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Abstract 

Oviductal environment affects preparation of gametes for fertilization, fertilization itself, and subsequent embryonic development. The 
aim of this study was to evaluate the effect of oviductal fluid and the possible involvement of deleted in malignant brain tumor 1 (DMBT1) 
on IVF in porcine and equine species that represent divergent IVF models. We first performed IVF after pre-incubation of oocytes with 
or without oviductal fluid supplemented or not with antibodies directed against DMBT1. We showed that oviductal fluid induces an 
increase in the monospermic fertilization rate and that this effect is canceled by the addition of antibodies, in both porcine and equine 
species. Moreover, pre-incubation of oocytes with recombinant DMBT1 induces an increase in the monospermic fertilization rate in the 
pig, confirming an involvement of DMBT1 in the fertilization process. The presence of DMBT1 in the oviduct at different stages of the 
estrus cycle was shown by western blot and confirmed by immunohistochemical analysis of ampulla and isthmus regions. The presence of 
DMBT1 in cumulus–oocyte complexes was shown by western blot analysis, and the localization of DMBT1 in the zona pellucida and 
cytoplasm of equine and porcine oocytes was observed using immunofluorescence analysis and confocal microscopy. Moreover, we 
showed an interaction between DMBT1 and porcine spermatozoa using surface plasmon resonance studies. Finally, a bioinformatic and 
phylogenetic analysis allowed us to identify the DMBT1 protein as well as a DMBT1-like protein in several mammals. Our results strongly 
suggest an important role of DMBT1 in the process of fertilization. 

 
 

Introduction 
Deleted in malignant brain tumor 1 (DMBT1) was first 
identified as a candidate tumor-suppressor gene for brain 
tumors (Mollenhauer et al. 1997). It was then proposed 
as a candidate tumor suppressor gene for lung and 
gastrointestinal tumors caused by homozygous deletions 
or by a lack of expression (Mori et al. 1999, Wu et al. 
1999, Mollenhauer et al. 2000). DMBT1 is involved in 
epithelial differentiation and mucosal innate immunity 
by binding to a large panel of pathogens including 

HIV (Mollenhauer et al. 2000, 2004, Ligtenberg et al. 
2010, Madsen et al. 2010, Al-Awqati 2011). 

The DMBT1 gene, located on human chromosome 
10q26.13, encodes a secreted high-molecular-weight 
glycoprotein of the scavenger receptor cysteine-rich 
(SRCR) group B protein family (Mollenhauer et al. 1997). 
The protein is composed of 14 SRCR domains separated 
by SRCR-interspersed domains, which are subjected to 
interindividual polymorphism, two CUB (Clr/Cls Uegf 
Bmp1) domains, and a zona pellucida (ZP) domain 
toward the C-terminus (Mollenhauer et al. 1999, 2002). 
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The DMBT1 gene encodes orthologs in rabbit (hensin 
(Takito et al. 1999)), mouse (CRP-ductin (Cheng et al. 
1996, Madsen et al. 2003) and vomeroglandin 
(Matsushita et al. 2000)), rat (ebnerin (Li & Snyder 
1995)), bovine (bovine gallbladder mucin (Nunes et al. 
1995, Mollenhauer et al. 2001)), human (gp-340 in lung 
(Holmskov et al. 1997, 1999) and salivary agglutinin in 
saliva (Prakobphol et al. 2000, Ligtenberg et al. 2001)), 
and porcine (sperm binding glycoprotein (SBG; Teijeiro 
et al. 2012)) species. The pig SBG has been shown to be 
present in the oviduct, at the apical surface of isthmic 
and ampullar epithelial cells (Perez et al. 2006), to bind 
to the heads of pig sperm (Marini & Cabada 2003) 
and to be involved in sperm selection in the oviduct 
(Teijeiro et al. 2008). 

The oviduct is an essential organ in reproductive 
biology, as it supports gamete transport, maturation, 
capacitation, fertilization, early embryonic growth, and 
embryo transport to the uterus. Its role is of particular 
importance during the process of fertilization. Oviduct 
epithelial cells co-culture promotes in vitro production of 
embryos in human (Bongso et al. 1991, Kervancioglu 
et al. 1997), bovine (Chian & Sirard 1995, Way et al. 
1997, Martus et al. 1998), porcine (Romar et al. 2001, 
McCauley et al. 2003), deer (Locatelli et al. 2005), and 
dromedary (Khatir et al. 2004) species. Moreover, some 
oviductal proteins have been shown to interact with 
gametes and to improve efficiency of IVF in porcine 
(McCauley et al. 2003, Coy et al. 2008), bovine (Martus 
et al. 1998), human (O’Day-Bowman et al. 1996), and 
equine (Mugnier et al. 2009) species. Some of these 
proteins, such as osteopontin, have been identified 
(Hao et al. 2006, Goncalves et al. 2008, Monaco et al. 
2009) in cattle and pigs and atrial natriuretic peptide A 
(Anderson et al. 1994, Zamir et al. 1995, Zhang et al. 
2006) and oviductin (oviduct-specific glycoprotein; 
Martus et al. 1998, Buhi 2002, McCauley et al. 2003) in 
cattle, pigs, and humans. 

Our aim was to evaluate a putative role of DMBT1 in the 
mechanisms of fertilization, particularly in the interaction 
between oocyte and spermatozoa. For this purpose, we 
used two models in which the oviductal secretions are of 
particular importance for fertilization: the porcine and 
equine species. In porcine species, IVF rates are higher 
than 80%, and the reported levels of polyspermy after IVF 
often exceed 50% (Abeydeera & Day 1997, Funahashi & 
Day 1997, Day 2000, Nagai et al. 2006). The exposure of 
oocytes to porcine oviductal epithelial cells or oviductal 
fluid before IVF improves the rate of monospermy (Romar 
et al. 2001, Coy et al. 2008). In equine species, IVF rates 
are low and no repeatable IVF technique is available yet 
(Palmer et al. 1991, Dell’aquila et al. 1996, Alm et al. 
2001, Hinrichs et al. 2002, McPartlin et al. 2009). We 
have shown a beneficial effect of homologous and 
heterologous oviduct cells on equine IVF rates (Mugnier 
et al. 2009). Thus, we studied the role of DMBT1 in gamete 
interaction during equine and porcine fertilization. 

Materials and methods 
All procedures on animals were conducted in accordance with 
the guidelines for the care and use of laboratory animals issued 
by the French Ministry of Agriculture and with the approval of 
the  ethical  review  committee  (Comité  d’Ethique  en  Expéri- 
mentation Animale Val de Loire) under the number 2011/6. All 
chemicals were purchased from Sigma–Aldrich unless other- 
wise indicated. 

 

Collection and preparation of porcine oviduct fluid 

Collection of oviducts 

Genital tracts from gilts and sows were obtained from a 
commercial abattoir and transported to the laboratory at room 
temperature. The cyclic stage of females was assessed on the 
basis of ovarian morphology on both ovaries from the same 
female. Oviducts were classified as early follicular, mid 
follicular, late follicular, or luteal phase, according to the 
diameter of follicles and the presence of corpora lutea, as 
described previously (Carrasco et al. 2008). Porcine oviducts at 
the preovulatory or post-ovulatory stage were collected from 
slaughtered Meishan gilts from our experimental pigsty (Unité 
Expérimentale de Physiologie Animale de l’Orfrasière, UEPAO, 
Nouzilly, France). Adult cyclic gilts received a daily dose of 
5 ml Regumate (20 mg/gilt per day of altrenogest, Intervet S.A., 
Angers, France) per os for 18 days. An i.v. injection of human 
chorionic gonadotropin (hCG, Chorulon, 500 IU/gilt, Intervet 
S.A.) was performed 3 days later. Gilts were killed 36 h after 
hCG injection (4 h before ovulation) or 46 h after hCG 
injection (6 h after ovulation). Equine oviducts were collected 
from mares slaughtered in a commercial abattoir; the cyclic 
stage of females was unknown. For both species, the two 
oviducts were immediately collected and transported to the 
laboratory within a few minutes at room temperature. 

 
Collection of oviductal fluid 

The oviducts were dissected free from surrounding tissues, 
transferred to Petri dishes on ice, and washed in Medium 199 
with Earles Salts, 25 mM HEPES, and NaHCO3 supplemented 
with 80 mg/ml gentamicin. The oviductal fluid from the 
ampulla was expelled by gentle squeezing using a sterile 
microscope slide. It was collected by aspiration with an 
automatic pipette by introducing the tip into the ampulla and 
making a manual ascendant pressure from the isthmus to the 
ampulla (Carrasco et al. 2008). After centrifugation at 10 000 g 
for 15 min, the supernatant containing secreted and intra- 
cellular components was immediately stored at K20 8C until 
use as ‘oviductal fluid’. 

 
 

Collection and in vitro maturation of porcine 
and equine oocytes 

Equine and porcine immature cumulus–oocyte complexes 
(COCs) were collected from slaughtered mares and gilts. 
Ovaries were obtained from local slaughterhouses immediately 
after females were killed and transported to the laboratory 
within 2 h in 0.9% (w/v) NaCl at 32–38 8C. COCs were 

 
  



 

 

collected by aspiration as described previously (Goudet et al. 
2000) and recovered under a stereomicroscope. 

For in vitro maturation, porcine immature COCs were 
washed in Dulbecco’s PBS solution (DPBS, Dulbecco A, 
Paris, France) supplemented with 25 mg/ml gentamicin and 
then in maturation medium. The maturation medium was 
Medium 199 with Earle’s salts supplemented with 10 ng/ml 
epidermal growth factor (EGF), 400 ng/ml FSH (PRIMUFOL, 
Rhône  Mérieux,   Lyon,   France),   and   570 mM   cysteamine 
(Marchal et al. 2003). Porcine COCs were then cultured in a 
group of 30–40 for 44 h in 500 ml maturation medium in an 
atmosphere of 5% CO2 in air at 39 8C in 100% humidity. 

For in vitro maturation, equine immature COCs were washed 
once in Medium 199 with Earle’s Salts, 25 mM HEPES, and 
NaHCO3 supplemented with 20% (v/v) FCS and 25 mg/ml 
gentamicin and then once in maturation medium. The 
maturation medium was Medium 199 with Earle’s salts 
supplemented with 20% (v/v) FCS and 50 ng/ml EGF (Goudet 
et al. 2000). Equine COCs were then cultured in a group of 
20–30 for 26–30 h in 500 ml maturation medium in an 
atmosphere of 5% CO2 in air at 38.5 8C in 100% humidity. 

After in vitro maturation, porcine and equine COCs were 
partially denuded by flushing in maturation medium and 
processed for pre-incubation as described below. Some 
porcine and equine COCs were immediately processed for 
assessment of nuclear status as described below. 

 

Preparation of equine and porcine spermatozoa 

Frozen porcine spermatozoa (800X106/ml) from one ejaculate 
of three ‘PietrainXLarge-White’ boars were thawed at 37 8C 
for 20 s and washed by centrifugation at 100 g for 10 min in 
Beltsville-Thawing-Solution (BTS; COBIPORC, Saint-Gilles, 
France). Motile spermatozoa were obtained by centrifugation 
of the pellet at 700 g for 30 min on a discontinuous gradient 
of Percoll (Amersham Pharmacia Biotech; 2 ml 45% in BTS 
over 2 ml 90%). The 90% Percoll solution contained 80 mM 
NaCl, 10 mM HEPES, 3.1 mM KCl, 0.3 mM NaH PO , 25 mM 

(MW; 100 mM NaCl, 4.7 mM KCl, 1.2 mM MgCl2, 5.5 mM 
glucose (anhydrous), 22 mM HEPES, 4.8 mM lactic acid 
hemicalcium salt, and 1 mM pyruvic acid, pH 7.25; McPartlin 
et al. 2009). Diluted sperm was transported to the laboratory 
(5 min) at 37 8C and centrifuged in 15 ml conical tubes at 100 g 
for 1 min at 37 8C to remove particulate matter and dead 
spermatozoa. The supernatant was then transferred to a 14 ml 
round-bottomed tube and centrifuged at 600 g for 5 min at 
37 8C. The pellet was resuspended in 1.5 ml non-capacitating 
pre-warmed MW, and the concentration was determined by 
counting on a Thoma chamber under a microscope (Olympus, 
IMT-2). Spermatozoa were   then   diluted   at   10X106/ml 
in capacitating pre-warmed MW, which was a non-capacitat- 
ing MW supplemented with 25 mM NaHCO3 and 7 mg/ml 
BSA, pH 7.25 (McPartlin et al. 2009). Spermatozoa were 
incubated in 500 ml aliquots in polyvinyl alcohol-coated 5 ml 
round-bottomed tubes at 37 8C in a humidified atmosphere for 
6 h. The motility was visually evaluated under a microscope 
(Olympus, IMT-2) at the beginning and at the end of 
the incubation period. Spermatozoa were then diluted at 
1X106/ml in capacitating MW supplemented with 5 mM 
procaine to induce hyperactivation. Droplets of 100 ml 
spermatozoa suspension were laid down onto culture dishes 
and covered with mineral oil. 

 

Pre-incubation of porcine and equine oocytes 

Pre-incubation with oviductal fluid collected 
at the post-ovulatory stage 

Porcine oocytes were washed in mTBM. They were pre- 
incubated in droplets of 50 ml mTBM or post-ovulatory oviductal 
fluid supplemented with 0, 1, or 2 mg/ml anti-gp340 antibodies 
for 30 min in an atmosphere of 5% CO2 in air at 39 8C in 100% 
humidity. Pre-incubation with post-ovulatory oviductal fluid 
supplemented with preimmune serum was used as a negative 
control. The anti-gp340 antibody is directed against gp340, the 
human ortholog of DMBT1, and was kindly provided by Prof. 

2 4 U Holmskov from the University of Odense, Denmark 
NaHCO3, 0.4 mM MgCl2, 2 mM CaCl2, and 21.6 mM lactic 
acid (Eid et al. 1994, Parrish et al. 1995). Sperm cells collected 
at the bottom of the 90% fraction were washed by 
centrifugation at 100 g for 10 min in 4 ml modified Tris- 
buffered medium (mTBM; Marchal et al. 2003). This medium 
contained 113.1 mM NaCl, 3 mM KCl, 10 mM CaCl2, 20 mM 
Tris (MP Biomedicals, Illkirch, France), 11 mM glucose, 5 mM 
sodium pyruvate, 1 mM caffeine, and 0.1% BSA. The 
concentration of the pelleted spermatozoa was determined 
by counting on a Thoma chamber under a microscope 
(Olympus, IMT-2, Paris, France) and the spermatozoa were 
diluted at 10X106/ml in mTBM. The motility was visually 
evaluated under a microscope (Olympus, IMT-2). 

Fresh equine semen was collected with a closed artificial 
vagina from two adult Welsh pony stallions of proven fertility 
from our experimental study (UEPAO). Semen was filtered 
through gauze, sperm motility was visually evaluated under 
light microscopy on a heated stage, and sperm concentration 
was assessed using a spectrophotometer (Ciba-Geigy, Basel, 
Switzerland). Then,  1 ml semen  was  diluted in 2 ml  pre- 
warmed non-capacitating modified Whittens medium 

(Holmskov et al. 1997). Its specificity was confirmed by 
Holmskov et al. (1997). The preimmune serum was provided 
by Prof. U Holmskov. 

Equine oocytes were washed in capacitating MW. They were 
pre-incubated in droplets of 50 ml capacitating MW or post- 
ovulatory oviductal fluid supplemented with 0 or 2 mg/ml of 
anti-gp340 antibodies for 30 min in an atmosphere of 5% CO2 
in air at 38.5 8C in 100% humidity. Pre-incubation with post- 
ovulatory oviductal fluid supplemented with preimmune serum 
was used as a negative control. 

 
Pre-incubation with human recombinant DMBT1 

Porcine oocytes were washed in mTBM. They were pre- 
incubated in droplets of 50 ml mTBM supplemented with 0, 
0.01, 0.1, 1, 10, or 100 mg/ml human recombinant DMBT1 
(hrDMBT1) for 30 min in an atmosphere of 5% CO2 in air at 
39 8C in 100% humidity. The hrDMBT1 was kindly provided by 
Prof. C Robbe-Masselot from the University of Lille, France 
(End et al. 2005, Rossez et al. 2011). Owing to the low 
availability of equine ovaries in abattoirs and therefore of 

 

  



 

equine oocytes for experiments, the effect of pre-incubation of 
equine oocytes with hrDMBT1 was not tested. 

 

IVF of porcine and equine oocytes 
After pre-incubation, porcine oocytes were washed in mTBM 
and groups of 30–40 were transferred to droplets of 100 ml 
mTBM. Then, 10 ml spermatozoa diluted at 10X106/ml in 
mTBM were added to the oocytes and co-incubated for 24 h in 
an atmosphere of 5% CO2 in air at 39 8C in 100% humidity. 
After pre-incubation, equine oocytes were washed in capaci- 
tating MW and groups of ten were transferred to droplets of 
100 ml spermatozoa suspension diluted at 1X106/ml and co-
incubated for 24 h in an atmosphere of 5% CO2 in air at 
38.5 8C in 100% humidity. To evaluate the activation rate, 
some equine oocytes were washed in capacitating MW and 
transferred to droplets of 100 ml capacitating MW supple- 
mented with 5 mM procaine without spermatozoa and 
incubated for 24 h in an atmosphere of 5% CO2 in air at 
38.5 8C in 100% humidity. 

 

Assessment of nuclear status 
After gamete co-incubation, oocytes were washed by aspira- 
tion in and out of a pipette in DPBS and fixed in 4% 
paraformaldehyde in DPBS for 1 h at room temperature. After 
washing in DPBS, oocytes were stained with 2.5 mM bisbenzi- 
mide fluorescent dye (Hoechst 33342) in DPBS:glycerol 
(1:3 v/v) and mounted on microscope slides. The slides were 
kept at 4 8C in darkness until observation. Oocytes were 
observed under an inverted epifluorescence microscope with a 
365 nm excitation filter to assess the nuclear status. 

Fertilization was defined by the presence of at least two 
pronuclei in the cytoplasm. Oocytes containing two pronuclei 
were considered monospermic, and oocytes containing more 
than two pronuclei were considered polyspermic. Oocytes 
with one pronucleus without sperm cells were considered 
activated oocytes. Oocytes with metaphase II and one polar 
body were considered mature non-fertilized oocytes. The 
fertilization rate was calculated as the percentage of oocytes 
containing at least two pronuclei (fertilized oocytes) with 
respect to the number of mature, activated, and fertilized 
oocytes. The monospermy rate was calculated as the 
percentage of oocytes containing two pronuclei with respect 
to the number of fertilized oocytes. 

 

Gel electrophoresis and immunoblotting 

In order to analyze the proteins in the equine and porcine 
oviducts, the protein concentration in oviductal fluids was 
evaluated using the CooAssay Protein Determination Small Kit 
(Interchim, Montluçon, France). Oviductal fluids were diluted 
in electrophoresis Laemmli buffer (0.062 mol/l Tris–HCl, pH 
6.8, 5% (v/v) glycerol, 1% (w/v) SDS, 0.5% (w/v) bromophenol 
blue and 2% (v/v) 2-b-mercaptoethanol at final concentration) 
and boiled at 95 8C for 3 min. 

In order to analyze the proteins in the porcine COCs, 200 
COCs were diluted in a lysis buffer (b-glycerophosphate 
80 mM, EDTA 20 mM, MgCl2 15 mM, HEPES 20 mM, and 

dithiothreitol 1 mM) supplemented with 0.2% protease 
inhibitors cocktail. They were frozen in liquid nitrogen and 
thawed at 25 8C three times, diluted in electrophoresis 
Laemmli buffer, and boiled at 95 8C for 3 min. 

Proteins were separated using 6% SDS–PAGE. Acrylamide/ 
bis-acrylamide (37.5-1) solution was purchased from Inter- 
chim. For each lane, 50 mg total proteins from oviductal fluid, 
or 50 mg hrDMBT1, or a volume equivalent to 5–100 COCs 
were loaded on the gel. The proteins were then transferred onto 
a PVDF membrane (hybond-P PVDF membrane transfer; 
Amersham Pharmacia Biotech) for 90 min at 4 8C. 

The membrane was washed with TBS (1.21 g/l Tris base and 
9 g/l NaCl, pH 7.4) containing 0.1% (v/v) Tween 20 (TBS-T), 
incubated overnight in blocking solution (5% (w/v) non-fat dry 
milk, 0.2% (v/v) IGEPAL, pH 7.4, in TBS), and incubated for 4 h 
with the primary antibodies (anti-gp340 antibodies) diluted 
1/2000 in TBS-T. The membrane was washed twice with TBS-T, 
incubated for 1 h in blocking solution, incubated for 1 h with 
peroxidase-conjugated secondary antibodies (donkey anti- 
rabbit IgG, GE Healthcare, VWR, Strasbourg, France) diluted 
1/2000 in blocking solution, and washed three times with TBS-T. 
The peroxidase activity was revealed using the ECL-Plus 
Western blotting detection system (GE Healthcare, VWR). 

 

Light microscopy and immunohistochemistry 
on oviduct sections 

After collection of the pig oviducts, tissue fragments 
(1X0.5 cm) were cut from the ampulla and the isthmus 
regions. The tissue fragments were fixed overnight in 4% 
(w/v) phosphate-buffered paraformaldehyde at 4 8C. After 
fixation, the tissues were washed and dehydrated in ethanol 
series, cleared in xylene, and embedded in paraffin wax. Then, 
4 mm-thick sections were cut, submitted to de-waxing with 
xylene and hydration in an ethanol series of descending 
concentration, and stained with Mayer’s hematoxylin and eosin 
(to study the general morphology) or processed for immuno- 
histochemistry as follows. 

De-waxed and rehydrated tissue sections were incubated for 
30 min in a solution of 0.3% (v/v) H2O2 in methanol to inhibit 
endogenous peroxidase activity. They were rinsed with PBS-1% 
(w/v) BSA, and non-specific binding sites for immunoglobulins 
were blocked by 5% (v/v) normal goat serum (NGS) in PBS– 
BSA for 30 min. Sections were incubated for 2 h at 37 8C in a  
moist chamber with a 1:250 dilution of primary antibody anti- 
gp340 and then incubated for 30 min with diluted 1:50 
biotinylated universal secondary antibody of Vectastain Elite 
ABC kit (Universal; Vector, Burlingame, CA, USA). After 
washing for 15 min in PBS–BSA, immunohistochemical visual- 
ization was obtained using the Vecta-lab ‘Elite’ (ABC) kit 
(Vector). Peroxidase activity was visualized by incubating with 
0.01% H2O2 and 0.05% diaminobenzidine tetrahydrochloride 
in 0.05 M Tris buffer, pH 7.2, for 5 min to reveal the brown 
immunoreactive cells. Finally, the sections were counterstained 
with hematoxylin, dehydrated, and mounted. 

To confirm the specificity of the immunoreaction, the 
following control procedures were performed: i) replacement 
of primary antibody with NGS and ii) omission of the primary 

 

  



 

 

antibody incubation step. These procedures yielded no 
immunostaining (Fig. 1B1 and C1). 

 

Immunocytochemical staining and confocal 
laser scanning microscopy 

Immature oocytes, in vitro matured oocytes, and in vitro 
matured oocytes pre-incubated with oviductal fluid were 
partially denuded by flushing in DPBS. They were fixed in 
4% (w/v) paraformaldehyde in DPBS for 20 min at 37 8C, 
washed in DPBS, and kept at 4 8C in DPBS containing 0.05% 
(v/v) sodium azide (NaN3) and 1 mM phenylmethylsulphonyl 
fluoride. Nonspecific reactions were blocked by pre-incu- 
bation of oocytes for 2 h at room temperature in DPBS 
containing 2% (w/v) BSA (A-7030). Oocytes were incubated 
overnight at 4 8C with anti-gp340 antibodies diluted 1:200 in 
DPBS containing 2% BSA, washed in DPBS containing 0.2% 
BSA, incubated for 2 h at 4 8C with AlexaFluor 488- 
conjugated-anti-rabbit antibodies diluted 1:800 in DPBS 

containing 2% BSA, and washed in DPBS containing 0.2% 
BSA. Oocytes were then stained with 1 mg/ml bisbenzimide 
(Hoechst 33342) in DPBS containing 0.2% BSA for 5 min, 
washed in DPBS three times, and mounted on microscope 
slides in Mowiol V4-88 (133 mg/ml; Hoechst, Frankfurt, 
Germany) and n-propyl gallate (5 mg/ml). The slides were 
kept at 4 8C in darkness until observation. Oocytes were 
observed under a confocal laser scanning microscope (LSM 
700, Zeiss, Jena, Germany) with diodes of 488 and 405 nm 
wavelength. Controls were performed using no primary 
antibodies to ascertain the absence of non-specific binding or 
no secondary antibodies to ascertain the absence of auto- 
fluorescence. 

 
Surface plasmon resonance 

Preparation of spermatozoa 

Frozen porcine spermatozoa (12 straws, 800X106/ml per 
straw) from one ejaculate of three ‘PietrainXLarge-White’ 
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Figure 1 DMBT1 expression (A) in porcine and 
equine oviductal fluid (OF), hrDMBT1 was used as 
a positive control; DMBT1 localization in porcine 
ampulla (B2, B3, B4, B5 and B6) and porcine 
isthmus (C2, C3, C4, C5 and C6) sections collected 
at early follicular phase, mid follicular phase, late 
follicular phase, preovulatory stage (4 h before 
ovulation), or post-ovulatory stage (6 h after 
ovulation); B1 and C1 show the negative control 
stainings; ip, intraluminal immunoreactivity; arrow, 
apical region of non-ciliated cells; arrow head, 
apical blebs; *, ciliated cells. Circles in C3 and C6 
indicate the areas showed at high magnification in 
the insets. Scale bars: B1Z50 mm; B2Z60 mm; 
B3Z60 mm; B4Z55 mm; B5Z60 mm; B6Z55 mm; 
insets in B2Z30 mm; B3, B4, B5 and B6Z40 mm; 
C1Z600 mm; C2Z160 mm; C3 and C4Z130 mm; 
C5Z100 mm; C6Z500 mm; insets in C2Z35 mm; 
C3, C4 and C5Z40 mm; C6Z30 mm. 
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boars were thawed at 37 8C for 20 s, diluted in HBS (10 mM 
HEPES and 150 mM NaCl, pH 7.4), and centrifuged at 100 g for 
10 min at 20 8C. Resulting pellets were pulled and resuspended 
in 10 ml HBS and centrifuged at 100 g for 10 min. The pellet 
was resuspended in 10 ml HBS and subjected to nitrogen 
cavitation (10 min, 45 bar) in a cell disruption bomb (Flesch 
et al. 1998). The cavitate was slowly extruded into a tube 
containing 100 ml protease inhibitors (Fermentas, Saint Remy 
les Chevreuses, France) and 100 ml EDTA 0.05 M and 
centrifuged at 1000 g for 10 min at 20 8C. The supernatant 
was centrifuged at 6000 g for 10 min at 20 8C, and the resulting 
supernatant was centrifuged at 110 000 g for 3 h 30 min at 
4 8C. The pellet, containing sperm plasma membranes, was 
resuspended in HBS supplemented with 1% protease inhibitors 
and 0.05 M EDTA and the supernatant was kept as a negative 
control. The protein content was evaluated with the BCA 
protein kit (Interchim) and samples were stored at K80 8C. The 
quality of the preparation of sperm plasma membranes was 
evaluated using transmission electron microscopy. 

 
Surface plasmon resonance 

Surface plasmon resonance experiments were performed on 
BIAcore T100 (GE Healthcare). The anti-gp340 antibodies were 
immobilized at a level of 1350 resonance units on two flow 
cells (FC) of a CM3 sensor chip (GE Healthcare), using standard 
amine coupling according to the manufacturer’s instructions. 
One of the two FC was the test FC while the other was the 
control FC. Binding analyses were carried out at 25 8C. The 
hrDMBT1 was diluted at 6 mM in the running buffer (DPBS 
complemented with 0.9 mM calcium chloride and 0.5 mM 
magnesium chloride) and injected for 600 s at a flow rate of 
5 ml/min on the test FC. Porcine sperm plasma membrane 
preparations were sonicated on ice, filtered on Durapore filters 
(0.2 mm), diluted at 20 mg/ml proteins in the running buffer, and 
injected for 600 s at a flow rate of 5 ml/min on the test FC and 
the control FC. The supernatant of the sperm plasma membrane 
preparations as well as a BSA solution (20 mg/ml) was injected 
under the same conditions as negative controls. Dissociation 
was studied over 600 s. Regeneration of the surfaces was 
performed at a flow rate of 30 ml/min with two subsequent 
injections for 60 s of a solution containing 100 mM HEPES, 
1.5 M NaCl, and 0.5% (v/v) Tween 20 followed by an injection 
of a solution of 20 mM NaOH, 1 M NaCl for 60 s, an injection 
of a solution of 50 mM NaOH, 1 M NaCl for 60 s, and a 
stabilization for 120 s. 

 
 

Identification and phylogeny of DMBT1 proteins 
in mammals 

To broaden the study to other mammals, we searched for the 
presence of DMBT1 proteins for human, chimpanzee, mouse, 
rat, bovine, horse, pig, and dog species in UniProtKB databases 
(http://www.uniprot.org/). UniProtKB consists of two sections: 
Swiss-Prot, which is manually annotated and reviewed, 
and TrEMBL, which is automatically annotated and is not 
reviewed. The proteins that are manually annotated and 
reviewed were included directly. The proteins that are 
automatically annotated and not reviewed were compared 

with the previous ones using a Basic Local Alignment 
Search Tool (BLAST; Altschul et al. 1997) program to discard 
redundant data. 

To identify other eventual DMBT1 proteins, we submitted for 
each species the amino acid sequences of DMBT1 to the 
tblastn Software against the genome. Tblastn takes a protein 
query sequence and compares it against a nucleotide database, 
which has been translated in all six reading frames. When we 
observed an alignment, the localization of the sequences on 
the chromosomes was visualized using MapViewer (http:// 
www.ncbi.nlm.nih.gov/mapview/) and the amino acid 
sequence was extracted from NCBI (http://www.ncbi.nlm.nih. 
gov/protein) or Ensembl databases (http://www.ensembl.org) 
(Flicek et al. 2012). 

To make sure that DMBT1 and DMBT1-like proteins are two 
distinctive proteins, alignment of DMBT1 and DMBT1-like proteins 
for each species was performed. This was done using the Needle 
Software that builds Needleman–Wunsch global alignments of 
two sequences (http://mobyle.pasteur.fr; Neron et al. 2009). 

Phylogenetic analyses were carried out using http://www. 
phylogeny.fr. Multiple sequence alignments were performed 
using the MUSCLE algorithm. Curation was performed 
using Gblocks with non-stringent selection parameters. 
Phylogenetic trees were reconstructed using BioNJ (neighbor 
joining) and PhyML (maximum of likelihood) methods. 
Bootstrap values were estimated with 100 replications and 
the tree was rooted on the opossum DMBT1 protein (ENSM 
ODP00000010153). 

 

Statistical analysis 

The fertilization and monospermy rates were compared among 
groups using c2 analysis. Differences were considered 
statistically significant at P!0.05. 

 
 

Results 
Pre-incubation of equine and porcine oocytes with 
oviductal fluid collected at the post-ovulatory stage 

In this experiment, the in vitro maturation rate of porcine 
oocytes was 74% (of the 498 oocytes cultured in vitro, 
368 were mature). The fertilization rate of porcine 
oocytes pre-incubated with oviductal fluid (70%, 
64/92) was similar to that of the control group (65%, 
57/87) (Fig. 2A). In contrast, the monospermic fertiliza- 
tion rate was significantly higher in the oviductal fluid 
group (77%, 49/64) compared with the control group 
(53%,  30/57;  P!0.01)  (Fig.  2B).  The  addition  of  anti- 
gp340 antibodies during porcine oocyte pre-incubation 
with oviductal fluid showed a significant decrease in the 
monospermic fertilization rate (50%, 33/66 with 1 mg/ml 
anti-gp340; 41%, 23/56 with 2 mg/ml anti-gp340) 
compared  with  oviductal  fluid  (77%,  49/64;  P!0.01), 
canceling the positive effect of oviductal fluid (Fig. 2B). 
To make sure that the effect observed with anti-gp340 
antibodies was specifically due to the antibodies, 
oocytes  were  pre-incubated  with  oviductal  fluid 
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Figure 2 Fertilization rate (A and C) and monospermic fertilization rate (B) of porcine (A and B) and equine (C) oocytes pre-incubated in the control 
medium or in post-ovulatory oviductal fluid supplemented with 0 mg/ml (OF), 1 mg/ml (OFC1 Ab), or 2 mg/ml (OFC2 Ab) anti-gp340 antibodies. 
The porcine monospermic fertilization rate was significantly higher in the oviductal fluid group compared with the control group, the addition of 
anti-gp340 antibodies showed a significant decrease in the monospermic fertilization rate compared with oviductal fluid. The equine fertilization 
rate was significantly higher in the oviductal fluid group compared with the control group, and the addition of anti-gp340 antibodies showed a 
significant decrease in the fertilization rate compared with the oviductal fluid. The porcine and equine fertilization rate and the porcine 
monospermic fertilization rate were not different between oocytes pre-incubated in oviductal fluid and oocytes pre-incubated in oviductal fluid 
supplemented with preimmune serum (data not shown). Fertilization rate (D) and monospermic fertilization rate (E) of porcine oocytes pre-incubated 
in the control medium supplemented with 0, 0.01, 0.1, 1, 10, or 100 mg/ml human recombinant DMBT1. The addition of hrDMBT1 significantly 
increased the fertilization rate (0.1 mg/ml hrDMBT1) and the monospermic fertilization rate (0.01, 1, 10, or 100 mg/ml). The fractions represent the 
number of fertilized oocytes out of the number of mature, activated, and fertilized oocytes in (A, C and D), and the number of monospermic oocytes 
out of the number of fertilized oocytes in (B) and (E). Statistical differences are indicated by different letters (P!0.05). 

 
 

supplemented with preimmune serum. Their fertilization 
rate and their monospermic fertilization rate were similar 
to those for oocytes pre-incubated with oviductal fluid. 
The in vitro maturation rate of equine oocytes was 

61% (of the 254 oocytes cultured in vitro, 154 were 
mature). Equine oocytes pre-incubated with oviductal 
fluid showed a significant increase in the fertilization 
rate compared with that of the control group (62%, 
33/53 vs 37%, 21/56 for oviductal fluid and control 
groups respectively; P!0.01; Fig. 2C). The addition of 
2 mg/ml anti-gp340 antibodies during equine oocyte 
pre-incubation with oviductal fluid showed a significant 
decrease in fertilization rates (33%, 15/45 for oviductal 

fluid and 2 mg/ml anti-gp340 vs 62%, 33/53 for 
oviductal  fluid;  P!0.01),  canceling  the  positive  effect 
of oviductal fluid (Fig. 2C). To make sure that the effect 
observed with anti-gp340 antibodies was specifically 
due to the antibodies, oocytes were pre-incubated with 
oviductal fluid supplemented with preimmune serum. 
Their fertilization rate was not different from those for 
oocytes pre-incubated with oviductal fluid. All equine 
fertilized oocytes contained two pronuclei and no 
polyspermy was observed. When equine oocytes were 
incubated for 24 h in droplets of 100 ml capacitating MW 
supplemented with 5 mM procaine without spermato- 
zoa, no activation was observed. 
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Pre-incubation of porcine oocytes with hrDMBT1 

To make sure that DMBT1 was really involved in the 
effect observed earlier, oocytes were pre-incubated with 
the recombinant molecule. In this experiment, the 
in vitro maturation rate of porcine oocytes was 81% 
(of the 664 oocytes cultured in vitro, 539 were mature). 
The fertilization rate of porcine oocytes pre-incubated 
with 0.1 mg/ml of hrDMBT1 (92%, 86/93) was signifi- 
cantly higher than the control group (81%, 80/99; 
P!0.02)  (Fig.  2D).  The  monospermic  fertilization  rate 
was significantly higher for porcine oocytes pre- 
incubated with 0.01 mg/ml (42%, 29/69), 1 mg/ml (48%, 
38/79), 10 mg/ml (42%, 33/79), or 100 mg/ml (42%, 30/72) 
DMBT1 compared with the control group (25%, 20/80; 
P!0.003) (Fig. 2E). 

 

Presence of DMBT1 in the equine and porcine 
oviduct and localization in the porcine oviduct 

We analyzed the presence of DMBT1 using gel 
electrophoresis and immunoblotting in equine oviductal 
fluids collected at an unknown stage of the estrus cycle 
and in porcine oviductal fluids collected in the ampulla 
from females killed in the middle of follicular phase, 
at the end of follicular phase, at the preovulatory stage 
(4 h before ovulation), or at the post-ovulatory stage 
(6 h after ovulation). The antibody raised against 
DMBT1 revealed a band in equine and porcine samples, 
and in the four stages of the estrus cycle (Fig. 1A). The 
bands were close to 340 kDa, at the level of the band 
obtained for hrDMBT1 (Fig. 1A). 

We analyzed the localization of DMBT1 using 
immunohistochemistry and light microscopy on porcine 
oviduct sections. The data obtained on the ampulla 
sections are presented in Fig. 1B. The DMBT1 antiserum 
immunoreacted with cells of the epithelium lining the 
ampulla mucosal folds. Staining was observed mainly in 
non-ciliated cells, but also in other cell types. The 
immunostaining pattern was different in the different 
estrous cycle stages. At the beginning of the follicular 
phase, epithelial cells of the upper zone of some 
mucosal folds expressed immunoreactivity in the entire 
cytoplasm (Fig. 1B2). In the middle phase, DMBT1 was 
expressed throughout the lining epithelium in the apical 
region of the epithelial cells (Fig. 1B3). These cells 
displayed immunoreactivity from the supra-nuclear 
region to luminal surface during the final follicular 
phase. Immunopositive material was also present in the 
luminal microenvironment (Fig. 1B4). In the preovula- 
tory phase, the epithelial cells throughout the lining 
epithelium showed immunostaining from supra-nuclear 
region to the apical region from where immunopositive 
apical blebs detached and fell into the lumen (Fig. 1B5). 
Finally, 6 h post-ovulation, the immunostaining was 
still present in the entire supra-nuclear region of 

epithelial cells but no immunoreactive apical blebs 
were found (Fig. 1B6). 

The data obtained on the isthmus sections are 
presented in Fig. 1C. In the epithelium lining the 
mucosal folds of the isthmus, the antiserum immuno- 
reacted mainly with the non-ciliated cells, as well as 
other cell types. At the beginning of follicular phase, 
DMBT1 was not expressed in the epithelial cells of the 
base of mucosal trabeculae (Fig. 1C2). The immuno- 
positive epithelial cells showed staining mainly at the 
apical region (inset of Fig. 1C2). In the middle and final 
stages, DMBT1 was expressed in the apical region of 
epithelial cells, constituting also the base of mucosal 
trabeculae (Fig. 1C3 and C4). Particularly, in the 
final follicular phase, the epithelial cells secreted 
immunopositive substance, which accumulated in 
the lumen (Fig. 1C4). In the preovulatory phase, 
immunopositive blebs detached from the apical 
region of immunoreactive   epithelial   cells   along 
the entire isthmus (Fig. 1C5), whereas after 6 h post-
ovulation, a decrease in the number of immuno- 
positive epithelial cells occurred (Fig. 1C6). The negative 
control stainings yielded no immunostaining (Fig. 1B1 
and C1). 

 

Presence and localization of DMBT1 in the COCs 

In order to check for an interaction of DMBT1 on the 
COCs, porcine and equine oocytes were pre-incubated 
with oviductal fluid and processed for immunocyto- 
chemical staining using anti-gp340 antibodies and 
confocal laser scanning microscopy. In the pig, staining 
of both the ZP and the cytoplasm was observed for 
immature oocytes (with a germinal vesicle), in vitro 
matured oocytes (with a metaphase II and a polar 
body), and in vitro matured oocytes pre-incubated with 
oviductal fluid (Fig. 3A). Staining was also observed for 
cumulus cells whatever the stage of the oocyte 
(Fig. 3A). No labeling was observed in the absence 
of primary antibodies regardless of the group (Fig. 3A). 
No auto-fluorescence was observed in the absence of 
secondary antibodies. In the horse, as in the pig, 
staining of both the ZP and the cytoplasm was 
observed for immature and in vitro matured oocytes 
pre-incubated or not with oviductal fluid, as well as 
cumulus cells (data not shown). No labeling was 
observed in the absence of primary or secondary 
antibodies. 

To confirm the presence of DMBT1 in the COCs, gel 
electrophoresis and immunoblotting were performed on 
porcine COCs collected from the ovaries of females 
killed in a commercial abattoir. In the lanes where 
50 and 100 COCs have been loaded, the anti-gp340 
antibodies revealed a band close to 340 kDa (Fig. 3B). 
The low availability of equine ovaries in the abattoirs did 
not allow us to collect enough equine COCs for gel 
electrophoresis and immunoblotting. 
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Figure 3 (A) Optical sections in the equatorial plane 
of porcine immature oocyte (1), in vitro matured 
oocyte (2) in vitro matured oocyte pre-incubated 
with oviductal fluid (3 and 5) and in the upper- 
surface plane of in vitro matured oocyte with 
cumulus cells (4) incubated with anti-gp340 
antibodies (1, 2, 3 and 4) or no primary antibodies 
(5) and observed with a confocal laser scanning 
microscope. (B) Gel electrophoresis and immuno- 
blotting on porcine COCs collected from the ovaries 
of slaughtered females. Five to 100 COCs have been 
loaded onto each lane and revealed with the anti- 
gp340 antibody. 

 
 
 

Interaction of DMBT1 with porcine spermatozoa 
using surface plasmon resonance 

In order to check for an interaction between DMBT1 and 
spermatozoa, we performed surface plasmon resonance 
experiments. We showed that the injection of porcine 
sperm plasma membrane preparations on the test FC 
resulted in a binding to hrDMBT1 captured by the 
immobilized anti-gp340 antibodies (Fig. 4A). The same 
membrane preparation injected simultaneously into the 
control FC (immobilized anti-gp340 antibodies without 
pre-injection of hrDMBT1) resulted in a low non-specific 
binding signal (Fig. 4B). A low non-specific binding 
signal was also observed after the injection into the two 
FC of the supernatant of the sperm plasma membrane 
preparations (Fig. 4C and D) or the BSA solution (data 
not shown). These results show an interaction of DMBT1 
with porcine sperm plasma membrane preparations. 

 

Identification and phylogeny of DMBT1 proteins in 
mammals 

To broaden the study to other mammals, we searched for 
the presence of DMBT1 proteins in databases. Table 1 
shows an updated list of the DMBT1 proteins in human, 
chimpanzee, mouse, rat, bovine, horse, pig, and dog 
species. In all species, except the chimpanzee, two 
proteins were identified, generally called DMBT1 and 
DMBT1-like protein in the databases. In the chimpanzee, 
the tblastn of human DMBT1 vs chimpanzee genome 
showed two matches located on chromosome 10. The 

first one was called DMBT1 protein-like. For the second 
one (LOC745251), no amino acid sequence was found. 

In all species, except the pig, the two DMBT1 genes are 
located in a syntenic region on the same chromosome. 
In the pig, the two genes are located on chromosomes 
6 and 14 respectively. The pig chromosome 14 region 
that contains DMBT1 also contains FAM24A-like 
(XP_003133260), which was also found in the syntenic 
region that contains DMBT1 in other species. 

To make sure that DMBT1 and DMBT1-like proteins 
are two distinct proteins, global alignments of DMBT1 
and DMBT1-like proteins for each species were done. 
They showed low percentages of identity and low 
percentages of similarity (data not shown). 

A first phylogenetic tree was reconstructed using all the 
sequences presented in Table 1 (data not shown). 
However, the phylogenetic tree and the multiple align- 
ment data showed that the amino acid sequence of dog- 
DMBT1-like (XP_548815) was highly divergent from the 
other sequences. Thus, this sequence was removed from 
the dataset of sequences used for new phylogenetic 
reconstructions. The phylogenetic trees obtained using 
BioNJ (Neighbor Joining) and PhyML (Maximum of 
Likelihood) methods are presented in Fig. 5. Both trees 
contain two groups of proteins, the DMBT1 protein and 
the DMBT1-like protein, each having a common ancestral 
gene. The branches of the DMBT1-like proteins are 
generally longer than the branches of the DMBT1 
proteins. The so-called chimpanzee DMBT1-like protein 
is in the group of DMBT1 proteins, suggesting that this 
chimpanzee protein could be DMBT1 and should be 
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equine oocytes for experiments, we did not analyze the 
effect of pre-incubation of equine oocytes with 
hrDMBT1 on fertilization yet. 

Our results confirm the beneficial effect of oviductal 
fluid showed in previous studies (Coy et al. 2008, Lloyd 
et al. 2009). These studies reported that exposure of 
oocytes to periovulatory oviductal fluid increased ZP 
resistance to proteolytic digestion and monospermic 
rates after IVF in porcine and bovine species. Moreover, 
pre-incubation of porcine oocytes increased cleavage 
and blastocyst developmental rates. These findings 
showed that oviductal fluid is capable of providing 
oocytes with components over a very short period of 

Figure 4 Surface plasmon resonance binding data. On the test flow cell 
(FC), 6 mM hrDMBT1 were injected onto immobilized anti-gp340 
antibodies, and then porcine sperm plasma membrane preparations (A) 
or the supernatant of the sperm plasma membrane preparations (C) 
were injected. In the control FC (immobilized anti-gp340 antibodies 
without pre-injection of hrDMBT1), porcine sperm plasma membrane 
preparations (B) or the supernatant of the sperm plasma membrane 
preparations (D) were injected. The test FC sensorgrams show a first 
association phase (increasing response) during the 600-s injection of 
hrDMBT1, followed by a second association phase during the 600-s 
injection of sperm membranes (A) or a low signal during the injection of 
the supernatant (C), followed by a dissociation phase (decreasing 
response). The control FC sensorgrams show no signal in the first part, 
followed by a low signal during the injection of sperm membranes (B) 
or the supernatant (D). 

 
reclassified as chimpanzee DMBT1. The pig DMBT1 gene 
located on chromosome 14 (ENSSSCP00000011425) is in 
the group of DMBT1-like proteins, suggesting that this 
gene encodes a DMBT1-like protein and should be 
reclassified as pig DMBT1-like. 

 
 

Discussion 
To our knowledge, this is the first study analyzing the role 
of DMBT1 in the mechanisms of fertilization. For this 
purpose, we decided to study two models, equine and 
porcine, that have different efficiencies in IVF rates. 
Our results suggest an involvement of DMBT1 in 
the fertilization process in both species. Our first 
objective was to evaluate the role of oviductal secretions 
in fertilization and the involvement of DMBT1 in 
this process. 

In our conditions, pre-incubation of porcine and 
equine oocytes with oviductal fluid significantly 
increased monospermic IVF rates. These positive effects 
were canceled once anti-gp340 antibody was added to 
oviductal fluid, suggesting the involvement of DMBT1 
(or a factor attached to DMBT1) in the fertilization 
process. This hypothesis has been confirmed after further 
experiments in which hrDMBT1 was used. In fact, pre- 
incubation of porcine oocytes with hrDMBT1 at different 
concentrations significantly increased both fertilization 
and monospermic fertilization rates. Owing to the low 
availability of equine ovaries in abattoirs and therefore of 

time between IVM and IVF, which benefit fertilization, 
embryo development, and embryo quality, and from our 
results, DMBT1 seems to be one of these components. 

In previous studies, DMBT1 (previously called SBG 
in the pig) has been proposed to be implicated in 
sperm selection through acrosome alteration and 
suppression of motility of a subpopulation of sperm 
that have begun capacitation prematurely (Teijeiro 
et al. 2008, Teijeiro & Marini 2012a). Using surface 
plasmon resonance experiments, we showed an inter- 
action between DMBT1 and sperm plasma membrane 
preparations. Thus, from our results, we can provide 
new evidence on the relevance of this molecule during 
the fertilization process. 

Our second aim was to clarify the role of DMBT1. We 
analyzed the expression of DMBT1 in the oviductal 
fluids, and we found that DMBT1 is present in both 
equine and porcine oviducts. Moreover, DMBT1 is 
present in the pig oviduct in all the examined stages of 
the estrus cycle. The presence of DMBT1 in the oviduct 
was then confirmed by immunohistochemical analysis. 
We analyzed the localization of DMBT1 in different 
sections of porcine oviduct (ampulla and isthmus) during 
the different estrous cycle stages. In both regions, the 
immunostaining was present mainly in non-ciliated 
cells, which are secretory cells mainly involved in the 
synthesis and release of glycoproteins that dissolve in the 
oviductal fluid (Buhi 2002, Abe & Hoshi 2007, Desantis 
et al. 2011), but also in other cell types. The secretion of 
DMBT1 seems to follow the stages of the estrus cycle, as 
the presence of the protein is observed from the end of 
follicular phase in both isthmus and ampulla. This result 
is also confirmed by the observation that the immunor- 
eactivity at the beginning of the follicular phase is in the 
cytoplasm and in the apical region of epithelial cells. 
From the middle of the follicular phase, then, it is mainly 
concentrated in the apical surface, indicating that cells 
are preparing for DMBT1 secretion. Moreover, we found 
that at the end of follicular stage and in the preovulatory 
phase, DMBT1 is present in the apical region of secretory 
cells as well as in the lumen of both ampulla and isthmus 
segments. The evidence that in the post-ovulatory stage, 
the expression of DMBT1 was found in the apical region 
of epithelial cells seems to show a continuous epithelium 
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Table 1 Updated list of the DMBT1 proteins in mammals with their UniProt, GenBank, and Ensembl accession numbers and localization. 
For humans and rats, the accession numbers of the two longest transcripts have been mentioned. 

 

Species Name of the protein UniProtKB GenBank Ensembl Localization 
Homo sapiens (human) 
 
 
H. sapiens (human) 

Deleted in malignant brain 
tumors 1 protein (the 
gene has 15 transcripts) 

Putative DMBT1-like 

Q9UGM3 
 
 

A6NE64 

XP_003403680 
BAA78577 

ENSP00000357911 
ENSP00000342210 

10q26.13 
 
 

10q26.13 
 

Pan troglodytes 
(chimpanzee) 

protein 
Deleted in malignant brain 

tumors 1 protein-like 

 
XP_003339241 ENSPTRP00000042778 Chromosome 10 
XP_003312842 
XP_003312844 

Mus musculus (mouse) Deleted in malignant brain 
tumors 1 protein (the 
gene has two transcripts) 

M. musculus (mouse) Putative DMBT1-like 
protein 

Rattus norvegicus (rat) Deleted in malignant brain 
tumors 1 protein (the 
gene has six transcripts) 

R. norvegicus (rat) Deleted in malignant brain 
tumors 1 protein-like 

Q60997 AAH49835 ENSMUSP00000006366 Chromosome 7 
BC049835 ENSMUSP00000081556 

 
Q8BZE1 Chromosome 7 

 
Q8CIZ5 NP_074040 ENSRNOP00000051794 Chromosome 1 

XP_003749045 ENSRNOP00000027919 
 

XP_003749046 Chromosome 1 

Bos taurus (bovine) DMBT1 F1MD73 DAA14688 ENSBTAP00000015890 Chromosome 26 
B. taurus (bovine) Deleted in malignant brain 

tumors 1 protein-like 
Equus caballus (horse) Deleted in malignant brain 

tumors 1 protein 
E. caballus (horse) Deleted in malignant brain 

tumors 1 protein-like 
Sus scrofa (pig) Deleted in malignant brain 

tumors 1 protein 
 

S. scrofa (pig) Deleted in malignant brain 
tumors 1 protein 

Canis lupus familiaris (dog)  Deleted in malignant brain 
tumors 1 protein (the 
gene has three transcripts) 

C. lupus familiaris (dog) Deleted in malignant brain 
tumors 1 protein-like 

XP_003584177 Chromosome 26 
 

F6TJS5 XP_001495444 ENSECAP00000006236 Chromosome 1 

ENSECAP00000016995 Chromosome 1 

Q4A3R3 CAJ27171 ENSSSCP00000003229 Chromosome 6 
CAJ14977 
NP_001041653 

F1SEE7 XP_003133265 ENSSSCP00000011425 Chromosome 14 
 
F1PRV8 XP_544052 ENSCAFP00000018537 Chromosome 28 
F1PSK2  ENSCAFP00000018515 
F1PSL5 ENSCAFP00000018502 

XP_548815 Chromosome 28 

 
 

 
secretion in order to guarantee an optimal oviductal 
environment to maintain the capacity of the isthmus for 
sperm selection and the ampulla for receiving oocytes. 

In a previous study (Perez et al. 2006), immuno- 
histochemical analysis of DMBT1 in oviducts obtained 
from gilts of approximately 120 days of age. Advances 
in in vitro production of pig embryos was performed. 
The results showed that DMBT1 localizes preferentially to 
the apical surface of epithelial cells, it is concentrated 
at the lumen rather than at the bottom of the folds and 
crypts of the fallopian tube, and there is a bigger amount 
of DMBT1 in the isthmus than in the ampulla. Our results 
are in agreement with these findings even if we did not 
find any difference between isthmus and ampulla. It is 
important to notice that the previous study was performed 
in the prepubertal stage and that they did not compare 
the different estrus cycle stages as we did in this study. 

Immunofluorescence studies and confocal micro- 
scopy showed localization of DMBT1 in the ZP and 
cytoplasm of both porcine and equine oocytes, as well 
as cumulus cells. The presence of DMBT1 in porcine 
COCs was also confirmed by immunoblotting analysis. 
This is the first study, to our knowledge, in which the 
presence of DMBT1 in the oocytes has been analyzed. 

These findings indicate that DMBT1 could act as a bridge 
between oocytes and sperm cells or oocytes and 
oviductal cells. DMBT1 could mediate their interaction 
by linking other associated proteins that can interact with 
DMBT1 and mediate its effect. DMBT1 has been shown 
to react with integrins, molecules that are involved in 
gamete interaction (Vijayakumar et al. 2008), and a 
recent study (Teijeiro & Marini 2012b) showed that 
S100A7 (psoriasin), a protein localized at the head 
of sperm cells, interacts with DMBT1. Moreover, our 
results, obtained by surface plasmon resonance, showed 
an interaction between DMBT1 and porcine spermato- 
zoa, giving more emphasis on this hypothesis. 

Previous studies reported the hypothesis that DMBT1 
is involved in sperm-negative selection, by damaging 
those spermatozoa that have begun capacitation when 
they arrive at the oviduct (Teijeiro et al. 2008, Teijeiro & 
Marini 2012a). Our results add more information on 
the role of DMBT1 showing that it can be involved not 
only in this negative selection but also in pathways, 
such as fertilization, in which oocytes, sperm cells, and 
the oviduct are involved. 

Our bioinformatics analyses allowed us to identify 
two distinctive proteins, generally called DMBT1 and 
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Figure 5 Phylogenetic trees of the DMBT1 proteins 
reconstructed using BioNJ (A) and PhyML (B) 
methods. Branch lengths indicate rates of evolution. 
The values at the tree nodes represent bootstrap 
values. 

 

DMBT1-like in the databases, in human, mouse, rat, 
bovine, horse, and dog species. In the pig, the two 
proteins are called DMBT1. The pig DMBT1 genes 
are located on two different chromosomes, 6 and 14. The 
localization of the sequences on the chromosomes 
using MapViewer showed that the region of chromo- 
some 14 containing the pig DMBT1 gene that encodes 
the protein ENSSSCP00000011425 also contains the 
gene FAM24A-like, as in the dog, cow, chimpanzee, 
mouse, and rat species. Moreover, the region of 
chromosome 6 containing the pig DMBT1 gene that 
encodes the protein ENSSSCP00000003229 also 
contains the spermadhesins PSP-I, PSP-II, AQN1, and 
AWN1, as in the bovine species (DMBT1 and DMBT1- 
like genes are located close to the spermadhesins 
SPADH1 and SPADH2). This synteny analysis would 
suggest a breaking of synteny in the pig. According to 
the phylogenetic trees, we suggest that chromosome 
6 contains the pig orthologous gene of the human 
DMBT1 gene as the pig DMBT1 located on chromosome 
6 (corresponding to ENSSSCP00000003229) shares a 
common ancestral gene with the other DMBT1 genes. 
The pig DMBT1 located on chromosome 14 (corre- 
sponding to ENSSSCP00000011425) shares a common 
ancestral gene with the other DMBT1-like genes. In all 
species except the pig, the two proteins are located on 
the same chromosome. Reconstruction of phylogenetic 

trees could suggest that DMBT1 genes share a common 
ancestral gene and that DMBT1-like genes share another 
common ancestral gene. The low percentages of identity 
and similarity between the DMBT1 and DMBT1-like 
proteins as well as the longer branches of the phylo- 
genetic trees for the DMBT1-like proteins suggest that 
the DMBT1-like genes have accumulated a high number 
of mutations during evolution. The evolution of this gene 
results probably from chromosomal rearrangements. 
Evolution of DMBT1-like genes could confer a specific 
role of the DMBT1-like protein, i.e. an alternative and/or 
complementary function to DMBT1 protein. 

Finally, under our experimental conditions, we 
observed that during equine IVF, we obtained IVF rates 
of 62%, after pre-incubation of oocytes with oviductal 
fluid. This result is interesting, considering that conven- 
tional IVF has only limited success in equine species 
(Palmer et al. 1991, Dell’aquila et al. 1996, Hinrichs 
et al. 2002, McPartlin et al. 2009, Mugnier et al. 2009). 
We chose the technique developed by McPartlin et al. 
(2009) in which spermatozoa were hyperactivated 
using procaine. In this study, they obtained IVF rates 
of 61% but their results do not seem to be repeatable, 
and we obtained 37% under the same conditions (our 
control group). A recent study (Ortgies et al. 2012) 
analyzed the effect of procaine, pentoxifylline, and 
trolox on capacitation and hyperactivation of stallion 

 



 

 

spermatozoa. Their findings showed that the com- 
bination of capacitating MW and procaine gave the 
best results for the induction of capacitation and 
hyperactivation in stallion spermatozoa. Our result is 
therefore encouraging for future successful IVF in 
equine species. Moreover, the improvement of mono- 
spermic fertilization rates that we observed in the pig 
is also encouraging in this species as polyspermy is 
still a problem. 

In conclusion, we showed the involvement of 
DMBT1 in the fertilization process in the pig and the 
horse, its presence in the COCs, and confirmed and 
further analyzed its presence in the oviduct as well as 
an interaction between DMBT1 and spermatozoa. The 
presence of DMBT1 in other species such as human, 
mouse, rat, cattle, and dog allows us to hypothesize 
a role in the fertilization process in these species. 
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