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Intact Cell MALDI-TOF MS on Sperm: A
Molecular Test For Male Fertility Diagnosis*s
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Currently, evaluation of sperm quality is primarily based
on in vitro measures of sperm function such as motility,
viability and/or acrosome reaction. However, results are
often poorly correlated with fertility, and alternative diag-
nostic tools are therefore needed both in veterinary and
human medicine. In a recent pilot study, we demonstrated
that MS profiles from intact chicken sperm using MALDI-
TOF profiles could detect significant differences between
fertile/subfertile spermatozoa showing that such profiles
could be useful for in vitro male fertility testing. In the
present study, we performed larger standardized experi-
mental procedures designed for the development of fer-
tility- predictive mathematical models based on sperm
cell MALDI-TOF MS profiles acquired through a fast, au-
tomated method. This intact cell MALDI-TOF MS-based
method showed high diagnostic accuracy in identifying
fertile/subfertile males in a large male population of
known fertility from two distinct genetic lineages (meat
and egg laying lines). We additionally identified 40% of the
m/z peaks observed in sperm MS profiles through a top-
down high-resolution protein identification analysis. This
revealed that the MALDI-TOF MS spectra obtained from
intact sperm cells contained a large proportion of protein
degradation products, many implicated in important func-
tional pathways in sperm such as energy metabolism,
structure and movement. Proteins identified by our pre-
dictive model included diverse and important functional
classes providing new insights into sperm function as it
relates to fertility differences in this experimental system.
Thus, in addition to the chicken model system developed
here, with the use of appropriate models these methods
should effectively translate to other animal taxa where
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Male fertility can be described as the success by sperma-
tozoa to fertilize oocytes, which is a quite intricate process
that relies on the correct performance of different, very spe-
cialized sperm cells functions such as motility, structural in-
tegrity, viability or acrosomic reaction (1, 2). Each of these
functions can be tested in vitro to evaluate sperm quality, but
results are often poorly correlated with real male fertility, and
so a change in the paradigm of sperm quality testing is
needed. A new trend in reproduction biotechnology is the
elucidation of male infertility etiology through proteomics. This
tactic is justified by the fact that mature spermatozoa are
transcriptionally and translationally quiescent, so the function-
ality of those cells is based largely in early gene expression
during spermatogenesis and in the complex protein abun-
dance changes and post-transcriptional modifications occur-
ring during maturation (2, 3). Mass spectrometry (MS)-based
proteomics has been therefore used as a tool in search of
biomarkers of sperm quality basically by applying discovery
approaches (4-8). These usually ends up with long biomarker
candidates lists, whose validation for diagnostic purposes
requires further verification using large cohorts, and high-
throughput analysis through the application of multiplexed
assays (9). Clinical proteomics has succeeded in solving the
latter through the application of targeted approaches such as
multiple reaction monitoring-MS methods. However, the de-
velopment of such tests is cumbersome and expensive and it
is often difficult to detect and/or quantify some of the desired
targets (9, 10). Alternatively, recent advances in MS instru-
mentation in combination with the development of bioinfor-
matics tools have allowed the development of untargeted,
much simpler and less expensive clinical proteomic ap-
proaches based on MALDI-TOF MS profiling. One of these
approaches is Intact Cell MALDI-TOF-Mass Spectrometry
(ICM-MS)', a method that relies in the identification of cell-

" The abbreviations used are: ICM, intact cell MALDI-TOF; Al: Ar-
tificial Insemination; MTP, micro-titer plate; %CV, Coefficient of var-
iation; GA, Genetic Analyzer; SNN, Supervised Neural Network; QC,
Quick classifier; QCp, Quick classifier-parametric; QCnp, Quick clas-
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specific peptide/protein MS fingerprints (11-13). In this con-
text, “intact cell” means that whole cells are subjected directly
to MS analysis without any preparatory steps, which is highly
convenient in diagnostics. This approach has been proven
useful for routine high-throughput bacterial (11, 14) and yeast
(15, 16) biotyping in clinical specimens, but it has also been
applied in superior eukaryotic cells such as macrophages (17,
18) or neuroglial cells (19). In the past, the progress in the
general use of MS-based profiling has been somewhat ham-
pered by the difficulties in confidently identifying diagnostic
MS signatures, because traditional bottom-up approaches
are certainly not adequate. In this sense, the development of
direct identification of the peptide/protein through top-down
high resolution mass spectrometry (HRMS) has opened new
possibilities. The top-down proteomic approach allows for the
acquisition in one analysis of both the complete characteriza-
tion of endogenous peptide/protein sequences and their
post-translational modifications (20, 21). A large number of
native, intact biomolecules can be hence directly identified,
whose masses can be matched with MALDI m/z peaks. As
described in the literature, the combination of ICM-MS and
top-down HRMS is therefore a convenient analytical strategy
(22, 23). In an initial attempt to test if this analytical approach
could be employed to phenotype sperm cells with different
fertility abilities, we observed that subfertile sperm cells
ICM-MS profiles showed characteristic features that could be
useful to discriminate individuals regarding their fertility, and
that these could be confidently identified by top-down HRMS
(23). In that study (as the present one), chicken was chosen as
the animal model because of their several advantages, such
as their relative small size (easy to handle and house in large
numbers), the non-invasive collection of sperm in sufficient
quantity, the use of artificial insemination for accurate fertility
determination and the high standardization of egg incubation,
which also allows proper tracking of the embryonic develop-
ment. Plus, the commercial breeds used for meat or egg
production are genetically uniform but their genetic back-
ground differs between the two production types. Using
chicken as an experimental model for male fertility has the
added advantage of the direct application of results in order to
help developing reproduction strategies for poultry breeders
and to better characterize semen for bird genetic biodiversity
preservation programs (24). Our previous results indicated
that sperm cells ICM-MS profiling coupled with top-down

sifier-non parametric; HRMS, High Resolution Mass Spectrometry;
RP, Reverse Phase; GF, Gel Filtration; HCD, High Collision Energy;
PUF, ProSight Upload Format; CASA, Computer-Assisted Sperm
Snalysis; HTM, Hamilton-Thorn Motility Analyzer; IVOS, Integrated
Visual Optical System; VAP, Average Path Velocity; PPV, Positive
Predictive Value; NPV, Negative Predictive Value; LR+, Positive Like-
lihood Ratio; LR-, Negative Likelihood Ratio; ROC, Receiver Operat-
ing Characteristic; AUC, Area Under the Curve; HGNC, Hugo Gene
Nomenclature Committee; WB, Western Blotting; ATP, Adenosine
Triphosphate.

HRMS could be employed as a fertility screening tool. How-
ever, before demonstrating this fact, the diagnostic perform-
ance of the latter had to be proven in a larger and more
representative group of males, and the method adapted for a
higher throughput analysis.

Due to the abovementioned, the objectives of the present
study were (1) to acquire sperm cells ICM-MS profiles in a
standardized and automated way from a large and represent-
ative cohort of roosters of known fertility, (2) to employ sperm
cells ICM-MS profiles to construct fertility-predictive mathe-
matical models, (3) to test the diagnostic performance of the
ICM-MS -based models versus other traditional sperm cell
quality tests, and (4) to analyze the native and endogenous
peptides/proteins of spermatozoa by ulLC-top-down HRMS
after two different fractionation modes (gel filtration and re-
verse phase chromatography), in order to identify represented
biomolecules in the ICM-MS spectra.

EXPERIMENTAL PROCEDURES

Chemicals—Unless otherwise indicated, chemicals were pur-
chased by Sigma-Aldrich (Saint Quentin Fallavier, France).

Experimental Design and Statistical Rationale—The study popula-
tion consisted of 72 roosters including 36 roosters from a grandparent
generation of chicken bred for meat production (meat line) and 36
roosters from a grandparent generation of chicken bred for egg laying
production (laying line). This number was the maximum of animals
that could be housed in the INRA experimental unit UE-PEAT, which
was enough to obtain statistically confident results, and included two
different genetic lines in order to include some natural variability. The
fertility values of those animals were determined as described below
and used as reference to classify animals. Three ejaculates were
analyzed per rooster through ICM-MS as well as in vitro sperm quality
tests to account for day-to-day variability. Each sample was divided
in 12 replicates that were analyzed three consecutive times through
ICM-MS (to account for read-to-read variability), thus 36 technical
replicates were performed per ejaculate. Fertility data were unknown
at the moment of the acquisition, which served as a way to random-
izing the analysis. Four animals per genetic line were selected ran-
domly among those with fertility values above 70% (fertile) and below
40% (very low fertility) and considered as set of training examples for
the construction of fertility-predictive models by using supervised
learning algorithms. The best model was then subjected to external
validation using all animals as classified using the reference fertility
value. The number of animals correctly classified as fertile and sub-
fertile by the ICM-MS data-based model was calculated and em-
ployed to estimate the diagnostic accuracy of method by means of
calculating tests’ sensitivity % (rate of true positives detected), spec-
ificity % (rate of true negatives detected), positive and negative pre-
dictive values (respectively PPV and NPV, which represent propor-
tions of positive and negative results that are true positive and true
negative results), as well as likelihood ratios for positive (sensitivity/
(1-specificity) and negative ((1-sensitivity)/specificity) results. Same
parameters were calculated for each in vitro sperm quality test and
results were compared.

Animal Housing and Classification Depending on Individual Fertility
Rates— Animals were housed at the INRA experimental unit UE-PEAT
at Nouzilly (France) following the European welfare and the French
Direction of Veterinary Services regulations (agreement number C37-
175-1). Seventy-two 30 weeks-old males were acquired from a com-
mercial pedigree stock (Hubbard and Novogen, Quintin, France) and
housed in individual battery cages under a 14L/10D photoperiod and
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fed with a standard diet of 12.5 MegaJoules/day. The 360 females
employed for artificial insemination were adult ISABROWN hens (ISA,
Ploufragan, France) housed in 5 hens rooms under a 14L/10D pho-
toperiod and fed a standard diet of 12.5 MegadJoules/day, supple-
mented with calcium. Semen was routinely collected twice a week by
massage (25) during 5 weeks. Sperm concentrations were immedi-
ately determined by light absorption of semen with a photometer
(Accucell photometer, IMV Technologies, L’Aigle, France) at a wave-
length of 530 nm (26). Individual ejaculates were then diluted 1:1 in
Beltsville Poultry Semen Extender (26) and then used directly to
analyze semen or inseminate females.

Fertility (% fertile/incubated eggs) was measured after individual
intravaginal artificial insemination (Al) of 10 females/male with a dose
of 100 million sperm/female (day 0). Two inseminations per female
were made at a 1-week interval for the same male. Eggs were col-
lected and candled from day 2 to 9 post insemination for the first Al
and day 2 to 23 post insemination for the second Al. This second Al
was made in order to (1) confirm the first Al results and (2) to observe
the coherence of the fertile period according to the reproductive
profile of the species (28). Hatchability of the eggs was also measured
and did not show added differences between male progeny results. A
mean of 250 eggs was checked per male.

This test is considered the reference test to define fertility, and
values to establish two cohorts of animals, namely fertile and subfer-
tile animals. This was done taking into account that 70% of fertility is
usually the lower limit applied for male selection at chicken grand-
parent flocks. Animals were therefore considered fertile when rates
were above 70% and subfertiles when rates were below 70%. We
also designated a subgroup within subfertile animals showing fertility
rates lower than 40% that we considered as those exhibiting very
poor fertility rates.

ICM-MS Analysis— Spermatozoa (SPZ) were separated from sem-
inal plasma by centrifugation (600 X g for 10 min at 20 °C), washed
twice in Tris-Sucrose buffer (260 mm sucrose 20 mm Tris-HCI pH 6.8)
by centrifugation at 400 X g for 5 min at 4 °C, and resuspended in the
same buffer at 10°cells/ml. One microliter of cell suspension (10°
cells) was overlaid with 2.5 ul of matrix (20 mg/ml sinapinic acid, 2%
trifluoroacetic acid, 50% acetonitrile in water) using the dried droplet
method, and 12 replicates were spotted onto a MTP Ground Steel
384 MALDI plate (Bruker Daltonics, Germany). The matrix/sample mix
was allowed to evaporate at room temperature and kept subse-
quently under vacuum for 30 min. Spectra were acquired three con-
secutive times per spot using a Bruker UltrafleXtreme MALDI-TOF
instrument (Bruker Daltonics, Germany) equipped with a Smartbeam
laser at 2 kHz laser repetition rate following an automated method
controlled by FlexControl 3.0 software (Bruker Daltonics, Germany).
Spectra were obtained in positive linear ion mode in the m/z 1,000-
20,000 range, and collected from each spot as a sum of 1000 laser
shots in 5-shot steps (total of 5,000 spectra per spot). The parameters
used for spectra acquisition were: ion source 1, 25 kV; ion source 2,
23.55 kV; lens, 7 kV; pulsed ion extraction; and laser parameter set,
large. External calibration was followed using a mixture of peptides
and proteins (1 ul of calibrant solution plus 1 ul of matrix composed
of 20 mg/ml sinapinic acid, 0,1% trifluoroacetic acid, 50% acetonitrile
in water) containing Glu1-fibrinopeptide B, ACTH (fragments 18-39),
insulin and ubiquitin, both at 1 pmol/ul, 2 pmol/ul cytochrome C, 4
pmol/ul myoglobin and 8 pmol/ul trypsinogen. To increase mass
accuracy (mass error < 0.05%), internal calibration was subsequently
applied to all spectra. The latter was achieved by performing a lock
mass correction using flexAnalysis 4.0 software (Bruker) with the
mass of the highest intensity peak, corresponding to the protein
phosphoglycerate kinase (7983.457 m/z). ICM-MS spectra were gen-
erated from three different sperm samples per male.

The intra-assay precision of the ICM-MS acquisition was deter-
mined by calculating the coefficient of variation (% CV) of the nor-
malized peak intensity values of the 36 technical replicates from three
different males/genetic line, whereas the inter-assay precision was
determined by calculating the % CV of the mean peak normalized
values for the three ejaculates of all animals. The mean % CV of the
normalized peak intensity and of the mean peak normalized values
did not exceed 30 and 33%, respectively.

Spectral processing and analysis was performed with ClinProTools
v3.0 software (Bruker Daltonics, Germany). Data analysis began with
an automated raw data pre-treatment workflow, comprising baseline
subtraction (Top Hat, 10% minimum baseline width), normalization
(total ion count), smoothing (Savitzky-Golay algorithm 2 cycle, m/z
range = 15) and spectra realignment using prominent peaks (maximal
peak shift 1000 ppm, 30% of peaks matching most prominent peaks,
exclusion of spectra that could not be recalibrated). Automatic peak
detection was applied to the total average spectrum (a weighted
average of all experimental spectra at 800 ppm resolution) with a
signal/background noise greater than 2.

Model Generation and Validation— ClinProTools allows for the use
of machine-learning algorithms that generate models for discriminat-
ing between samples belonging to different established classes. We
established two model generation cohorts carefully taking into ac-
count that they should be representative for each condition (fertility
versus subfertility) but also including some natural variability. Individ-
uals were therefore chosen randomly from those meeting the follow-
ing requisites: Class 1 (subfertile males; n = 4) should show egg
fertilization rates below 40% (very poor fertility) whereas class 2
(Fertile males; n = 4) should show average fertilization rates above
70% (fertile males). Spectra from 3 different ejaculates of each of
these animals were loaded onto the software and predictive models
using 3 different algorithms were generated: genetic algorithm (GA),
supervised neural network (SNN), and quick classifier (QC; including
parametric Student’s t and non-parametric Mann-Whitney u tests).
For each model, the default settings were left unaltered. The ability of
each model to correctly identify its component spectra (recognition
capability) as well as to handle variability among spectra (cross-
validation) was estimated. The model showing the best values of
these two parameters was selected for each genetic line and its
clinical applicability was confirmed through a blinded validation test
using spectra from all the animals included in this study. The discrim-
ination power of each model to identify fertile and subfertile males
(thus above or below 70% fertility rates) was then quantified by
measures of sensitivity % (true positive rate), specificity % (true
negative rate), positive and negative predictive values (PPV and NPV,
respectively), as well as likelihood ratios for positive (sensitivity/(1-
specificity) and negative ((1-sensitivity)/specificity) test results.

The spectra from meat line and laying line roosters used for model
construction as detailed above were combined and uploaded in Clin-
ProTools with the objective of producing a model useful for both
genetic lines. We expected this to be possible given the high degree
of similarity in the spectra composition between genetic lines (all the
analyzed spectra in this study were 85.6% qualitatively identical), but
the software repeatedly failed to process spectra together. We dis-
covered later that this was because of differences in the spectral total
intensities between the two datasets. We also learnt that with the
present version of ClinProTools there was unfortunately no way to
treat the spectra so we could process them together.

Protein/Peptide Fractionation and Top-Down HRMS Identifica-
tion—It was observed that the sperm ICM-MS spectra composition
was highly constant between males independently of their fertility
rates and genetic origin (85.6% of common masses between all
spectra). This means that the molecular composition of sperm cells
can be considered qualitatively uniform, and that any sample could be
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employed for top-down protein identification analysis. A fresh sperm
sample was thus randomly chosen (200 pnl), and protein extraction
was performed by sonication in 400 ul of 6 M Urea 50 mm Tris-HCI pH
8.8 buffer containing protease inhibitor mixture (Roche, Switzerland).
Samples were centrifuged during 45 min at 13,000 rpm and 4 °C. One
milligram of the extracted peptides/proteins contained in superna-
tants were subjected to fractionation through chromatographic sep-
aration on an UltiMate 3000 RSLC system controlled by Chromeleon
version 6.80 SR13 software (Thermo Scientific Dionex) using two
different chromatographic approaches. First, proteins were separated
on the base of their hydrophobicity by reversed phase (RP) HPLC
using a Waters XBridge BEH C18 column (Waters). A second ap-
proach was based on the biomolecules separation by molecular
weight using a Superdex 75 10/300 GL gel filtration (GF) column (GE
Healthcare Life Sciences) in 100 mm ammonium bicarbonate buffer.
Thus, 35 and 38 fractions were generated by RP and GF liquid
chromatography processes, respectively. Samples were immediately
vacuum-dried and kept at —80 °C until further analysis.

Prior to analysis all fractions were reconstituted in 20 ul of Formic
acid 1%, desalted using Zip-Tips (Millipore, MA), and then analyzed
by on-line micro-liquid chromatography tandem mass spectrometry
(uLC-MS/MS) on a dual linear ion trap Fourier Transform Mass Spec-
trometer (FT-MS) LTQ Orbitrap Velos (Thermo Fisher Scientific, Ger-
many) coupled to an Ultimate® 3000 RSLC Ultra High Pressure Liquid
Chromatographer (Dionex, The Netherlands) controlled by Chrome-
leon Software (version 6.8 SR11; Dionex). Ten microliters of each
sample were injected using uL-pickup mode and loaded on a Dionex
trap column (Monolithic PS-DVB PepSwift, 200 um inner diameter X
5 mm long). Mobile phases consisted of (A) 0.1% formic acid, 97.9%
water, 2% acetonitrile (v/v/v) and (B) 0.1% formic acid, 15.9% water,
84% acetonitrile (v/v/v). Biomolecules were automatically preconcen-
trated for 10 min at 10 wl/min with 4% solvent B. The separation was
conducted using a Dionex column (Monolithic PS-DVB PepSwift, 200
um inner diameter x 5 cm long). The gradient consisted of 4-10% B
for 1 min, 10-75% B for 60 min, 75 to 99% B for 1 min, constant 99%
B 20 min and return to 4% B in 1 min. The column was re-equilibrated
for 15 min at 4% B between runs. The flow rate was set to 1 ul/min.
The eluate was sprayed using a SilicaTip emitter with 30 um inner
diameter and 360 um outer diameter (New Objective, Woburn, MA)
into a Thermo Finnigan Nanospray lon Source 1. Standard mass
spectrometric conditions for all experiments were spray voltage 1.3
kV, no sheath and auxiliary gas flow; heated capillary temperature,
250 °C; predictive automatic gain control enabled, and an S-lens RF
level of 70%. Data were acquired using Xcalibur software (version 2.1;
Thermo Fisher Scientific, San Jose, CA). The LTQ Orbitrap Velos
instrument was operated in positive mode in data-dependent mode
using a high-high strategy, meaning that a FT-MS spectrum using the
profile mode was followed by an FT-MS? spectrum. Target resolution
in the Orbitrap was set to r = 100,000. In the scan range of m/z
400-2000, the 10 most intense ions with charge states =2 were
sequentially isolated and fragmented by HCD (Higher-Energy Colli-
sional Dissociation) with normalized collision energy of 38% and
wideband-activation enabled. lon selection threshold was 500 counts
for MS/MS with an isolation width = 3 m/z. The maximum allowed ion
accumulation times were 200 ms for full scans (2 microscans) and 500
ms for HCD-MS/MS measurements (3 microscans) in the Orbitrap
analyzer. Target ion quantity for FT full MS was 1 X 10° and for MS2
was 5 X 10°. Dynamic exclusion was enabled with a repeat count of
3 and exclusion duration of 5000 secondes.

Proteo/peptidoform identification and structural characterization
were performed using ProSight PC software v 3.0 SP1 (Thermo
Fisher, San Jose, CA). uLC-MS/MS raw files were collected and
automatically processed inside ProSightHT using the cRAWIer algo-
rithm average related scans to assign precursor and fragment masses

and using the THRASH algorithm to convert each precursor/fragmen-
tation scan pair into monoisotopic neutral mass values. All fragmen-
tation data were filtered using the following parameters: signal/
noise = 3/1, minimum fragment intensity at 100, retaining only the top
5 most intense neutral fragment masses within a 100 Da window
below 2000 Da. Individual ProSightPC experiments were created for
each precursor and corresponding fragment masses generating an
XML file in ProSight Upload Format (PUF). From PUF files, automated
searches were performed using the “Biomarker” search option
against a database made via shotgun annotation from the Swiss-Prot
Gallus gallus release from the UniProtKnowledgebase release
2012_06 (gallus_gallus_2012_06_top_down_simple.pwf downloaded
from ftp://prosightpc.northwestern.edu/). An iterative search tree was
designed to begin with high mass accuracy (both 10 ppm at the intact
and fragment ion level) for monoisotopic precursors. If the top result
matched with a p-score of =1 X 107° the search engine accepted
this result as valid. Two subsequent searches were performed for
invalid results using larger intact mass tolerances (average precursors
with 3 and 85 Da mass tolerance). For all searches, both delta mass
feature and disulfide modifications were deactivated and the N-ter-
minal post-translation modifications (acetylation and initial methio-
nine cleavage) were considered. First hits were considered positively
identified with a minimum of five matching fragment ions with E-value
=1 X 10~® for monoisotopic precursors and E-value =1 X 1078 for
average precursors. However, for average precursors, identifications
with E-values between 1 X 1077 and 1 X 107 (considered as low
confidence proteoform identifications) were accepted after being
manually controlled and independently analyzed using Sequence
Gazer.

Raw data derived from top-down HRMS analysis have been de-
posited to the ProteomeXchange Consortium (29) via the PRIDE
partner repository (30) with the dataset identifier PXD002768.

Functional Analysis—In order to estimate which cell compart-
ments/functions/pathways are mainly represented by the peptides/
proteins analyzed through ICM-MS, a systems biology analysis was
performed. In brief, the UniProtKB accession numbers from all m/z
masses matching those detected in the ICM-MS spectra that were
confidently identified through top-down HRMS analysis were recov-
ered and listed. From these, the official human gene symbols (HUGO
Gene Nomenclature Committee) were retrieved from Gallus gallus
annotated proteins, whereas uncharacterized proteins were mapped
to the corresponding Homo sapiens orthologs by identifying the re-
ciprocal-best-BLAST hits. When manual annotation was needed (i.e.
for deleted entries), this was performed by BLASTp (E value < e-04),
together with Gene Ontology (GO) functional annotation. These lists
were uploaded in GeneAnalytics (http://geneanalytics.genecards.
org/), a commercially available software program based on proprie-
tary, comprehensive and organized databases from the LifeMap
suite.

Immunoblotting Analysis—The fertility-predictive models obtained
in this study from the acquired ICM-MS spectra employed a defined
list of m/z masses for its construction, which corresponded mostly
with fragment peptides of bigger proteins that showed a differential
abundance between fertile and subfertile males for each genetic line.
We tested the hypothesis that relative differences in the intracellular
abundance of these fragment peptides could be associated with
similar variations in the corresponding whole proteins. We selected
three proteins that were employed in the construction of fertility-
predictive models, namely heat-shock protein 90-alpha (HSP90A) for
meat-line model as well as Tektin 3 (TEKT3) and sperm-associated
protein antigen 6 (SPAG6) for laying models, and we established the
differences in the relative abundance of the whole protein by immu-
noblotting in sperm protein extracts from the same animals used to
build the models (see above). In brief, 30 ng of total protein extracts
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Fic. 1. Fertility results obtained with the meat type line (left) and the lay type line (right). Fertility rates reported here were calculated
by candling of the eggs laid from days 2 to 9 post insemination. A mean of 10 females were inseminated per male with 100 million sperm cells
per insemination dose. Some individuals were randomly selected to construct the fertility-predictive models from those highly subfertile
(Fertility rate lower than 40%, indicated with and asterisk) or fertile (Fertility rate higher than 70%, indicated with two asterisks).

(obtained as detailed above) were separated on 4-12% SDS-PAGE
minigels under reducing conditions, blotted onto nitrocellulose mem-
branes and blocked for one hour in 5% skimmed milk TBS-Tween 20
buffer. HSP90A, SPAG6, and TEKT3 were detected by commercial
antibodies showing cross-reactivity with chicken (references Abcam-
ab59459, Antibodies-online-ABIN503491 and Aviva ARP57677_
P050, respectively), followed by anti-mouse (HSP90A) or anti-rabbit
(SPAG6 and TEKT3) secondary antibodies conjugated with Alexa
Fluor® 680 (Thermo-Fisher Scientific). Total protein staining of the
membrane with SyproRuby blot stain (Thermo) prior to blocking
served as a loading control. Images were obtained by scanning on a
Fusion FX (SyproRuby-stained membranes; Vilber-Lourmat) or a Li-
Cor Odyssey Infrared Imager (Immunoblots; Li-Cor Biosciences, Lin-
coln, NE). All the images were digitalized and analyzed by Image
Studio Lite Software (Li-Cor Biosciences). For each lane, band inten-
sity values were normalized onto the respective overall protein
staining.

In Vitro Semen Quality Tests—We investigated if the diagnostic
performance of MS-based method to predict fertility was comparable
to that of the different tests routinely employed for sperm quality,
namely mass motility, objective measures of motility and viability.
Tests were performed in three different ejaculates from the same
males as above, using samples collected = 4 days around the col-
lection dates of sperm samples tested by ICM-MS. Values were
averaged for the three ejaculates and objective cut-off values were
defined for each test to classify the sperm quality into “fertile” or
“subfertile.” The discrimination power of each model to identify fertile
and subfertile males was then quantified by measures of sensitivity,
specificity, likelihood ratios as well as positive and negative predictive
values taking values of in vivo fertility rates as reference as described
previously. Results were compared with those obtained by ICM-MS.

Mass motility was measured as a subjective evaluation of the
speed of movement of a group of sperm in 20 ul of semen (scale 0 to
9) as previously described (31). On this motility scale, O represents a
total lack of movement with agglutinates maybe covering the entire
slide area and 9 representing whirlwinds covering 30-60% of the
area. It was considered that sperm of good quality should show a
value of 5 or higher. This measure was performed five times per
ejaculate and the mean was calculated.

Objective measurements of motility were evaluated by the com-
puter-assisted sperm analysis (CASA) system with an HTM-IVOS
(Hamilton-Thorn Motility Analyzer, IVOS; (31). In this experiment, the

parameters retained for the analyses were percentage of motile
sperm (%) and average path velocity (VAP, in um/s). It was consid-
ered that good quality sperm should show at minimum values of 50
and 60%, respectively.

Sperm Viability was assessed with SYBR-14/Propidium iodide flu-
orescent dyes (32). Aliquots from each sample were adjusted to a final
concentration of 10° cells/ml. Then, sperm were diluted in Lake 7.1
buffer down to 2 x 10° cells/ml and 5 ul SYBR-14 was added before
the solution was incubated for 10 min in darkness at 4 °C. Afterward,
2 ul of propidium iodide was added and the incubation was continued
for 5 min in the dark at 4 °C. After incubation, sperm viability was
assessed by fluorescence microscopy (Zeiss Axioplan 2; Zeiss
Gruppe, Jena, Germany): living cells appeared green and dead ones
red. A total of 300 sperm per slide were counted (two slides/sample =
1 replicate) per sample, and minimum of 85% viable sperm cells was
set as the criterion to consider high quality. All preparations were
analyzed by the same observer.

RESULTS

Animal Classification Regarding Fertility Rates—Fertility re-
sults ranged from 18 to 90% fertility in meat type line and from
2 to 85% fertility in laying type line (Fig. 1). Three meat line
roosters stopped producing sperm during the trial and were
therefore eliminated from the study. Fertility rates were em-
ployed to classify the roosters, and two classifications were
made: the first was used to construct our fertility-predictive
mathematical models using ICM-MS spectra and thus 4
males were randomly selected from those with fertility rates
higher than 70% (n = 13 for the meat line and n = 8 for the
laying line) and lower than 40% (n = 9 for the meat line and
n = 14 for the laying line). The second classification was used
to perform the clinical validation of both ICM-MS and in vitro
sperm quality tests and thus roosters were grouped in those
with fertility range over 70% (n = 13 for the meat lineand n =
8 for the laying line) and below 70% (n = 20 for the meat line
and n = 28 for the laying line).

Diagnostic Performance of Fertility-predictive ICM-MS-
based Model and In Vitro Sperm Quality Tests—Sperm
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Fic. 2. Distribution of detected m/z peaks over the 1-20 kDa mass range in the average ICM-MS spectra from meat and laying line
sperm cells and of species identified by top-down High Resolution Mass Spectrometry.

ICM-MS spectra from meat and laying line roosters included
respectively 233 and 259 detected peaks in the mass range of
1-20 kDa. The distribution of detected m/z over the mass
range was very similar for both genetic lines (Fig. 2).

After comparing the mass lists detected in the ICM-MS
spectra from meat and layer chicken sperm cells, we ob-
served that more than 85% of the m/z masses were present in
both genetic lines, whereas spectra from fertile and subfertile
spermatozoa within each line shared more than 95% m/z
masses. This shows that the molecular composition of
chicken sperm ICM-MS spectra is quite constant.

Three different algorithms: genetic algorithm (GA), supervised
neural network (SNN), and quick classifier (QCp including para-
metric Student’s T, and QCnp non-parametric Mann-Whitney U
tests) were tested for the construction of fertility-predictive
models for each genetic line. The best model was chosen
based on values of recognition capability (model’s ability to
correctly identify its component spectra) and cross-validation
(the model’s ability to handle variability among spectra) for
each genetic line (Table I).

The model with best values for meat line males was the one
based in the use of the GA algorithm which showed 99.4% of
recognition capability and 93.48% of cross validation values.
This algorithm retained 10 m/z masses for model construction
(4777,19; 6539,47; 6695,12; 7035,19; 7164,42; 7340,66;
7487,43; 7633; 8297,38; 11337,16). The best model for laying
line males was the one built using the SNN algorithm showing
96.4% of recognition capability and 86.5% of cross validation

TABLE |
Comparison of cross-validation and recognition capability rates of all
the fertility-predictive models constructed for meat and laying line
roosters using the available algorithms present in ClinProTools soft-
ware. The darker background indicates the model showing the best
validation parameters

i Cross- Recognition
Algorithm Validation Capability
Meat line
Quick Classifier Parametric (QCp) 77.8 % 78.1 %
Quick Classifier Non Parametric 50% 50%
(QCnp)
Supervised Neural Network (SNN) | 90.9 % 95%
Genetic Algorithm (GA) 93.5 % 99.4 %
Laying line
Quick Classifier Parametric (QCp) 83.5 % 83.2 %
Quick Classifier Non Parametric 80.8 % 79.8 %
(QCnp)
Supervised Neural Network (SNN) | 86.5 % 96.4 %
Genetic Algorithm (GA) 80.3 % 92.3 %

values, and being built using 20 m/z masses (2188,3; 2400,68;
2574,16; 4012,62; 4537,88; 4984,8; 5226,72; 5951,27;
6538,96; 6615,99; 7341,89; 7487,59; 8569,91; 9026,89;
9543,82; 12443,22; 13328,61; 14060; 14300,17; 18050,71).
Three m/z masses were common between those employed to
build fertility-discriminating models for meat and laying lines
(6539.45, 7341.27, and 7487.51 Da).

Molecular & Cellular Proteomics 15.6
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TABLE Il
Diagnostic accuracy measures of intact cell MALDI-TOF Mass Spectrometry (ICM-MS) and sperm quality tests for meat and laying line for
fertility diagnosis. PPV: Positive Predictive Value; NPV: Negative Predictive Value; LR+: Positive Likelihood Ratio; LR-: Negative Likelihood
Ratio; VAP: Average Path Velocity. The darker background highlights the higher values of each parameter for each genetic line

Diagnostic Accuracy Measures
GE?;Z‘C Test Se“(s;/f)‘)v“y Spe(c,,‘/f')c"y PPV (%) |NPV (%)| LR+ LR-
ICM-MS | 846 55 55 84.6 1.9 0.3
Mass 69.2 55 50 733 15 0.6
. motility
Meatline |, bility | 76.9 35 435 70 12 0.7
% Motiles| 61.5 40 40 615 1 1
VAP 23.1 75 375 60.0 0.9 1
ICM-MS | 100 75 533 100 4 0
Mass 71.4 78.6 455 91.7 33 0.4
Laying motility
line | Viability | 71.4 57.1 294 88.9 17 0.5
% Motiles| 714 78.6 455 91.7 33 0.4
VAP 100 429 30.4 100 1.8 0

To perform the clinical validation of these models, both
male populations were divided into fertile and subfertile males
using a fertilization rate cut-off value of 70% and we deter-
mined if the models generated for each genetic line classified
each male into the correct group. The number of correctly and
incorrectly classified males were determined and used to
calculate different measurements of diagnostic performance
such as sensitivity (true positive rate), specificity (true negative
rate), positive and negative predictive values (PPV and NPV,
respectively), as well as likelihood ratios for positive (sensitiv-
ity/(1-specificity) and negative ((1-sensitivity)/specificity) test
results. The same was performed for each in vitro sperm
quality test and results were compared (Table ).

The ICM-MS method showed the highest trade-off between
sensitivity and specificity, as well as between negative and
positive predictive values. It also showed the best likelihood
ratios for positive and negative testing. The ICM-MS method
showed very good sensitivity for both genetic lines, meaning
that it performed very well at detecting animals with high
fertility, whereas the lower specificity values indicated a still
good but lower ability at detecting subfertile males. Likelihood
ratios were consistent with this: LR- were very close to zero,
indicating that males classified as fertile by the ICM-MS
method are very likely to be actually fertile. However, although
LR+ values were higher than 1 and thus satisfactory, results
suggested that the tests were efficient but little less sensitive
when detecting subfertile males. The same can be interpreted
from the fact that NPV was better than PPV.

Top-down HRMS Protein Identification—The top-down
HRMS proteomics experiment, operated in discovery mode,
was carried out by uLC coupled to tandem high resolution
mass spectrometry from pre-fractionated sperm protein ex-
tracts after RP or GF separations. In all, 796 intact or fragment
protein masses were detected in a mass range between

1156.46 and 14,907.14 Da (IM+H]" theoretical average
mass), and were confidently identified by ProSight PC soft-
ware with E-values ranging from 7 X 107° to 1.32 x 10725,
These peptido- and proteoforms derived from 366 unique
UniprotKB accession numbers corresponding to 342 unam-
biguously identified genes. Out of them, 34 biomolecules
showed post-translational modifications as N-terminal acety-
lation including 13 N-acetylations on methionine, one on va-
line, 12 on alanine, and 8 on serine residues after the cleavage
of the N-methionine. At the exception of the N-acetylvaline on
FABP7_CHICK and the N-acetylalanine on 1433E_CHICK, all
these modifications were newly characterized. All the results
are available in supplementary Table S1.

A total of 313 biomolecules were identified in fractions
derived from RP chromatography fractionation, with E values
ranging between 1 X 107'2® and 6 X 10°, masses ranging
between 1,156.46 Da and 14,907.14 Da, and corresponding
to 188 nonredundant accession numbers and 182 unambig-
uously identified genes. In fractions derived from GF chroma-
tography fractionation, a total of 483 biomolecules were iden-
tified with E values ranging between 1 X 1072 and 7 x 1075,
masses between 687.79 Da and 14,837.86 Da, and corre-
sponding to 240 nonredundant accession numbers and 226
unambiguously identified genes. Between the two strategies,
only 62 accession numbers and 66 genes names were
shared, showing the complementarity of both fractionation
methods. Approximately 72% of the identified biomolecules
(580/796) presented C-terminal arginine or C-terminal lysine
residues, suggesting that the major part of the biomolecules
identified in the mass range < 15 kDa are the products of
protease activities from trypsin-like or kallikrein enzymes.

The total peak lists from the average broiler and layer
ICM-MS spectra were retrieved from ClinProTools, and after
the suppression of replicates (219 m/z masses were common
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Fic. 4. Bidimensional peak distribution diagrams (A) and receiver operating characteristic (ROC) curves (B, C) of the two m/z peaks

with the highest ability for subfertility discrimination in laying line males.

between genetic lines), a list of 256 m/z masses representing
all the peaks detected by ICM-MS in all the studied conditions
was obtained. From these, the top-down MS proteomic anal-
ysis described above was able to identify 102 m/z masses,
which corresponded to 83 unique peptido-and proteoforms.
In this work, from the 17 reviewed and 70 unreviewed proteins
(15 deleted sequences from TrEMBL) from UniProtKB data-
base (accessed in August 2015), five proteins were annotated
with a previously characterization at protein level, 21 at tran-
script level, 21 were inferred from homology and 40 as protein
predicted. Out of 102 peaks observed by ICM-MS, only one
whole protein was identified (Mitochondrial ubiquinol-cyto-
chrome ¢ reductase 7.2 kDa protein; UniProtKB accession
number DOVX27) whereas four biomolecules were identified
as N-terminal fragments of proteins, eight as C-terminal frag-
ments and 75 as internal fragments. However, most of them
corresponded to tryptic or semi-tryptic sequences very close
to the N or C terminus and one of them has even been
characterized with an N-acetylation. These results suggest
that the biomolecules observed by ICM-MS are essentially
products of protein degradation. How these fragments were
generated and under which mechanism is unknown. Accord-
ing to the results of the bioinformatics analysis with Gene-
Analytics, these biomolecules corresponded to fragments of

proteins expressed mostly in testicular tissues, and attributed
to the reproductive system phenotype. Most biomolecules
were associated with molecular functions such as ATP/GTP-
related activities, transmembrane transport and cell structure/
movement, whereas the most represented biological pro-
cesses included different metabolic routes and cell motility/
structure. Among the enriched pathways identified in this
dataset, the most significant were related with cell movement,
centromere activity, energy metabolism and transmem-
brane ion transport. Complete results as retrieved from
GeneAnalytics are included in supplemental Table S2.

For each dataset (meat line and laying line), ClinProTools
automatically displayed the two peaks with the highest ability
for class discrimination, which constituted the most interest-
ing peaks for diagnostic purposes. Those peaks corre-
sponded to masses 6539.47 Da and 6695.12 Da in the meat
line; 9026.89 Da and 18,050.71 Da in the laying line. The
ability of these differentially displayed peaks to segregate the
male populations in the 2 studied classes is represented by
2D peak distribution diagrams (Fig. 3a and 4a). As shown in
the plot, although there is some overlapping, the combination
of the abovementioned peaks can separate fertile from sub-
fertile individuals with a 95% confidence interval. Receiver
operating characteristic (ROC) curves were generated for
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TasLE IlI
Characteristics of the intact cell MALDI-TOF Mass Spectrometry m/z masses employed to generate ClinProTools fertility predictive models in
meat- and laying-type chicken that were confidently identified after top-down High Resolution Mass Spectrometry. Gene names are indicated
according with the Hugo Gene Nomenclature Committee-approved gene nomenclature. Grey background indicates peptides that show higher
abundance in Subfertile (SubF) males, whereas white background indicates peptides that show higher abundance in Fertile (F) males

Identified sequence

X 5226.5 | 5219.78 | 5222.88 | 6.04E-06

FRLIERLNLSLKSKEAVIQHLEEENSQSRLGDGNLSAEKIEELTIA

P-value
from
combined | Ratio of
Wilcoxon mean
and
Kruskal- |Subfertile/
Wallis Fertile
(PWKW)
tests

Role associated with
sperm cells
functionality

|UniprotKB entry| Gene Name
name

Protein name

Centrosome

CDKS regulatory subunit

0.00237 09 FINH99_CHICK| CDK5RAP2 : B
associated protein 2

organization during
fertilization

X 8570 | 8559.62 | 8564.84 | 4.01E-32

EDGRTLSDYNIQKESTLHLVLRLRGG

MQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPPDQQRLIFAGKQL

<0.000001| 09 |QVI021_CHICK| UBB Ubiquitin Impaired
spermatogenesis

X 70352 | 7029.62 | 7034.07 | 2.87E-16

ADSVISIWFEVQR

' TGIMLLKSDEVLIETLEDNQVQLQNLMASKYLAFFLQEVSGWQQKLST)

< 0.000001 0.8

Q8JGT3_CHICK LRD Left-right dynein protein Flagellar motility

each of these peaks (Figs. 3B, 3C, 4B, and 4C), and results
showed a good diagnostic performance, with areas under the
curve (AUC) above 0.8 in all cases. We were able to confi-
dently identify masses 6695.12 Da and 6539.47 Da by top-
down HRMS, which corresponded with fragments of the pro-
teins heat shock protein 90 alpha and tubulin alpha 3e,
respectively. We also tentatively identified mass 18,050.71 Da
as vitelline membrane outer layer 1 (VMO1) based on previous
data (Labas et al., 2015), although this should be confirmed.
From the m/z masses employed by ClinProTools to elabo-
rate the fertility-discriminating models, 12 were confidently
identified, including the mass 6539.45 Da (TUBAS3E), which
was included in the models from both meat and laying genetic
lines. These masses corresponded with fragments of proteins
mostly implicated in functions related with cell structure and
movement, ATP-related activities and ubiquitin-proteasome
dependent proteolysis, and most of them are already known
fertility biomarkers in other species (Table Ill).
Immunoblotting Analysis—The m/z masses employed by
ClinProTools to elaborate the fertility-discriminating models
corresponded to fragment peptides of bigger proteins. We
investigated if fold-changes in abundance between subfertile

and fertile roosters detected at the peptide (obtained from
ICM-MS data analysis) and the protein level (obtained by
immunoblotting) were comparable. In laying-type males, we
tested the proteins SPAG6 and TEKT3, and we observed that
fold-changes in relative abundance were identical at the pep-
tide and protein level (Table IV). In meat type males, we
studied the protein HSP90A, and results showed that the
abundance of this biomolecule was higher in subfertile sperm
both at the peptide and the protein level, although differences
were slightly more marked at the protein level. Results from
Western blot analysis are included in supplemental Table S3.

DISCUSSION

In the present study, we were able to show for the first time
that fertility-predictive mathematical models can be gener-
ated from sperm cells ICM-MS spectra, and that these can be
used for male fertility phenotyping with a high degree of
diagnostic performance. Characterization of ICM-MS spectra
through top-down HRMS showed that they represent most of
cellular processes and compartments, hence allowing a
global testing of the main sperm cell functions.
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TABLE IV
Fold-changes observed in peptide/protein abundance of the proteins
HSP90A, SPAG6 and TEKT3 between subfertile and fertile sperm
samples in the two genetic lines studied, as calculated after ICM-MS
or Immunoblotting (WB) analysis, respectively

Fold-change in abundance in
subfertile (n = 4) relative to

Protein  Genetic line fertile (n = 4) males
name tested ICM-MS Immunoblotting
(fragment (whole
peptide) protein)
HSP90A Meat line 1.2 1.8
SPAG6 Laying line 1.1 1.1
TEKT3 Laying line 1.3 1.3

Ideally, a diagnostic test should be simple (few preparatory
steps), fast, automated and reliable. Fertility testing with the
ICM-MS method presented here meets these requirements,
because cells are tested after only a simple wash, and the
spectral acquisition and evaluation is performed in an auto-
mated way in a few minutes. Furthermore, intra- and inter-
assay variability were kept under 30%, and mass accuracy
was high (error <0.05%), thus showing analytical robustness.
MS data were used to construct two male fertility-predictive
mathematic models for meat and egg-laying roosters, show-
ing very satisfactory values of class recognition capability and
cross-validation, and very good values of diagnostic accu-
racy. Our initial objective was to obtain a common model for
both genetic lines, but each data set presented global inten-
sity differences which prevented their combined processing
by the software. We expect that further updates of the soft-
ware allow for a solution to this problem. However, we ob-
served that even if the molecular composition of chicken
sperm ICM-MS spectra was quite constant between genetic
lines (ICM-MS spectra from both lines showed more than
85% of m/z masses in common), the m/z masses selected by
the software to build each model were very different (only
three m/z masses were common to both mass lists of 10 and
20 masses for the meat and laying line models, respectively).
This suggests that spite of showing a very similar composi-
tion, the relative abundances of each species differed be-
tween lines, thus possibly reflecting the marked differences in
genetic background.

When evaluating the diagnostic accuracy of the ICM-MS
test we observed very good values for all the parameters,
noticing that it performed particularly well in terms of sensi-
tivity, negative predictive values and negative likelihood ratio.
To interpret these results, we have to bear in mind that, in
general, the objective measures of the performance from
diagnostic tests are highly influenced by the spectrum of the
studied condition (33). When the spectrum is wide (i.e. a
disorder that can appear with different clinical pictures), we
can expect a loss in specificity, and to improve it we have to
rely in specific testing of each feature of the studied condition.
Since the spectrum of subfertility is quite wide (the reasons of

a sperm cell for not being functional are various), we can
expect a relatively wide range of changes happening at the
molecular level, whereas functional (thus fertile) sperm cells
should be more uniform in their molecular composition. Re-
sults show that the ICM-MS-based models are very good at
identifying this latter stable phenotype, and that is why they
are able to identify the most fertile animals with higher sensi-
tivity whereas the wide spectrum of subfertility is reflected in
relatively lower but still satisfactory levels of specificity. Both
positive and negative predictive values as well as likelihood
ratios for positive and negative results were better for the
ICM-MS test than for any other in vitro sperm quality test.
Likelihood ratios results suggest that ICM-MS is the most
reliable rest for ruling-in and -out a fertility diagnosis, whereas
the better predictive values indicate that the probability of
being correctly classified through the results of ICM-MS as
fertile/subfertile were higher than if using results from other in
vitro tests. In view of these results, it can be hence concluded
that ICM-MS profiling is more accurate for fertility screening
of individual males than any other in vitro sperm quality test.

We were interested in defining the identity of the m/z peaks
present in the sperm ICM-MS spectra in order to having a
better understanding on the molecular species being de-
tected by this diagnostic tool and therefore possibly explain-
ing some cellular mechanisms implicated in male fertility/
infertility. The top-down HRMS analysis employed here
allowed us to characterize approximately half of the m/z
masses represented in the sperm ICM-MS spectra. This high
percentage of identified masses could be achieved mainly
thanks to a combination of two fractionation methods based
on gel filtration and reverse phase chromatography, which
were highly complementary. Our HRMS top-down strategy
allowed the identification of endogenous low molecular
weight biomolecules (< 15 kDa) directly in their biological
context, with several post-translational modifications carried
by some of these endogenous peptides. Additionally, we
highlighted protein cleavages at specific sites (mainly at R or
K) in most of these peptides. Gross degradation of proteins
during sample preparation was highly unlikely, as we took
measures to avoid proteolysis during sample preparation (use
of anti-proteases, preservation of dried samples at —80 °C).
The absence of significant protein degradation during sample
preparation is also suggested by the fact that the molecular
composition of all the sperm samples used in the present
study was qualitatively very constant, as mentioned above.
Our hypothesis is hence that these masses corresponded
mostly to protein degradation products generated by biolog-
ically relevant cleavages because of endogenous degradative
or targeted proteolysis. Functional analysis showed that the
native proteins are implicated in the main sperm functions,
energy metabolism, protein degradation, membrane transport
and cellular structure and movement. We can therefore sug-
gest that through ICM-MS analysis, we are taking a sort of
snapshot of the relative abundance of degradation peptides
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representing the main sperm cell functions. This “holistic”
nature of ICM-MS analysis in juxtaposition with the “reduc-
tionist” functional in vitro tests might be also the reason for the
better diagnostic performance of the first. This is in line with
previous reports that describe that degradomic-peptidomic
profiling is highly sensitive to physio-pathological changes
and potentially provides unique signatures of possible diag-
nostic utility (34, 35).

A total of 27 different m/z masses were used for the gen-
eration of meat and laying lines fertility predictive models,
from which 12 could be identified by top-down HRMS. The
identified peptides were more abundant in subfertile sperm
cells except CDK5RAP2, LRD and Ubiquitin, which were more
abundant in the most fertile cells. Changes in the relative
abundance of some of these fragment peptides (HSP9O0A,
TEKT3 and SPAG6) between fertile and subfertile sperm co-
incided with similar changes observed in corresponding na-
tive proteins in previous reports (23). Moreover, the combined
evaluation of the 27 m/z list in each mathematical algorithm
allowed for the estimation of fertility, and so we considered
interesting to investigate their functional role in sperm.

In this list, we found fragments of the proteins TEKTS,
SPAG6, TUB3E, DRC1, and LRD, which are components of
both the sperm flagella axoneme and periaxonemal space,
thus responsible for flagellum structure and/or motility. Sev-
eral references can be found in the literature that relates the
differential abundance of these proteins with fertility (36 -40).
Along with these, we also observed a fragment of the
CDK5RAP2, a protein that displays several functions in the
control of centrosome and microtubule organization (41, 42).
The role of this regulatory protein in spermatozoa has not
been investigated, but it is known that it might play a role in
keeping correct function of the centrosome (41). An additional
member of the models mass lists is voltage-dependent anion
channel 2. This pore-forming protein is involved in the mem-
brane transport of ions and small molecules and has been
found in sperm of different species, with relevant roles includ-
ing functions related with motility, capacitation and fertiliza-
tion (43). COX4l is the terminal enzyme of the respiratory chain
and is necessary for ATP synthesis (44), so lower levels of this
protein may be associated with defective sperm functions
including motility (45) and other energetic metabolic depend-
ent functions. Another interesting member of the mass list is
Fer-1-like protein 4 (FER1L4), a protein that belongs to the
ferlin family, whose members are implicated in Ca®>* mediated
membrane-membrane fusion events (46). The function of
FER1L4 is unknown, and no evidences of ferlins implication
on vertebrate fertility have been published, but it is known that
these proteins are expressed in the gonads and required for
fertility in both D. melanogaster and C. elegans (47, 48). Spe-
cifically, the single ferlin gene found in D. melanogaster is
required for sperm plasma membrane breakdown and com-
pletion of sperm activation during fertilization (48). Future
studies should be needed to prove the exact function of

FER1L4 during fertilization in chicken. A fragment of ubiquitin
was also identified as a list member. This is a small protein
that serves as a tag for degradation through the ubiquitin-
proteasome pathway(49). Differential ubiquitination patterns
may be necessary for reproductive success. The involvement
of this small molecule in male fertility has been evidenced at
different levels such as sperm centrosome reduction, histones
replacement by protamines, paternal mitochondria elimina-
tion at fertilization, epididymal elimination of defective sper-
matozoa and zona penetration (Reviewed by 49). The heat
shock protein 90 (HSP90) is a molecular chaperone present in
many tissues, including the sperm tail. In sperm, HSP90 pref-
erentially interacts with a specific subset of proteins such as
tyrosine kinases, serine-threonine kinases and other en-
zymes, activating and stabilizing them, thus playing a role in
mediating sperm function and fertilizing ability (51, 52). A
fragment of IgG light chain was also present in the mass list.
Levels of immunoglobulins have been found in semen of
different species, associated with infertility, because their
binding with sperm surface can cause cells to clump together
and prevent motility (53, 54).

In conclusion, we designed an automated, high-throughput
ICM-MS method efficient for sperm phenotyping. Acquired
spectra were successfully used to generate fertility-predictive
models showing a better diagnostic performance than any
traditional in vitro sperm quality tests. The identification of the
peptides/proteins represented in the ICM-MS spectra deter-
mined that this method evaluates different sperm functions at
once, and helped us identifying particular proteins whose
relative abundance might be linked with fertility.
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