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ProAKAP4 is identified within the flagellum of spermatozoa in various mammalian species,
serving as a structural protein associated with motility parameters. This investigation focuses on
the presence of proAKAP4 in donkey sperm, elucidating its localization, molecular characteristics,
and its correlation with motility descriptors and mitochondrial membrane potential. Twelve
ejaculates from Catalan donkeys were analyzed in this study. The initial steps involved proAKAP4
sequencing and detection through Western blotting and immunofluorescence. Post-thaw assess-
ments were conducted at 0, 1, and 3 h, encompassing proAKAP4 levels, sperm motility analyzed
via Computer-Assisted Sperm Analysis (CASA), and mitochondrial membrane potential deter-
mined by flow cytometry using the JC-1 stain. The findings reveal that proAKAP4 in donkeys
exhibits a characteristic localization at the principal piece of the flagellum, consistent with ob-
servations in other mammals. The molecular weight of proAKAP4 is determined to be 100 kDa.
Significantly, a positive correlation (p < 0.05) is established between proAKAP4 concentration
and both total and progressive motility. The presence of cryoprotectant is associated with a lower
proAKAP4 concentration. Notably, proAKAP4 experiences a substantial decrease (p < 0.05)
during the initial hour post-thawing. In conclusion, proAKAP4 is identified in donkey sperm, akin
to its presence in other mammals. It exhibits a positive correlation with total and progressive
motility, its concentration is notably affected by the presence of cryoprotectant with significant
consumption observed during the initial hour following thawing. These findings contribute to our
understanding of proAKAP4 dynamics in donkey sperm, providing insights that may have im-
plications for semen preservation and reproductive technologies in equids.
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1. Introduction

Traditionally serving as a traction animal, the donkey (Equus asinus) continues to play an important role in underdeveloped
countries (Camillo et al., 2018; Canisso et al., 2019), whereas many European breeds encounter endangerment (DAD-IS, 2017).
However, there is a burgeoning interest in diversifying the use of donkeys for purposes, such as milk, cosmetics, meat, and skin
production, as well as in leisure or sport activities like mule production (Camillo et al., 2018). The imperative to comprehend the
reproductive physiology of donkeys and implement reproductive technologies has grown significantly. This is not only to preserve
endangered breeds (Rota et al., 2012) also to optimize production outcomes (Camillo et al., 2018; Canisso et al., 2019; Oliveira et al.,
2016).

While semen manipulation protocols designed for stallions have been adapted for use in donkeys, it is imperative to recognize the
physiological distinctions between these phylogenetically close yet distinct species. The procedures for semen collection, processing,
and freezing adhere to similar protocols (Canisso et al., 2019; Monteiro et al., 2022). However, certain studies highlight potential
toxicity concerns associated with extender components utilized in horses when applied to donkeys (Rota et al., 2012; Trimeche et al.,
1998). Moreover, chemical ejaculation induction with imipramine, effective in stallions, proves ineffective in donkeys (Canisso et al.,
2019; McDonnell, 2001). A noteworthy distinction lies in the size ofthe male genital tract’s sexual glands (bulbourethral, prostate, and
ampullas of the vas deferens) in donkeys, which are significantly larger than those in stallions. This results in a substantial volume of
seminal plasma characterized by higher protein content and enhanced antioxidant enzymes activity, like superoxide dismutase,
catalase, glutathione peroxidase and glutathione reductase (Gacem et al., 2020; Papas et al., 2019). Computerized sperm movement
analysis (CASA) reveals distinct kinematic descriptors between donkey and horse sperm, with donkey sperm displaying higher speed
and linearity (Canisso et al., 2019; Gacem et al., 2021). The kinematic descriptors, particularly speed and linearity, significantly differ
between donkey and horse sperm when analyzed using computerized systems (CASA) (Canisso et al., 2019; Gacem et al., 2021).
Notably, donkey sperm demonstrates significantly greater speed and linearity compared to horse sperm. (Gacem et al., 2021). This
underscores the importance of species-specific considerations in reproductive technologies for equids.

Furthermore, ProAKAP4, a protein involved in the sperm movement and specific to the sperm flagellum (Johnson et al., 1997;
Sergeant et al., 2021; Carracedo et al., 2022) was identified across mammals studied (bull, stallion, mouse, rat, human, dog, pig, buck,
camel) (Carracedo et al., 2022; Malo et al., 2021). Notably, it has also been discovered in non-mammalian species such as crocodile
(Nixon et al., 2019) and wall lizards (Sarkar et al., 2016). Tian et al. (2020) specifically identified ProAKAP4 in donkey sperm.

This AKAP4 precursor has been described as an anchoring protein exclusive to spermatozoa that demostrate correlation with total
and progressive motility in bulls (Dordas-Perpinya et al., 2022a) and stallions (Blommaert et al., 2021; Dordas-Perpinya et al., 2022b).
While it holds potential as a fertility biomarker due to its association pregnancy rates in bulls (Dordas-Perpinya et al., 2022a), it is
notably absent in men with unexplained fertility problems (Xu et al., 2012; Delehedde et al., 2020) and is also underregulated in
hybrids such as Cattle yaks (Wu et al., 2020).

This study aims to characterize and label proAKAP4 in donkeys and correlate their concentration with motility characteristics and
mitochondrial activity in thawed semen and its evolution over time.

2. Material and methods
2.1. Animals

Two ejaculates from each of six jackasses of Guara Catala (Catalan donkey endangered breed) were collected. Donkeys are owned
by the Reproduction Service of the Universitat Autonoma de Barcelona (UAB, Bellaterra, Cerdanyola del Valles, Spain) for research and
breed conservation purposes. The selected jackasses, aged from 3 to 12 years old, had proven fertility and good body condition, were
free of Equine Arteritis, Infectious Anemia, and Contagious Metritis (CEE health requirements), and were following a regular semen
collection. For each male, two ejaculates were collected and processed for cryopreservation between the years 2015 and 2021 and 3
straws from each ejaculate were dedicated to this research study. The study was approved by the Ethics Committee, Autonomous
University of Barcelona (Bellaterra, Cerdanyola del Valles, Spain; Cose: CEEAH 1424, 23.04.2018).

2.2. Semen collection

The collection of donkey ejaculates was done at the Equine Reproduction Service of the UAB which is a European centre approved
with authorization code ESO9RSO1E.

Semen collection was achieved using a Hannover artificial vagina (Minitiib GmbH, Tiefenbach, Germany) with an inline nylon
filter. After collection, the ejaculate was immediately diluted 1:5 in Kenney extender prewarmed at 37 °C in 50 mL Corning tubes. All
ejaculates were evaluated for semen parameters before freezing: total volume, sperm concentration by a haematocytometer (Neubauer
chamber, Paul Marienfeld GmbH and Co. KG; Lauda-Konigshofen, Germany), motility by a computer-assisted sperm-analysis system
(CASA, Section 2.5), and morphology using the eosin-nigrosin staining (Bamba, 1988).

2.3. Sperm cryopreservation

Before cryopreservation, the seminal plasma was removed. Briefly, each extended semen sample was centrifuged at 600 x g at 20 °C
for 15 min (Medifriger BL-S, JP Selecta S.A., Barcelona, Spain). Supernatants were discarded and pellets were resuspended in a
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commercial freezing medium (Botucrio®, Botupharma Animal Biotechnology; Botucatu, Brazil) to a concentration of 200 x 10° of
viable spermatozoa per mL, being re-evaluated sperm concentration and viability, (Neubauer chamber, Paul Marienfeld GmbH and Co.
KG; Lauda-Konigshofen, Germany). Samples were packaged into 0.5 mL straws and cryopreserved using a controlled-rate freezer (Ice-
Cube 14 S; Minitiib, Tiefenbach, Germany). Briefly, cryopreservation was achieved following three successive freezing steps: 1) cooling
from 20 °C to 5 °C at the rate of — 0.25 °C/min for 60 min. 2) freezing from 5 °C to — 90 °C at a rate of — 4.75 °C/min for 20 min. 3)
freezing — 90 °C to — 120 °C at a rate — 11.11 °C/min for 2.7 min. Straws were then stored in liquid nitrogen in appropriate tanks.

2.4. Semen motility analysis

Sperm motility was evaluated using a CASA system (IVOS II ®; Hamilton Thorne; IMV Technologies; 1'Aigle, France). Samples were
kept at 37 °C before the analysis, and 3 uL of sperm samples were placed into a Leja® slide (IMV Technologies; L'Aigle, France)
prewarmed at 37 °C. Sperm motility analysis was repeated three times per sample. Analysed sperm motility descriptors were: total
motility (TM, %), progressive motility (PM, %), curvilinear velocity (VCL, pm/s), straight-line velocity (VSL, pm/s), average path
velocity (VAP, um/s), linearity (LIN, %), straightness (STR, %), amplitude of lateral head displacement (ALH, pm) and frequency of
head displacement (BCF, Hz).

CASA settings were: magnitude of x200 with 10 randomly fields; 60 images captured per second; 30 sequences taken in each
analysis; particle area 3 pixels; connectivity: 6; minimum number of images to calculate the ALH: 10. Cut-off value for motile sper-
matozoa was VAP > 20 um/s, and for progressive motile spermatozoa was STR > 80% and VAP > 30 um/s.

2.5. Mitochondrial membrane potential measurement

The measurement of mitochondrial membrane potential was performed using the Guava® Easycyte II"™ flow cytometer (Guava
Technologies Inc., Hayward, CA, USA, distributed by IMV Technologies, 1'Aigle, France) and the EasyKit™2 (IMV Technologies, I'Aigle,
France). The EasyKit™2 consists of a 96-well plate containing the JC-1 fluorochrome, specific for mitochondrial activity. In each well,
190 pL of EasyBuffer® (IMV Technologies, 'Aigle, France), 10 pL of DMSO, and 1.75 uL of diluted semen solution were deposited at TO.
Then, the plate was incubated for 30 min at 37 °C in the dark. The wells were then analyzed using the Guava® Easycyte II™ flow
cytometer, previously calibrated with the Easy Check® kit (Guava Technologies Inc., Hayward, CA, USA), and the Express Pro®
software (IMV, I'Aigle, France). The EasyKit™2 fluorochrome emits maximum fluorescence of 525 nm (green) and 596 nm (red). For
each well, 5000 sperm were analysed. The fluorescent marker JC-1 is validated as a marker of the intermediate piece of spermatozoa
with high membrane potential and low membrane potential mitochondria. Polarized, active, mitochondria are coloured orange while
depolarized, inactive, mitochondria are coloured green according to the defined parameters. The results are expressed as a percentage
of "polarized" mitochondria (strongly or partially), and as a percentage of "depolarized" mitochondria. In our study, mitochondrial
activity is expressed by the percentage of “polarized” so-called “active” mitochondria.

2.6. ProAKAP4 assessment

2.6.1. proAKAP4 sequence homology analysis

ProAKAP4 protein sequence homology comparison was determined using the repository protein sequence (Uniprot: Horse ProA-
KAP4 protein F6YOB1 848AA; Donkey ProAKAP4 protein AOA8C4L657 832AA) using the multalin protein sequence comparison al-
gorithm (Corpet al, 1988).

2.6.2. Gel electrophoresis and western-blotting

The expression of proAKAP4 in donkey spermatozoa was first analysed by SDS polyacrylamide protein gel electrophoresis Sodium
Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) followed by immunoblotting using either the specific proAKAP4
mouse monoclonal antibody against the prodomain of the AKAP4 precursor (anti-proAKAP4 clone 6F12, 4BioDx, Lille, France) or the
mouse monoclonal anti-AKAP4 antibody (clone 7E10, 4BioDx, Lille, France) directed against an epitope located at the C-terminus of
the AKAP4 protein. The antibody was obtained using the amino-terminal sequence of the human prodomain of AKAP4. The conserved
sequence is yet unknown, but immunoreactivity with proAKAP4 from humans, bulls, horses, mice, rats, and rams was established using
western blotting. Donkey semen protein lysate was obtained following the addition of 90 uL of SDS-PAGE lysis Buffer (10 mM Tris HCI
pH 6.8, 30% Glycerol, 2% SDS) to 10 uL of donkey semen sample. After determining protein concentrations using the Bradford method,
an equivalent of 25 ug added 1x volume of the NuPAGE Sample Reducing Agent (ThermoFisher, Waltham, MA, USA). Samples were
vortexed and heated at 80 °C for 10 min 10 pg of semen lysate protein was then loaded on polyacrylamide gel (4-12% NuPage Precast
Gels) and run for up to 45 min under constant tension of 100 volts per gel. Using the Liquid Transfer System (Life Technologies,
Waltham, MA, USA), the gel was transferred onto a 0.45 um nitrocellulose membrane according to the manufacturer’s instructions
(G&E Healthcare, North Richland Hills, TX, USA). The membrane was then incubated at 4 °C overnight with the first antibody (either
the anti-proAKAP4 or anti-AKAP4 mouse monoclonal antibodies, SPQI, 4BioDx, Lille France) at a dilution of 1:4000 in 25 mM Tris-HCl
(pH 8.0), 150 mM NacCl, 0.05% (v/v) Tween 20 (TBS-T Buffer). After appropriate washing steps (3 times 10 min in TBS-T), the
membrane was then incubated with a secondary anti-mouse antibody coupled to horseradish peroxidase at 1:50,000 dilution (Vector
Laboratories, Burlingame, CA, USA) and further revealed with the ECL™ enhanced chemiluminescence kit (G&E Healthcare, North
Richland Hills, TX, USA). Images were acquired using the Image Quant™ LAS 4000 system (G&E Healthcare, North Richland Hills, TX,
USA).
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2.6.3. Immunofluorescence

Donkey spermatozoa were isolated by centrifugation at 350 xg and then resuspended in Tris-buffered saline (TBS) with 2%
paraformaldehyde for 15 min at room temperature (RT). After centrifugation at 350 xg for 10 min, the sperm pellet was resuspended in
TBS and washed twice by centrifugation and finally resuspended in 100 uL of TBS. Using a Pasteur pipette a drop was placed on a
Superfrost® slide (Menzel-Glazer, Braunschweig, Germany) and laid using the coverslip. Slides were then dried for 2 h immersed in
ice-cold acetone for 5 min and then washed twice in TBS (5 min). Slides were incubated with a blocking solution containing 0.2% BSA
in TBS for 1 h at room temperature. The blocking solution was discarded and replaced by 100 pL of the monoclonal antibody anti-
proAKAP4 clone 6F12 or the antibody anti-AKAP4 clone 7E10 (4BioDx, 4BDX-1701 and 4BDX-1602 France, diluted 1:500 in TBS).
The slides were incubated at 4 °C in a humid chamber overnight. After washing twice, the slides 5 min in TBS, they were incubated 1 h
at RT with an Alexa 568 secondary antibody (Invitrogen, Waltham, MA, USA) diluted in TBS (1:500). The slides were washed twice in
TBS and mounted with Vectashield Mounting Medium containing 4',6'-diamidino-2-phenylindole -DAPI- (H-1200, Vector Labora-
tories, USA). Observation and image acquisition were performed with an LSM 710 confocal microscope (Zeiss, Jena, Germany).
Acquisition parameters were made in sequential mode and images were analysed with Zeiss Efficient Navigation confocal software
(Zeiss). To test for non-specific binding, monoclonal antibodies against AKAP4 or proAKAP4 (4BioDx, France) were omitted from
control incubation.

2.6.4. ELISA assays

The semen concentration of ProAKAP4 was analyzed by quantitative ELISA at ONIRIS Laboratory in Nantes (France) using the
Stallion 4MID® kit (SPQI, Lille, France), a quantitative ELISA sandwich assay to specifically detect and quantify the proAKAP4 in
equine semen samples. A 7 points standard solution was provided to make a reference curve and determine the concentration of
proAKAP4 present in each donkey semen sample. Sample preparation was achieved following the manufacturer’s instructions for
cryopreserved semen samples.

The samples selected for the analysis were taken from the different experimental groups described in Section 2.4. 40 uL of diluted
semen from each group was diluted with 160 uL of the Horse-specific lysis buffer. After 1 min of vigorous mixing with a vortex, 200 pL
of dilution buffer was added and rapidly mixed before loading in the 96-well-coated plate. After 2 h of incubation under gentle
agitation with an ELISA-plate horizontal shaker and 3 successive washing steps, the horseradish conjugated detection antibody was
added to each well and further incubated for 1 h. The colour reaction was achieved by the addition of the TMB substrate allowing after
10 min the appearance of colour levels quantitatively proportional to the amount of proAKAP4 present in each donkey semen sample.
The colour reaction was stopped by a stop solution added to each well and colour intensities were acquired using a spectrophotometer
(BioTek®, Vermont, US) equipped with a 450 nm filter. Optical densities were further used to determine proAKAP4 concentration
using the Calculation sheet provided by the manufacturer (SPQI, 4BioDx, Lille France). Briefly, the proAKAP4 concentration in ng per
10 million spermatozoa was determined using the following formula: proAKAP4 ng/ 10 M spz = (proAKAP4 in ng/mL /spz M/mL) x
10 x 16 x (2/3). The concentration of proAKAP4 in ng/mL was determined with the Horse 4MID® kit calculation sheet. The 10x factor
is applied to provide the final concentration in 10 million spermatozoa. The 10x dilution factor correspond to post-thawed sample
dilution factor during the sample preparation procedure. The 2/3 factor correspond to the dilution volume loaded in each well of the
96-well plate of the Horse 4MID® assay.

2.7. Experimental design

Three straws per ejaculate were thawed in a water bath at 37 °C for 50 s. Subsequently, the contents of These straws were transfered
into separate Eppendorf tube previously filled with 500 uL of INRA96® previously warmed at 37 °C. The content of each Eppendorf
tube was gently agitated before being divided in two Eppendorfs. One of these Eppendorfs tubes has been centrifuged to remove the
cryoprotectant and the other has been kept the cryoprotectant. To remove the cryoprotectant, the Eppendorf tube was centrifuged for
10 min at 600 x g and the pellet was resuspended with 500 uL of INRA96®. Once we had one Eppendorf tube with cryoprotectant and
another without it, they were kept inside the incubator at 37 °C; different analyses were done at time O h, 1 h and 3 h after thawing.

Seminal analyses done in both groups and at different time points included motility descriptors via CASA (Section 2.4), proAKAP4
concentrations (Section 2.6.3) and mitochondrial membrane potential (Section 2.5).

2.8. Statistical analysis

The R statistical package (V 4.0.3, R Core Team; Vienna, Austria) was used to analyze the experimental data and GraphPad Prism
software (V 8.4.0, GraphPad Software LLC; San Diego, CA, USA) to create the graphs of results. Previous to the statistical analysis, the
Shapiro-Wilk test was used to verify the normality of the data and Levene’s test to check the homoscedasticity of variances. In case of
requiring a normal distribution, the data were transformed by applying the function arcsin \/x. The concentration of proAKAP4, the
total motility and progressive, and the mitochondrial membrane potential of donkey spermatozoa were compared with a mixed
generalized linear model of repeated measures in the time. Incubation time (0 h, 1 h and 3 h) was the within-subjects factor, the
treatment (centrifugation and no centrifugation) was the fixed effect factor and the donkey was the random effects factor. On the other
hand, the correlation coefficients (r) between the concentration of ProAKAP4 with the parameters of spermatic motility and with the
mitochondrial membrane potential of donkey spermatozoa in each treatment and incubation time were obtained using a Pearson
correlation.

The minimum level of statistical significance was set at P < 0.05 for all analyses. Results are expressed as mean + standard error of
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the mean (SEM).
3. Results
3.1. ProAKAP4 sequentiation

The Donkey (Equus asinus asinus) proAKAP4 amino acids sequence differs from the Horse proAKAP4 sequence (Equus caballus) by
17 amino acid stretch insertion of 17 amino acids at position 34 of the horse proAKAP4 sequence (Fig. 1). The Donkey amino acids
sequence also differs by the proAKAP4 starting sequence with cysteine-leucine before the first methionine. Apart from these two major
protein sequence differences, the overall protein sequence homology is higher than 90% showing a high conservation of proAKAP4
protein sequence homology between these two species and then suggesting a preserved PKA-docking function of proAKAP4 and
AKAP4 in Donkey.

3.2. Western-blot

ProAKAP4 and AKAP4 were observed by western blotting (Fig. 2) with the detection of a band at 100 kDa for proAKAP4 (clone6F12
antibody) and at 80 kDa for AKAP4 (clone 7F10 antibody). A slightly lowered apparent molecular weight is observed for proAKAP4
and AKAP4 in donkey semen samples when compared to the horse semen sample. However, the detection of both proAKAP4 and
AKAP4 in donkey semen samples showed that the conversion cleavage process of the proAKAP4 into AKAP4 is preserved in Catalan
donkey sperm. The prodomain at 20 kDa released following the cleavage of proAKAP4 produce the mature AKAP4 (Fig. 2A), at a ratio
1:1 between proAKAP4 and AKAP4 polypeptide reflecting a conserved proAKAP4 metabolism in Catalan donkeys (Fig. 2B).

3.3. Immunofluorescence

By immunofluorescence, proAKAP4 and AKAP4 labelled in green the principal piece of the flagellum (Fig. 3) of donkey sperma-
tozoa. Interestingly not all donkey spermatozoa were labelled highlighting a differential expression and/or metabolism in individual
post-thaw spermatozoa from donkey and stallion spermatozoa (not shown).

1 10 20 30 40 50 60 70 80 90 100 110 120 130

| |

Donkey CLHSDHIDHLHSHRDYCKYDLYSQTGQQDQSRKY=====m=m=mmaeae=DAGGSNSDGGLNLENLEEKETTYIKDTEKQDQSKTEGSYCLFKQTPSDHICYFNHLLSDLOKYALGFQHALSPSASSCK
Horse  MMSDHIDHLHSHRDYCKYDLYSQTGQQDQRRKYICFYDYSTLTAEDKDSKDAGGSNSDGGLNLENLEEKEITVIKDTEKQDQSKTEGSYCLFKQTPSDHICYFNHLLNDLOKYALGFQHALSPSASSCK
Consensus  , $HSDHIDHLHSHRDYCKYDLYSQTGAADArRKY,eeveeesssssosssDAGGSHSDGGLNLENLEEKETTYIKDTEKQDASKTEGSYCLFKQTPSDHICYFNHLLADLOKYALGFQHALSPSASSCK
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| |

Donkey HKYGETEGKFHKLPSGNCYRYYADQLNHDYYTNGPQSRHLEHTARKNTHNNQSPSTPSPKSPNTORAYISPGGECSYDDLSF YINRLSSLYIQHARKEIKEKLEGRNKCFHHSIYPPPGDKGKNSLRSAL
Horse HKYGETEGKFHKLPSGNCYRYYADQLNHDYYTHGPQSRHLEHTARKNTNNNQSPSTPSPKSPNTQRAYISPGGECSYDDLSFYINRLASLYIQMARKEIKEKLEGRNKCFHHSIYPPPGDKGKNSPRSAL
Consensus  HKYGETEGKFHKLPSGNCYRYYADQLNHDYYTNGPQSRHLEHTARKNTNNNQSPSTPSPKSPNTQRAYISPGGECSYDDLSF YINRL aSLYIOHMARKE IKEKLEGRNKCFHHSIYPPPGDKGKNS1RSAL

ProAKAP4 to AKAP4 conversion site PKA-RI'and PKA-RII subunit binding domain
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Donkey SKIASEHAHDAYEYTSAEMRGTGEDSRDGGRKTFHYSELSHKSKSGDKQHFQRDSKEFADSISKGLHYYANQYASDHHFSYHKTLKYHSSGKPIPACYYLKRYLLKHTKEIYSDLIDSCHKNLHNITGYL
Horse SKIASEMVHDAYEYTSAEMRGTGEDSRDGGRKTFHYSELSNKSKSGDKAHFQRDSKEFADSISKGLHYYANQYASDHHF SYNKTLKYHSSGKPIPACAYLKRYLLKHTKEIYSDLIDSCHKNLHNITGYL
Consensus  SKIASEMaHDAYEYTSAEHRGTGEDSRDGGRKTFHYSELSNKSKSGDKQHFQRDSKEFADSISKGLHYYANQYASDHHFSYHKTLKYHSSGKPIPACaYLKRYLLKHTKEIYSDLIDSCHKNLHNITGYL

PKA-RI-alpha subunit binding domain
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Donkey HTDSDFYSAYKRNLFNHGKANARDIHEAHLKRLYGALLGEKKETKSASYSYASLKAGSADPKCKNQSLEF SAHKAEMKGKDAGKHRPEQCKSL TSAEKYGEHILKESL THHNOKQGNQGKHTSKPCANRE
Horse HTDSDFYSAYKRNLFNHGKQNARDIMEAMLKRLYGALLGEKKETKSASYSYASLKAGSADPKCKNASLEF SAMKAEMKGKDAGKHRPEQCKSLTSAEKYGEHILKESL THHNOKQGNQGKHTSKACYNRE
Consensus  HTDSDFYSAYKRNLFNHGKQNARDIMEAMLKRLYGALLGEKKETKSQSYSYASLKAGSQDPKCKNASLEF SAMKAENKGKDAGKHRPEQCKSL TSAEKYGEHILKESL THHNOKQGNQGKHTSKaCaNRE
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Donkey EKREKISPSTDSLAKDLIYSALHLIQYHLTQQAKGKDLYEEDCPGSSTSYTARSAQYEKCGSGATAKALSHKHLESRGAPGPSTSLKENQHYNCOKLDHSNIVLTLIQKLLGESSFNCDDISEGENKHSE
Horse EKREKISPSTDSLAKDLIYSALHLIQYHLTQQAKGKDLHEEDCPGSSTSYTAQSAQYEKCGSGATAKALSHKHLESRGAPGPSTSLKENQHYNCQKLDHSNIVLTLIQKLLGESSFNCDDISEGENKHSE
Consensus  EKREKISPSTDSLAKDLIYSALHLIQYHLTQQAKGKDLhEEDCPGSSTSYTArSAQYEKCGSGATAKALSHKHLESRGAPGPSTSLKENQHYNCAKLDHSNIVLTLIQKLLGESSFNCDDISEGENKHSE
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Donkey PSTSKGTSHFKRPDRGEEQCQENQELDFASGLKQYNRQF IDALYESYHKLCLIMAKYGNNGARLAELEEQAASYNNANYQASGSRRSASGYHPONYQDSSGPQYIYNNHCSTSSLOKQLOAYLQHIARSQ
Horse PSTSRGTSHFKRPDRGEEQCQENQELDFASGLKQYNRQFIDOLYESYHKLCLINTKYGNNGAALDELEEQRAASYNNANYQASGSRRSASGYHPONYQDSSGPQYIYNNHCSTSSLAKALOAYLAHIARSQ
Consensus  PSTSrGTSHFKRPDRGEEQCQENQELDFASGLKQYNRQF IDOLYESYMKLCLIHaKYGNNGAALAELEEQAASYNNANYQASGSRRSASGYHPONYQDSSGPAYIVNNHCSTSSLAKALARYLAKIAARSQ

781 790 800 810 820 830 840 849
| |
Donkey FNIPTLYFHGDDDGQLEKLPEYSAKAREKGYSYGDLLQEYHKFAKEQQLDERYGNYAKKQLLDHLLTHL

Horse FNIPTLYFLGDDDGOLEKLPEYSAKAREKGYSYGDLLHEYHKFAKERQLDEAYGNYARKQLLDHLLTHL
Consensus FNIPTLYF$GDDDGALEKLPEYSAKAREKGYSYGDLLQEYHKFAKErQLDEAYGNYArKQLLDHLLTHL

Fig. 1. ProAKAP4/AKAP4 sequence homology.
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Fig. 2. Images of Western-blot gels. A: proAKAP4 labelling. B: ProAKAP4 and AKAP4 semi-quantitative expression in Donkey semen samples 1 to 6
compared to the Horse semen sample.

3.4. Correlation between proAKAP4, motility descriptors and mitochondrial membrane potential

ProAKAP4 correlated positively with progressive motility at time O h after thawing. At time 3 h after thawing, proAKAP4 con-
centration correlated negatively with VSL, VAP and BCF (Table 1).

Mitochondrial activity did not show correlation with proAKAP4 concentration at any time of the experiment.

Table 2 shows the correlation (r) between the concentration of ProAKAP4 with the sperm motility parameters and mitochondrial
membrane potential (JC1) of donkey spermatozoa in each experimental group (with or without cryoprotectant). The concentration of
ProAKAP4 in centrifuged samples (without cryoprotectant) showed a positive correlation with total motility and progressive motility
and a negative correlation with the following motility descriptors: VCL, VSL, VAP, STR, ALH. On the other hand, in samples with
cryoprotectant (non-centrifuged) the concentration of ProAKAP4 shows a negative correlation at 1 h with ALH and a positive cor-
relation with the percentage of total and progressive motile spermatozoa and LIN.

3.5. Evolution of proAKAP4, motility descriptors and mitochondrial membrane potential over time

ProAKAP4 (Fig. 4A) concentration showed a significant difference between the centrifuged and non-centrifuged group in the 3
analyzed times, being significantly (p < 0.05) higher in centrifuged samples. However, the decrease of the proAKAP4 concentration is
statistically significant (p < 0.05) during the period from 0 to 1 h after thawing and it is not significant (p > 0.05) from 1 to 3 h post-
thawing.

The analysis of total motility (TM)(Fig. 4B) and Fig. 4C for progressive motility (PM)(Fig. 4C), evidenced no significant differences
between groups with or without cryoprotectants. Both groups, TM and PM, showed the same evolution over time. During the period
from 0 to 1 h post-thawing the decrease of the motility was not significant. However, between 1 and 3 h after thawing, the decrease of
the motility was significant (p < 0.05) for the centrifuged (without cryoproctectant) group.

The mitochondrial activity was maintained over the time showing no difference between groups and between the hours.
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merged

Fig. 3. Confocal microscopy images with spermatozoa labelled with AKAP4 (green) and proAKAP4 (green) antibodies.

Table 1
Correlation between proAKAP4 concentration (ng/10 M spz — millions of spermatozoa-) with sperm motility and mitochondrial activity.
0 hours 1 hours 3 hours
r p r p r P
™ 0.438 0.032* 0.401 0.050* 0.167 0.436
PM 0.467 0.022* 0.388 0.061 0.043 0.841
VCL 0.087 0.685 -0.156 0.468 -0.375 0.071
VSL 0.023 0.914 -0.235 0.270 -0.463 0.023*
VAP 0.031 0.886 -0.238 0.262 -0.442 0.030*
LIN -0.082 0.702 -0.230 0.280 -0.286 0.176
STR -0.017 0.936 -0.001 0.996 -0.386 0.063
ALH 0.267 0.208 0.098 0.649 0.338 0.106
BCF -0.248 0.242 -0.148 0.490 -0.469 0.021*
0,9 0
JC1 0.343 0.101 0.113 0.598 0.017 0.937

Total motility (TM, %), progressive motility (PM, %), curvilinear velocity (VCL, pm/s), straight-line velocity (VSL, pm/s), average path velocity (VAP,
pm/s), linearity (LIN, %), straightness (STR, %), amplitude of lateral head displacement (ALH, pm) and frequency of head displacement (BCF, Hz) and
mitochondrial activity: JC1 (% of gated spermatozoa) at different incubation times (0, 1, 3 h). * means that correlation is considered significant when
p < 0.05. The table contains the analytics of all samples without discriminate if the simple has been centrifuged or not.

4. Discussion

For the first time, proAKAP4 and AKAP4 protein has been characterised in donkeys using Western blot and immunofluorescence
techniques, following its detection by Tian et al. (2020). Both proteins, AKAP4 and its precursor proAKAP4, exhibit a high degree of
conservation across mammals (Carracedo et al., 2022; Sergeant et al., 2019). Our research on donkeys has confirmed this conservation,
as evidenced in the Western blot, which revealed proAKAP4 at 100 kDa and AKAP4 at 80 kDa, along with its prodomain at approx-
imately 20 kDa, like other species (Carracedo et al., 2022). Notably, in this case, donkey semen samples, both proAKAP4 and AKAP4
displayed a slightly reduced apparent molecular weight compared to the horse semen samples. Small specific differences were
observed in the proAKAP4 amino acids sequence between jackasses and stallions.
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Table 2
Pearson correlation coefficients (r) between the concentration of ProAKAP4 with sperm motility parameters and with the mitochondrial membrane
potential of donkey spermatozoa in each treatment.

ProAKAP4 concentration (ng/10 M spz)

Without cryoprotectant With cryoprotectant

rp rp
T™ (%) 0.487 0.003** 0.440 0.007**
PM (%) 0.452 0.006** 0.324 0.050
VCL (um/s) -0.330 0.049* -0.311 0.065
VSL (um/s) -0.198 0.247 -0.130 0.448
VAP (um/s) -0.196 0.253 -0.120 0.487
LIN (%) 0.105 0.542 0.344 0.040*
STR (%) -0.191 0.263 -0.052 0.764
WOB (%) -0.316 0.060 -0.485 0.003**
ALH (um) -0.212 0.215 -0.219 0.198
JC-1 0.277 0.102 -0.060 0.730

Total motility (TM, %), progressive motility (PM, %), curvilinear velocity (VCL, pm/s), straight-line velocity (VSL, pm/s), average path velocity (VAP,
pm/s), linearity (LIN, %), straightness (STR, %), amplitude of lateral head displacement (ALH, pm) and frequency of head displacement (BCF, Hz) and
mitochondrial activity: JC1 (% of gated spermatozoa).

Like in other males like bull (Bastan and Akcay, 2021; Dordas-Perpinya et al., 2022a; Marques de Almeida et al., 2022), stallion
(Blommaert et al., 2019; Dordas-Perpinya et al., 2022b; Griffin et al., 2020; Sergeant et al., 2020), boar (Sergeant et al., 2020), dogs (Le
Couazer et al., 2019), ram (Riesco et al., 2020), buck (Fatet et al., 2022), camels (Malo et al., 2021) and humans (Jumeau et al., 2018;
Sigala, 2016) in jackass proAKAP4 concentration is significantly correlated with total and progressive motility after thawing.

Cryoprotectants and extenders have been developed to preserve semen fertilization capacity (Bustani and Hassan, 2021), and they
also can impact post-thaw semen quality (Imrat et al., 2012) in various aspects. Cryoprotectant agents may also affect proAKAP4 levels
(Carracedo et al., 2022). This effect can be explained by two hypotheses: the toxic effect on the spermatozoon and the promotion of
faster conversion of proAKAP4 into AKAP4 by the cryoprotectant in the extender compared to its absence. The cryopreservation
process and cryoprotectant induce changes in the sperm motility patterns in donkey (Flores et al., 2008). In our study, significant
changes in sperm motility patterns were observed depending on the maintenance of cryoprotectant and alterations in the proAKAP4
concentration. ProAKAP4 concentration decreased more in the presence of cryoprotectant (samples without centrifugation) than in
samples where the cryoprotectant was removed by the centrifugation process. Samples without cryoprotectants exhibited higher
proAKAP4 concentration and retained it for a longer duration. The effect of different extenders has been explored by other researchers.
Kowalsky et al. (2022)) evidenced that the addition of Holothuroidea extract to the extender increased proAKAP4 levels in bovine
semen. However, proAKAP4 consumption in post-thaw conditions depends on the cryoprotectant agent (Sergeant et al., 2020). In
stallions, four hours after thawing, one extender, Sperlin®, exhibited better motility parameters and higher proAKAP4 concentration
than INRA Freeze® (Blommaert et al., 2021). Further studies are necessary to evaluate the effects of different extenders and/or
cryoprotectants.

In our study, proAKAP4 was evaluated over a 3-hour period, revealing a distinct consumption pattern compared to total and
progressive motility ProAKAP4 consumption is more pronounced in the first hour, followed by a significant decrease in its concen-
tration.; Protein consumption occurs rapidly but its degradation is noticeable later in motility parameters. In stallions, Blommaert et al.
(2021), observed a significant decrease in proAKAP4 at 4 h post thawing, although they did not differentiate the consumption pattern.
Total and progressive motility remains relatively stable during the first hour post-thawing but experiences a noticeable decline be-
tween the first and third hour. When considering all parameters, proAKAP4 exhibits a similar reduction pattern as total and progressive
motility if examined only at 0 and 3 h post-thawing. However, the manner in which they decrease differs, suggesting that the decrease
in proAKAP4 is not synchronized with the decline in total and progressive motility. ProAKAP4 is consumed first, and its effects on
motility (total and progressive) become apparent later.

Our study reveals a positive and significant correlation between proAKAP4 concentration and progressive motility at time O h,
consistent with previous studies (Bastan and Akcay, 2021; Blommaert et al., 2019; Carracedo et al., 2022; Dordas-Perpinya et al.,
2022a, 2022b; Fatet et al., 2022; Griffin et al., 2020; Le Couazer et al., 2019; Malo et al., 2021; Marques de Almeida et al., 2022; Riesco
et al., 2020; Sergeant et al., 2020). However, a negative correlation is observed with speeds (VCL, VSL, VAP) and BCF after 3 h.
ProAKAP4 correlates positively with progressive motility is attributed to its role as a reservoir (Delehedde et al., 2019). As proAKAP4 is
consumed over time, spermatozoa lose speed due to the depletion of proAKAP4, necessitating its presence to maintain forward
movement, even if the initial correlation is not significant.

Regarding mitochondrial activity assessed by the JC-1 probe and its correlation with proAKAP4 levels, no significant differences
were observed, however the trend of decrease over time is evident when examining Table 1. Further studies are necessary to confirm
this observed tendency.

5. Conclusion

ProAKAP4 is identified within the fibrous sheath of donkey spermatozoa, akin to findings in other investigated mammals. Similar to
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Fig. 4. Evolution of proAKAP4 (A), total motility (B) and progressive motility (C) through the time after thawing maintained at 37 °C expressed by
mean + SEM. Different letters (a,b) show significant differences (p < 0.05) between centrifuged (without cryoprotectant) and non-centrifuged (with
cryoprotectant) samples inside every time. Different numbers (1,2) show significant differences (p < 0.05) between times in the centrifugation.

various species, its presence in donkeys correlates with motility parameters.

In donkey, proAKAP4 functions as a motility reservoir, with a substantial portion of the protein consumed shortly after thawing to
sustain motility. However, the decline in motility initiates when proAKAP4 undergoes degradation.

Formatting of funding sources

This research was funded by IFCE (Institut Francais du Cheval et de 'Equitation), grant number (CS-2021-014-PROAKAP-SPZ-

qualité).

Declaration of Competing Interest

Maryse Delehedde and Nicolas Sergeant, co-authors of this manuscript, are cofounders of SPQI.

Acknowledgement

Thanks to IMV technologies for the material provided. The present work was supported by Oniris, INSERM, and the French Ministry
of Higher Education and Research. This research did not receive any commercial or not-for-profit sector support. Thanks to IFCE



M. Dordas-Perpinya et al. Animal Reproduction Science 262 (2024) 107427

(Institut Frangais du Cheval et de 'Equitation) for the funding and supporting this project (CS-2021-014-PROAKAP-SPZ-qualité). The
authors thank the Servei de Granges i Camps Experimentals of the Universitat Autonoma de Barcelona for their technical assistance
during the development of this study.

References

Bamba, K., 1988. Evaluation of acrosomal integrity of boar spermatozoa by bright field microscopy using an eosin-nigrosin stain. Theriogenology 29, 1245-1251.

Bastan, 1., Akcay, E., 2021. Quality assessment of frozen bull semen with the precursor A-kinase anchor protein 4 biomarker. Andrologia 53 (9), e14164.

Blommaert, D., Sergeant, N., Delehedde, M., Donnay, I., Lejeune, J.P., Franck, T., Serteyn, D., 2021. First results about ProAKAP4 concentration in stallion semen after
cryopreservation in two different freezing media. Cryobiology 102, 133-135. https://doi.org/10.1016/j.cryobiol.2021.07.009.

Blommaert, D., Sergeant, N., Delehedde, M., Jouy, N., Mitchell, V., Franck, T., Donnay, I., Lejeune, J.P., Serteyn, D., 2019. Expression, localization, and concentration
of A-kinase anchor protein 4 (AKAP4) and its precursor (proAKAP4) in equine semen: promising marker correlated to the total and progressive motility in thawed
spermatozoa. Theriogenology 131, 52-60. https://doi.org/10.1016/j.theriogenology.2019.03.011.

Bustani, G.S., Baiee, F.H., 2021. Semen extenders: an evaluative overview of preservative mechanisms of semen and semen extenders. Vet. World 14 (5), 1220-1233.
https://doi.org/10.14202/vetworld.2021.1220-1233.

Camillo, F., Rota, A., Biagini, L., Tesi, M., Fanelli, D., Panzani, D., 2018. The current situation and trend of donkey industry in Europe. J. Equine Vet. Sci. 65, 44-49.
https://doi.org/10.1016/j.jevs.2017.11.008.

Canisso, 1., Panzani, D., Miro6, J., Ellerbrock, R.E., 2019. Key aspects of donkey and mule reproduction. Vet. Clin. North Am. Equine Pract. 35 (3), 607-642.

Carracedo, S., Briand-Amirat, L., Dordas-Perpinya, M., Ramos Escuredo, Y., Delcombel, R., Sergeant, N., Delehedde, M., 2022. ProAKAP4 protein marker: towards a
functional approach to male fertility. Anim. Reprod. Sci. 247, 107074 https://doi.org/10.1016/j.anireprosci.2022.107074.

Corpet, F., 1988. Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res. 16 (22), 10881-10890. https://doi.org/10.1093/nar/16.22.10881.

DAD-IS, Domestic Animal Diverstity Information System Breeds by Species and Country. http://dad.fao.org. 2017.

Delehedde, M., Carracedo, S., Selleslagh, M., Eddarkaoui, S., Amirat-Briand, L., Sergeant, N., 2020. ProAKAP4 polypeptide as a biomarker of sperm functionality and
male fertility disorders. Int. J. Gynecol. Reprod. Sci. 2 (1), 13-19.

Dordas-Perpinya, M., Sergeant, N., Ruelle, L., Bruyas, J.F., Charreaux, F., Michaud, S., Carracedo, S., Catalan, J., Mird, J., Delehedde, M., Briand-Amirat, L., 2022.
ProAKAP4 semen concentrations as a valuable marker protein of post-thawed semen quality and bull fertility: a retrospective study. Vet. Sci. 9 (5), 224. https://
doi.org/10.3390/vetsci9050224.

Dordas-Perpinya, M., Yanez-Ortiz, 1., Sergeant, N., Mevel, V., Bruyas, J.F., Catalan, J., Delehedde, M., Briand-Amirat, L., Mir6, J., 2022. ProAKAP4 concentration is
related to sperm motility and motile sperm subpopulations in frozen-thawed horse semen. Animals 12 (23), 3417. https://doi.org/10.3390/ani12233417.
Fatet, A., Sergeant, N., Dordas-Perpinya, M., Drouet, B., Ponthoreau, O., Carracedo, S., Bruyas, J.F., Thorin, C., Dlehedde, M., Briand-Amirat, L. 2022. Sperm-specific
protein proAKAP4 as a marker to evaluate sperm quality and fertility of Alpine and Saanen Bucks. In: Proceedings of the Twentyu Fifth Annual Conference of the

Eureopean Society for Domestic Animal Reproduction (ESDAR), 57, (S4) 79-79.

Flores, E., Taberner, E., Rivera, M.M., Pena, A., Rigau, T., Mird, J., Rodriguez-Gil, J.E., 2008. Effects of freezing/thawing on motile sperm subpopulations of boar and
donkey ejaculates. Theriogenology 70, 936-945. https://doi.org/10.1016/j.theriogenology.2008.05.056.

Gacem, S., Papas, M., cataldn, J., Mird, J., 2020. Examination of jackass (Equus asinus) accessory glands by B-mode ultrasound and of testicular artery blood flow by
pulsed-wave Doppler ultrasound: correlations with semen production. Reprod. Dom. Anim. 00, 1-8. https://doi.org/10.1111/rda.13604.

Gacem, S., Valverde, A., Catalan, J., Yanez Ortiz, 1., Soler, C., Mird, J., 2021. A new approach of sperm motility subpopulation structure in donkey and horse. Front.
Vet. Sci. 8, 651477 https://doi.org/10.3389/fvets.2021.651477.

Griffin, R.A., Swegen, A., Baker, M., Aitken, R.J., Skerrett-Byrne, D.A., Rodriguez, A.S., Martin-Cano, F.E., Nixon, B., Pena, F.J., Delehedde, M., Sergeant, N., Gibb, Z.,
2020. Mass spectrometry reveals distinct proteomic profiles in high-and low-quality stallion spermatozoa. Reproduction 160 (5), 695-707.

Imrat, P., Suthanmapinanth, P., Saikhun, K., Mahasawangkul, S., Sostaric, E., Sombutputorn, P., Jansittiwate, S., Thongtip, N., Pinyopummin, A., Colenbrander, B.,
Holt, W.V., Stout, T.A., 2013. Effect of pre-freeze semen quality, extender and cryoprotectant on the post-thaw quality of Asian elephant (Elephas maximus
indicus) semen. Cryobiology 66 (1), 52-59. https://doi.org/10.1016/j.cryobiol.2012.11.003.

Johnson, L.R., Foster, J.A., Haig-Ladewig, L., VanScoy, H., Rubin, C.S., Moss, S.B., Gerton, G.L., 1997. Assembly of AKAP82, a protein kinase A anchor protein, into
the fibrous sheath of mouse sperm. Dev. Biol. 192 (2), 340-350. https://doi.org/10.1006/dbio.1997.8767.

Jumeau, F., Sigala, J., Dossou-Gbete, F., Frimat, K., Barbotin, A.L., Buée, L., Béhal, H., Sergeant, N., Mitchell, V., 2018. A-kinase anchor protein 4 precursor (pro-
AKAP4) in human spermatozoa. Andrology 6, 854-859. https://doi.org/10.1111/andr.12524.

Kowalczyk, A., Galgska, E., Bubel, A., 2022. The concentration of ProAKAP4 and other indicators of cryopotential of spermatozoa cryopreserved in extender with
Holothuroidea extract addition. Animals 12 (4), 521. https://doi.org/10.3390/ani12040521.

Le Couazer, D., Delehedde, M., Ruelle, 1., Sergeant, N., Michaud, S., Briand, L., Bencharif, D., 2019. ProAKAP4 as a valuable marker to assess sperm quality in dogs.
Reprod. Domest. Anim. Vol 54 (2), 9192.

Malo, C., Carracedo, S., Delehedde, M., Sergeant, N., Skidmore, J.A., 2021. Identification of proAKAP4 concentration variations in dromedary sperm and their
correlation with monthly semen parameters. Reprod. Fertil. 2 (4), 268.

Marques de Almeida, A.B., Hidalgo, M.M.T., de Moraes, F.L.Z., Trautwein, L.G.C., de Fatima Schnitzer, J., dos Santos Silva, L.A., Rizzoto, G., Pinheiro Ferreira, J.C.,
Mello Martins, M.L., 2022. The proAKAP4 concentrations in Nelore bull sperm and their relation to FTAI conception rate results. Anim. Reprod. Sci. 247, 107156.

McDonnell, S.M., 2001. Oral imipramine and intravenous xylazine for pharmacologically-induced ex copula ejaculation in stallions. Anim. Reprod. Sci. 68 (3-4),
153-159. https://doi.org/10.1016,/50378-4320(01)00152-x.

Monteiro, R.A., Cunha, R.M., Guerra, M.M.P., de Almeida, V.M., Pena-Alfaro, C.E., Silva, S.V., 2022. Use of equine sperm cryopreservation techniques as a
conservation method of donkey germplasm. J. Equine Vet. Sci. 111, 103888 https://doi.org/10.1016/j.jevs.2022.103888.

Nixon, B., Johnston, S.D., Skerrett-Byrne, D.A., Anderson, A.L., Stanger, S.J., Bromfield, E.G., Martin, J.H., Hansbro, P.M., Dun, M.D., 2019. Modification of crocodile
spermatozoa refutes the tenet that post-testicular sperm maturation is restricted to mammals. Mol. Cell Proteom. 18 (Suppl 1), S58-S76. https://doi.org/10.1074/
mcp.RA118.000904.

de Oliveira, J.V., Oliveira, P.V., Melo e Ona, C.M., Guasti, P.N., Monteiro, G.A., Sancler da Silva, Y.F., Papa Pde, M., Alvarenga, M.A., Dell’Aqua Junior, J.A., Papa, F.
0., 2016. Strategies to improve the fertility of fresh and frozen donkey semen. Theriogenology 85 (7), 1267-1273. https://doi.org/10.1016/j.
theriogenology.2015.12.010.

Papas, M., Arroyo, L., Bassols, A., Catalan, J., Bonilla-Correal, S., Gacem, S., Yeste, M., Mir6, J., 2019. Activities of antioxidant seminal plasma enzymes (SOD, CAT,
GPX and GSR) are higher in jackasses than in stallions and are correlated with sperm motility in jackasses (Doi.org/). Theriogenology 140, 180-187. https://doi.
org/10.1016/j.theriogenology.2019.08.032.

Riesco, M.F., Anel-Lopez, L., Neila-Montero, M., Palacin-Martinez, C., Montes-Garrido, R., Alvarez, M., de Paz, P., Anel, L., 2020. ProAKAP4 as novel molecular
marker of sperm quality in ram: an integrative study in fresh, cooled and cryopreserved sperm. Biomolecules 10, 1046.

Rota, A., Panzani, D., Sabatini, C., Camillo, F., 2012. Donkey jack (Equus asinus) semen cryopreservation: studies of seminal parameters, post breeding inflammatory
response, and fertility in donkey jennies. Theriogenology 78 (8), 1846-1854. https://doi.org/10.1016/j.theriogenology.2012.07.015.

Sarkar, H., Arya, S., Rai, U., Majumdar, S.S., 2016. A study of differential expression of testicular genes in various reproductive phases of Hemidactylus flaviviridis
(Wall Lizard) to derive their association with onset of spermatogenesis and its relevance to mammals. PLoS One 11 (3), e0151150. https://doi.org/10.1371/
journal.pone.0151150.

Sergeant, N., Blommaert, D., Carracedo, S., Thierry, F., Lejeune, J.P., Gevaert, M.H., Aubry, S., Maurage, C.A., Serteyn, D., Delehedde, M., 2020. Assessment of the
proAKAP4 concentrations as a pertinent sperm parameter to select extenders and preservatives of stallion semen. Anim. Reprod. Sci. 220, 106449 https://doi.org/
10.1016/j.anireprosci.2020.106449.

10


http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref1
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref2
https://doi.org/10.1016/j.cryobiol.2021.07.009
https://doi.org/10.1016/j.theriogenology.2019.03.011
https://doi.org/10.14202/vetworld.2021.1220-1233
https://doi.org/10.1016/j.jevs.2017.11.008
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref7
https://doi.org/10.1016/j.anireprosci.2022.107074
https://doi.org/10.1093/nar/16.22.10881
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref10
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref10
https://doi.org/10.3390/vetsci9050224
https://doi.org/10.3390/vetsci9050224
https://doi.org/10.3390/ani12233417
https://doi.org/10.1016/j.theriogenology.2008.05.056
https://doi.org/10.1111/rda.13604
https://doi.org/10.3389/fvets.2021.651477
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref16
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref16
https://doi.org/10.1016/j.cryobiol.2012.11.003
https://doi.org/10.1006/dbio.1997.8767
https://doi.org/10.1111/andr.12524
https://doi.org/10.3390/ani12040521
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref21
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref21
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref22
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref22
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref23
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref23
https://doi.org/10.1016/s0378-4320(01)00152-x
https://doi.org/10.1016/j.jevs.2022.103888
https://doi.org/10.1074/mcp.RA118.000904
https://doi.org/10.1074/mcp.RA118.000904
https://doi.org/10.1016/j.theriogenology.2015.12.010
https://doi.org/10.1016/j.theriogenology.2015.12.010
https://doi.org/10.1016/j.theriogenology.2019.08.032
https://doi.org/10.1016/j.theriogenology.2019.08.032
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref29
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref29
https://doi.org/10.1016/j.theriogenology.2012.07.015
https://doi.org/10.1371/journal.pone.0151150
https://doi.org/10.1371/journal.pone.0151150
https://doi.org/10.1016/j.anireprosci.2020.106449
https://doi.org/10.1016/j.anireprosci.2020.106449

M. Dordas-Perpinya et al. Animal Reproduction Science 262 (2024) 107427

Sergeant, N., Briand-Amirat, L., Bencharif, D., Delehedde, M., 2019. The sperm specific protein proakap4 as an innovative marker to evaluate sperm quality and
fertility. Dairy Vet. Sci. J. 11 (1), 555803 https://doi.org/10.19080/JDVS.2019.11.555803.

Sergeant, N., Didier, B., Carracedo, S., Thierry, F., Lejeune, J.P., Gevaert, M.H., Aubry, S., Maurage, C.A., Didier, S., Delehedde, M., 2021. Assessment of the proAKAP4
concentrations as a pertinent sperm parameter to select extenders and preservatives of stallion semen. Anim. Reprod. Sci. 220 (106449), P89.

Sigala, J. 2016. Qualité du protéome du spermatozoide humain et infertilité (Doctoral dissertation, Université du Droit et de la Santé-Lille II).

Tian, F., Wang, J., Li, Y., Yang, C., Zhang, R., Wang, X., Ju, Z., Jiang, Q., Huang, J., Wang, C., Chen, J., Sun, Y., 2020. Integrated analysis of mRNA and miRNA in testis
and cauda epididymidis reveals candidate molecular markers associated with reproduction in Dezhou donkey. Livest. Sci. 234, 103885 https://doi.org/10.1016/].
livsci.2019.103885.

Trimeche, A., Renard, P., Tainturier, D., 1998. A procedure for Poitou jackass sperm cryopreservation. Theriogenology 50 (5), 793-806. https://doi.org/10.1016/
50093-691x(98)00184-8.

Wu, S., Mipam, T., Xu, C., Zhao, W., Shah, M.A., Yi, C., Luo, H., Cai, X., Zhong, J., 2020. Testis transcriptome profiling identified genes involved in spermatogenic
arrest of cattleyak. PLoS One 15 (2), €0229503. https://doi.org/10.1371/journal.pone.0229503.

Xu, W., Hu, H., Wang, Z., Chen, X., Yang, F., Zhu, Z., Fang, P., Dai, J., Wang, L., Shi, H., Li, Z., Qiao, Z., 2012. Proteomic characteristics of spermatozoa in
normozoospermic patients with infertility. J. Proteom. 75 (17), 5426-5436. https://doi.org/10.1016/j.jprot.2012.06.021.

11


https://doi.org/10.19080/JDVS.2019.11.555803
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref34
http://refhub.elsevier.com/S0378-4320(24)00018-6/sbref34
https://doi.org/10.1016/j.livsci.2019.103885
https://doi.org/10.1016/j.livsci.2019.103885
https://doi.org/10.1016/s0093-691x(98)00184-8
https://doi.org/10.1016/s0093-691x(98)00184-8
https://doi.org/10.1371/journal.pone.0229503
https://doi.org/10.1016/j.jprot.2012.06.021

	ProAKAP4 as a motility long-lasting marker in Catalan donkey spermatozoa
	1 Introduction
	2 Material and methods
	2.1 Animals
	2.2 Semen collection
	2.3 Sperm cryopreservation
	2.4 Semen motility analysis
	2.5 Mitochondrial membrane potential measurement
	2.6 ProAKAP4 assessment
	2.6.1 proAKAP4 sequence homology analysis
	2.6.2 Gel electrophoresis and western-blotting
	2.6.3 Immunofluorescence
	2.6.4 ELISA assays

	2.7 Experimental design
	2.8 Statistical analysis

	3 Results
	3.1 ProAKAP4 sequentiation
	3.2 Western-blot
	3.3 Immunofluorescence
	3.4 Correlation between proAKAP4, motility descriptors and mitochondrial membrane potential
	3.5 Evolution of proAKAP4, motility descriptors and mitochondrial membrane potential over time

	4 Discussion
	5 Conclusion
	Formatting of funding sources
	Declaration of Competing Interest
	Acknowledgement
	References


