylation (C); variable:
deamidation (NQ), oxidation (M), phosphorylation (STY).

Bioinformatics—The derived mass spectrometry datasets on the
three-dimensional-trap system were combined into protein compila-
tions using the ProteinExtractor functionality of Proteinscape 2.1.0
573 (Bruker Daltonics, Bremen, Germany), which conserved the indi-
vidual peptides and their scores, while combining them to identify
proteins with much higher significance than achievable using individ-
ual searches. In order to exclude false positive identifications, pep-
tides with Mascot scores below 35 (chosen on the basis of manual
evaluation of the MS/MS data of peptides with scores below this
number) were rejected. The only exception to this rule was the oxi-
dized phosphopeptide KRSYKMNICK derived from ODF1, in which
both the y-ion series and retention time could be compared with the

1 The abbreviations used are: DHB, 2,3-dihydroxybenzoic acid;
TFA, trifluoro-acetic acid; TiO2, titanium dioxide; ODF1, outer dense
fiber 1; PKA, protein kinase A; ETD, electron transport dissociation;
CID, collision induced dissociation; ICC, ion charge control; IVF, in
vitro fertilization.
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nonoxidized form and determined to be correct, despite having a
Mascot score of 25.5. The identified protein sequences were manu-
ally validated in BioTools (Bruker Daltonics, Bremen, Germany) on a
residue-by-residue basis using the raw data to ensure accuracy. In
brief, the ion series were inspected to ensure the peaks being se-
lected were not simply baseline. The accuracy between the residues
was less than 0.15 Da and that selected peaks had a signal above
background. When run against a reversed database, and the spectra
manually interpreted in a similar fashion, we produced less than 0.1%
false discovery rates (26).

SDS-PAGE and Immunoblotting—SDS-PAGE was conducted on
1–10 �g solubilized sperm proteins using 4–20% precast polyacryl-
amide gels at 10 mA constant current per gel. The proteins were then
transferred onto nitrocellulose hybond super-C membrane (Amer-
sham Biosciences International, Sydney, Australia) at 350 mA con-
stant current for 1 h. The membrane was blocked for 1 h at room
temperature with Tris buffered saline (TBS;0.02 M Tris, pH 7.6, 0.15 M

NaCl) containing 3% (w/v) BSA. The membrane was then incubated
for 2 h at room temperature in a 1:1000 dilution of a monoclonal
anti-ODF1, 1/1000 anti-CD45 or anti- � tubulin (Clone B-5–1-2) in TBS
containing 1% (w/v) BSA and 0.1% (v/v) Tween. After incubation, the
membrane was washed four times for 5 min with TBS containing
0.01% Tween-20 and then incubated for 1 h at room temperature with
goat anti-mouse immunoglobulin G horseradish peroxidase (HRP)
conjugate, at a concentration of 1:3000 in TBS containing 1% (w/v)
BSA and 0.1% (v/v) Tween-20. The membrane was again washed as
described above and then the detection was done using an enhanced
chemiluminescence kit (Amersham Biosciences International, Syd-
ney, Australia) according to the manufacturer’s instructions.

In order to confirm equal loading of proteins, blots that had been
probed were stripped and reprobed with an antibody against �-tu-
bulin. For this procedure, �30 ml of stripping buffer, consisting of a
0.2 M NaOH solution was added to the membrane for 30 mins at room
temperature. The membrane was then washed (3 � 10 min in TBS),
blocked and probed with the primary antibody as described.

Experimental Design and Statistical Rationale—For the quantitative
proteomics, we used five donations from fertile men. For the infertile
sample, we used an infertile male who agreed to provide three sep-
arate donations for this study. Students t test were performed to
identify phospho-peptide changes based on the integrated counts of
the precursor peptide mass. As this work only reported one protein
change, we could clearly validate this statistical model by performing
immunoblotting against the original fertile and infertile sample. After
this, we then screened 40 biobanked infertile samples for the pres-
ence of ODF1 using immunoblotting.

Immunocytochemistry—Slides were precoated with a 0.01% poly-
L-lysine solution and then air-dried and washed in PBS. A 50 �l
aliquot of spermatozoa was added to the coverslip for 10 min at room
temperature. The cells were permeabilized using methanol for 10 min
(4 °C) and excess solution was washed off with PBS. The cells were
then blocked for 1 h using a 3% solution of BSA in PBS at 37 °C. To
these cells, a 1:50 dilution of a monoclonal anti-ODF1 antibody in
PBS containing 1% (w/v) BSA was added overnight at 4 °C. After
incubation, cells were washed in PBS four times for 5 min and then
incubated for 1 h at 37 °C with FITC-conjugated, goat anti-mouse
immunoglobulin G at the concentration of 1:400 in PBS containing
1% (w/v) BSA. The cells were then washed as described above and
mounted in the antifade medium, Mowiol. A fluorescence microscope
(Axio Observer, Zeiss, Jena, Germany) was used to detect the FITC
signal.

Electron Microscopy—Percoll purified sperm (� 1 � 106) were
fixed in 50 �l of 2.5% glutaraldehyde in PBS 0.1 M (pH 7.4) for 2 h at
4 °C. The sample was then centrifuged at 3000 g for 15 min. The
pellet was washed twice (10 min each). After each washing, sample

was centrifuged at 3000 g for 1 min, supernatant discarded and pellet
recovered in PBS 0.1 M (pH 7.4) mixing it by gentle agitation. Post-
fixation was performed using 1.33% osmium tetroxide in PBS 0.1 M

(pH 7.4) for 1 h at 4 °C. The pellet was washed twice (10 min each)
and the pellet resuspended in PBS 0.1 M (pH 7.4). In order to dehy-
drate the cells, the samples were resuspended following ascending
ethanol solutions: 30% (10 min), 50% (twice for 10 min), 70% (twice
for 10 min), 95% (twice for 10 min), and 100% (twice for 10 min). The
dehydrated sample was centrifuged at 3000 g for 1 min to recover the
pellet for the substitution procedure in 1.2 propylene oxide (twice for
20 min and two further centrifugations at 3000 g for 1 min). The pellet
was the placed in a mixture of 50% 1.2 propylene oxide, 50% epoxy
resin. Ultrathin sections were then taken on and used for transmission
electron micrographs.

Freeze-Thaw Analysis—Spermatozoa from a fresh Percol-purified
sample were taken and placed as a dry pellet within the �80 °C
freezer and left for 1 h. After this, the cells were taken and medium
BWW was added and the cells examined morphological for decapi-
tation defects. More specifically, we looked for complete (normal)
spermatozoa with both the head and the tail, compared with abnor-
mal spermatozoa presented either with a head and no tail or a tail with
no head.

RESULTS

Quantitative Phosphoproteomic Analysis of Fertile versus
Infertile Samples—The semen analysis of the gametes of the
initial male used in this study for the quantitative proteomic
analysis is shown in Table I. Within his ejaculates, normal
sperm cell numbers and motility were found; however, slightly
low hyperactivation rates at 3.5 h were noted. In addition, the
spermatozoa had acrosome defects (30% small, 16% absent)
that were considered higher than normal. This patient was
diagnosed as idiopathic (unknown cause of fertility failure). A
pregnancy was achieved through conventional in vitro fertil-
ization (IVF), suggesting that events leading up to sperm–egg
interaction were likely to be the root cause behind the defect.
As such, we immediately suspected that the process of ca-
pacitation was failing. Capacitation is the process whereby a
freshly ejaculated spermatozoa undergoes protein modifica-
tions (in the female reproductive track) in order to fertilize.
Capacitation is highly dependent on phosphorylation events,

TABLE I
Semen analysis of the infertile male, compared to normal semen

parameters

Semen Analysis

Sperm Parameters Infertile
Subject

Normal
Reference Rangesa

Sperm concentration (�106/ml) 227 �15
Total volume (ml) 2.7 �1.5
% motile 70 �40
% progressive 36 �32
% Strict normal morphology 19 �4
% small acrosome 46 �20%
% midpiece defect 2 �20%
% tail defect 9 �20%
Leukocytes (�106/ml) 2.6 �1
Overnight survival % 94 �70
% Hyperactivating 3 h 6 �10
% Hyperactivating 6 h 20 �10

a Reference ranges adapted from WHO (2010) or validated by the
Male Fertility Lab, University of Washington
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and therefore, we felt the best place to start was to look at
phosphorylation patterns of the gametes of known fertile men,
and compare them to the gametes of an idiopathic infertile
male. We chose not to pool control samples since it was
unclear if any change within one patient, would be reflected in
other patient samples. Thus, phosphopeptides were enriched
for from both fertile donors (n � 5 in total) and the infertile
sample (three separate donations) using TiO2 and then run
through liquid-chromatography coupled to ion-trap mass
spectrometry (LC-MS/MS). Quantification of the samples
demonstrated one major defect. In this case, three phospho-
peptides from ODF1 were completely absent in the runs of the
infertile samples, while present in all the samples derived from
the fertile donors. Table II shows the individual peptides from
ODF1. Column 1 shows the peptide sequence; note, the
residues that are carbamidomethylated (C), phosphorylated
(S), or oxidized (M) are underlined. Columns 2 and 3 show the
measured and theoretical mass of the peptide, based on the
charge state (z; column 5). The difference in mass between
the measured and calculated is shown in parts per million
(column 4). Using the ion-trap mass spectrometer, we could
not detect a signal above backgroup in any of the infertile
samples (column 6). Finally, the high and low values of the
95% confidence intervals, based on the integrated counts of
the fertile biological replicates (n � 5) are given in columns 7
and 8, respectively. The last phosphopeptide derived from
ODF1, shown in Table II (row 6), was not detected in the
infertile male; however, we only detected the presence of this
doubly phosphorylated peptide in two of the fertile controls,
hence the confidence intervals were not determined. Supple-
mental Table 1 gives the tandem mass spectra for each
peptide.

Extracted Ion Chromatogram of ODF1—To visually de-
scribe the extent of the changes, an extracted ion chromato-
gram (EIC) for the peptide KYSYMNICK (residues modified
underlined; measured m/z 651.74) is given in Fig. 1. The
intensity of the peptide signals from five fertile donations
are overlaid (black) As shown, just after 17.5 min, the peptide
elutes in all five fertile samples (black); however, very little
signal was detected in the gametes originating from the infer-
tile male (EIC shown in red; n � 3). These data, in conjunction

with Table II, strongly suggested that ODF1 phosphorylated
peptides normally present within fertile samples, were missing
from the spermatozoa of this infertile male.

Immunoblotting Shows Several Reduced Amounts of ODF1
Within Infertile Men—The loss of three phosphopeptides from
one protein can be explained by at least one of two possibil-
ities. First, kinase(s)/phosphatases that actively phosphoryl-
ate/dephosphorylate ODF1 may be occurring within the
infertile gametes, which could explain the lack of phospho-
peptides. Secondly, it could also be that the ODF1 protein
itself may be absent from the infertile sample altogether, and
as such, all three phospho-peptides are missing. In order to
determine which is the case, we next performed immunoblot-
ting using the ODF1 antibody on both the infertile and fertile
samples. As shown in Fig. 2A, the antibody detected some
cross-reacting bands across each sample; however, a strong
signal at 27 kDa (the predicted size of ODF1;) can be seen
(Fig. 2A, upper panel, arrow labeled ODF1). The presence of
ODF1 in this band was confirmed by excising a corresponding
gel plug from SDS-PAGE and running tryptic digest through
LC-MS. In addition, several minor bands of higher mass were
also detected at �35, 50 and 75–80 kDa (bands marked in
Fig. 2A with a smaller arrow) within the immunoblots. As such,
we also excised these regions from a corresponding gel and
ran the tryptic digest through LC-MS. Importantly, LC-MS
analysis of the 27 kDa band allowed the detection of seven
unambiguous peptides corresponding to ODF1 (of note, 28
redundant peptides were found for ODF1). The nonredundant
peptides within the ODF1 sequence is highlighted in Fig. 3A.
In total, 36% sequence coverage was obtained for ODF1
within the 27 kDa band. A representative spectra of the pep-
tide DVTSYGLGSCVK, which is derived from ODF1, together
with the y and b ion series is shown in Fig. 3B. Despite finding
36% sequence coverage in the 27 kDa band, not a single
peptide derived from ODF1 was found in the cross-reacting
bands within the 35, 50 and 75–80 kDa region. Therefore, it is
unclear why they reacted with ODF1 antibody.

Importantly, when we compared the fertile and infertile
sample, markedly less cross-reactivity of ODF1 was detected
in the 27 kDa region within the infertile sample (Fig. 2, lane 2).
Control for protein equal loading was performed with anti

TABLE II
Phosphopeptides from ODF1

Sequence m/z meas. Mr calc. 	 m/z 
ppm� z Infertile
Fertile: 95%

Confidence Intervals

High Low

DVTYSYGLGSCVK 764.75 1527.63 �91.66 2 n/d 371307891 156887226
KYSYMNICK 651.74 1301.51 �36.13 2 1288386776 607661995
KYSYMNICK 643.74 1285.52 �37.42 2 n/d
KYSYMNICK 652.22 1302.50 �57.58 2
ILASSCCSSNILGSVNVCGFEPDQVK 1461.33 2920.28 125.52 2 n/d 266457330 4109863
ILAp(SSCCSSNILGS)VNVCGFEPDQVK 1000.94 3000.24 �143.44 3 n/d a *

n/d � not detected; meas. � measured; calc. � calculated.
a � only detected in two of the samples, therefore confidence intervals were not determined.
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�-tubulin antibody (Fig. 2, lower panel). These data clearly
demonstrated that ODF1 protein was severely reduced in
idiopathic infertile sperm when compared with fertile control.

Loss of ODF1 Is Common within Normozoospermic Idio-
pathic Samples—Given the data on the quantitative phospho-
proteomics and immunoblotting approaches, we wanted to
see how widespread the loss of ODF1 would be within the
infertile male population. In order to achieve this, several
sperm samples were taken from either known fertile donors
(defined as having a baby within the last 2 years) or suspected
male-factor infertile men who were chosen on the basis that
all their semen characteristics were above the normal range
for WHO criteria of motility, morphology, and sperm cell num-
bers; however, their female partner showed no obvious sign of
infertility (female under 35 years of age, normal history and
examination, normal diagnostic laparoscopy, and normal pat-
tern of ovulation). To define the level of ODF1 within these

samples, an anti-ODF1 immunoblot analysis was performed.
Clearly, a signal arising from the fertile men was easily ob-
tained (Fig. 3B, lanes 5–9). However, several infertile men
were shown to have severally reduced amounts of the entire
protein for ODF1.

Lack of ODF1 Leads to Decapitation when Sperm Are under
Stress—The role of ODFs in general and ODF1 specifically in
spermatozoa is still unclear. The knockout male mice deficient
in ODF1 have been shown to be completely infertile, as sper-
matozoa undergo decapitation when taken from the epididy-
mis (27). Given that the samples we used were idiopathic (i.e.
of unknown infertility origin), the same phenotype was not
reciprocated within the human sperm samples that we char-
acterized with severe reduction in the ODF1 protein. However,
during a routine fixation procedure of sperm samples, we
noted that many of the sperm from ODF1-deficient men,
became decapitated. Hence, it appeared that ODF1 negative

FIG. 1. Loss of phospho-ODF1 peptide from infertile male. Extracted ion chromatogram from the phosphopeptide KYSYMNICK (m/z
651.74) derived from ODF1. The signal intensity of the fertile (black; n � 5) and the infertile (red, n � 3) samples are shown.

FIG. 2. Severe reduction in ODF1 from the gametes of the infertile male. (A) Western blotting analysis. Proteins were extracted from either
a known fertile donor (lane 1) or the infertile male (lane 2). The proteins were run into SDS-PAGE, then transferred to nitrocellulose. The
membrane was then probed for using anti-ODF1 antibody (top panel). After this, the membrane was stripped and reprobed using anti �-tubulin
antibody (lower panel). The position of the molecular weight markers are shown on the left-hand side. The large arrow shows the expected
position of ODF1. The smaller arrows higher molecular mass cross-reacting bands that were excised for nano-LC-MS/MS analysis. (B)
Immunoblot using the anti-ODF1 against suspected idiopathic infertile men (lanes 1–4) or control fertile donors.
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sperm may be weakened within the neck region. To test this
hypothesis, spermatozoa from men known to lack ODF1 were
subjected to one round of freeze-thawing (note: no glycerol
was included is the freezing mixture and as such, all the
sperm were immotile following thawing). As a control, sper-
matozoa from known, previously fertile men (pregnancy within
the last 2 years) were also subjected to the same conditions.
As shown (Fig. 4A), only a small percentage of sperm cells are
decapitated before freezing in both controls in the ODF1-
depleted samples. However, after one round of freeze-thaw,
the ODF1 depleted sperm demonstrate a 90% decapitation
rate, compared with �20% within the fertile controls. A phase

contrast image of a population of sperm cells after the freeze-
thawing process is shown (Fig. 4B). On the left-hand side are
two images from control sperm after freeze-thawing. Clearly,
the majority of cells remain intact. In contrast, on the right side
are two images from ODF1-deficient samples after freeze-
thawing show that a majority are decapitated. These data
indicated that human spermatozoa lacking ODF1 were not
decapitated upon ejaculation but required some form of
stress, such as freeze-thawing, to reciprocate this condition.

Electron Micrographs—In order to investigate the neck re-
gion of ODF1-depleted human spermatozoa, we looked at
electron micrographs of normal and ODF1-depleted cells.

FIG. 3. LC-MS/MS analysis. To verify the presence of ODF1, SDS-PAGE was run from fertile sperm lysates. Gel fragments corresponding
to the arrows labeled in Fig. 2 were excised and trypsin digested before analysis in LC-MS/MS. (A) In the 27 kDa bands, we detected six
unambiguous peptides corresponding to ODF1. This equated to 36% sequence coverage. The MS/MS spectra for peptide DVTSYGLGSCVK
(boldfaced/underlined in A) is shown in (B).

FIG. 4. Decapitation of sperm fol-
lowing freeze thawing in ODF1-defi-
cient samples. Spermatozoa were
placed in an Eppendorf tube and sub-
jected to one round of freeze thawing
cycle. After this, the cells were counted
phase contrast microscopy. (A) The per-
centage of cells demonstrated decapita-
tion before and after one round of
freeze-thawing in both control and
ODF1-depleted sperm. (B) Phase con-
trast image of spermatozoa from two fer-
tile donors (left side) and ODF1-depleted
samples (right side). The images show
the status of the spermatozoa following
one round of freeze-thawing. Scale bar
represents 200 �M.
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Electron pictographs taken of sperm cells from known fertile
donors showed the characteristic implantation plate which
consists of the thin filament fibers (Fig. 5A, TLT), basel plate
(Fig. 5B, BP), and striated columns (Fig. 5C, SC). However,
samples taken from patients lacking ODF1 showed several
abnormalities. These included malformed or reduced size in
the basal plate (Fig. 5D, arrow) and thin laminated fibers (Fig.
5E, arrow, D,H). In some cases, the implantation plate was
overburdened by granular material near the connecting piece
(Fig. 5H). Finally, we also observed a lack of, or poorly devel-
oped, striated columns in many of the spermatozoa (Figs.
5D–5I). The same observation has been made by Kumal et al.,
who showed within 16 male patients (all of which produced
spermatozoa that easily decapitated) all had lower-density
around the connecting piece (28). The micrographs show that
a malformed connecting piece is the likely reason that sper-
matozoa lacking in ODF1 become decapitated under mild
stressful conditions such as freeze-thawing.

DISCUSSION

According to the World Health Organization, up to 15% of
reproductive-aged couples are infertile, with 50% of these
being male-factor driven (29). In some cases, a clear associ-
ation with male infertility is established. For example, congen-
ital abnormalities, antisperm antibodies, varicocele, glandular

infections, and obstructive azoospermia are all known causes
of male infertility. Nevertheless, these cases are relatively easy
to diagnose, with either a lack of sperm in the ejaculate or
poor sperm functionality, often presenting in a clinical envi-
ronment. For the majority of couples, it is often difficult to
diagnose male infertility due to a lack of biomarkers or clinical
presentation. Thus, when a couple presents for assisted con-
ception, understanding the contribution of each partner to a
couple’s infertility falls disproportionately on the female and
often involves blood, hormone, frequency of ovulation, and
invasive laparoscopies. This study has used a quantitative
(phosho)-proteomic analysis to determine that ODF1 is dra-
matically reduced within the gametes of male infertile idio-
pathic patients, whose sperm parameters are considered
normal according to the WHO criteria. The lack of ODF1
appeared to be associated with a failure in the development of
the implantation plate and thin filament fibers, making the
spermatozoa vulnerable to decapitation. Although the data
are mostly correlative, the reduction in ODF1 may participate
in the failure of these spermatozoa to fertilize in vivo.

A semen analysis of the initial infertile patient used in this
study demonstrated that the sample had 46% small acro-
somes, otherwise normal sperm cells numbers and motility
were apparent. This same male achieved a successful out-
come using conventional in vitro fertilization (IVF). As such,
events preceding sperm–egg binding are a likely cause of
fertilization failure. One of the most important of these events
is capacitation. Capacitation is the term now used to describe
the biochemical pathway sperm undergo inside the female
reproductive tract. During capacitation, sperm alter their be-
havior of swimming and transit from a forward progressive to
a hyperactivated state. After this, sperm also undergo the
acrosome reaction—an exocytotic event whereby the outer
portion of the sperm head releases proteases into the sur-
rounding milieu and exposes key proteins for fertilization such
as Izumo1 (30). As this entire process is underpinned by a
series of phosphorylation events (31–34), we reasoned that a
quantitative phosphoproteomic approach would reduce the
dynamic range of proteins we were comparing and, thus, be
a more sensitive manner in which to find changes within the
infertile gametes. From this basis, we found a severe reduc-
tion in the protein ODF1.

The lack of ODF1 correlates to defects within the implan-
tation plate and thin laminated fibers. Interestingly, mice lack-
ing Odf1 produce normal numbers of spermatozoa with nor-
mal motility but are completely infertile (35). The gametes of
these mice display fragile sperm connecting pieces and also
a disorganized mitochondrial sheath (35). Furthermore, the
spermatozoa of these mice are in a decapitated state. In our
human samples, we initially observed that the sperm head
and neck remained intact. However, after stress-induced
freeze-thawing, the head became decapitated. One reason
we may see a difference between the human and mouse is
that, although the later are completely ODF1 deficient, in

FIG. 5. Ultrastructure changes to the implantation plate of sper-
matozoa with reduced ODF1. The appearance of a normal implan-
tation plate with fertile samples is shown (A–C). The thin laminated
fiber (A;TLT), basel plate (B, BP), and striated columns (C, SC) are
labeled. Within the several reduced ODF1 infertile sperm (D–I) a lack
of the basel plate formation was observed (D, arrow), lack of or poorly
developed striated columns (D–I), and absent or smaller than usual
thin laminated fibers (D, E, H).
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many of the human samples we tested, we could not detect a
complete lack of the protein but rather a severe reduction in
ODF1 as seen with the immunoblots (Figs. 2 and 3). Interest-
ingly, electron micrographs showed that human ODF1-defi-
cient sperm display a very similar phenotype to the mouse
Odf1�/� mice. In our study, men lacking ODF1 show a weak-
ness in the connecting piece (the same as ODF1 knockout
mice), and their sperm are easily decapitated (same as ODF1
knockout mice). Therefore, our descriptive data in humans,
added to the previously published data in mice, suggest a
potential causative role for ODF1 deficiency in human infertil-
ity. Other reports exists on human sperm that present as
decapitated or, in the words of the authors, have “loose tails
and head” (36). In one such report, a 36-year-old infertile man
with normal WHO semen parameters (35–46 � 106 sperm/ml,
60% motility), displayed decapitated heads, even though the
tails were structurally normal (36). Interestingly, electron mi-
crographs showed many of the sperm cells displayed an
underdeveloped or rudimentary connecting piece (36) or a
failure in the implantation fossa to differentiate, giving rise to
sperm with loose heads. In two other case reports, men, both
of whom were 33 years old, presented with normal sperm
parameters, with the exception that 90% of the cells were
decapitated (37). In both cases, the basal plate and subse-
quent implantation fossa were not formed (37, 38), suggesting
a common mechanism in the etiology of this condition. Finally,
Kamal et al., have reported several cases of infertile men in
which they described the use of a micromanipulator to press
the sperm gently against the bottom of the dish. Within 16
cases, they found that the head of the sperm was easily
separated from the tail (28) compared with controls. Given the
similarities of these data and our current findings, we suggest
that a lack of ODF1 may be a driver underpinning male infer-
tility in cases where the head and neck are loosely attached.

Based on the information gained from this report, semen
testing in couples with a history of unexplained infertility could
be extended to investigate lack of ODF1. The lack of suitable
and definitive biomarkers for male infertility is one reason why,
when a couple presents to an infertility clinic, diagnostic and
therapeutic focus falls disproportionately on the female. In
recognition of the limited ability of descriptive semen analyses
to predict infertility, additional tests have been developed,
which include DNA damage assessment (39), acrosome re-
action tests (40), egg- and zona-penetration assays (41), an-
tisperm antibody testing (42), aneuploidy screening (43), hy-
aluronic acid binding (44), and DNA methylation status (5).
Although helpful, the predictive values of these tests are sub-
optimal (45), and the need for improved diagnostic tools to
evaluate male infertility is widely accepted (46). We propose
that assaying ODF1 in the semen and assessing one round of
freeze-thawing cycle, could be used for testing the contribu-
tion of the male partner toward the couple’s infertility.

Overall, this proteomic-based analysis identified the down-
regulation of ODF1 in human semen as a marker and potential

driver for male infertility. Future investigations are warranted
to determine the clinical significance of these findings for the
diagnosis of male infertility.
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