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ABSTRACT

Vertebrate eggs are surrounded by an extracellular matrix
with similar functions and conserved individual components: the
zona pellucida (ZP) glycoproteins. In mammals, chickens, frogs,
and some fish species, we established an updated list of the ZP
genes, studied the relationships within the ZP gene family using
phylogenetic analysis, and identified ZP pseudogenes. Our study
confirmed the classification of ZP genes in six subfamilies: ZPA/
ZP2, ZPB/ZP4, ZPC/ZP3, ZP1, ZPAX, and ZPD. The identifica-
tion of a Zpb pseudogene in the mouse genome, Zp1
pseudogenes in the dog and bovine genomes, and Zpax
pseudogenes in the human, chimpanzee, macaque, and bovine
genomes showed that the evolution of ZP genes mainly occurs
by death of genes. Our study revealed that the extracellular
matrix surrounding vertebrate eggs contains three to at least six
ZP glycoproteins. Mammals can be classified in three categories.
In the mouse, the ZP is composed of three ZP proteins (ZPA/ZP2,
ZPC/ZP3, and ZP1). In dog, cattle and, putatively, pig, cat, and
rabbit, the zona is composed of three ZP proteins (ZPA/ZP2,
ZPB/ZP4, and ZPC/ZP3). In human, chimpanzee, macaque, and
rat, the ZP is composed of four ZP proteins (ZPA/ZP2, ZPB/ZP4,
ZPC/ZP3, and ZP1). Our review provides new directions to
investigate the molecular basis of sperm-egg recognition,
a mechanism which is not yet elucidated.

evolution, fertilization, gamete biology, oocyte development,
ovum, pseudogene, zona pellucida

INTRODUCTION

Vertebrate eggs are surrounded by an extracellular matrix
called the chorion in fish, the vitelline envelope in amphibians,
the perivitelline envelope in reptiles and birds, and the zona
pellucida (ZP) in mammals. These extracellular matrices have
similar functions. They participate in taxon-specific sperm-egg
binding during fertilization and protect the embryo during early
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development. Moreover, they have similar ultrastructures,
composed of fibrous matrices with conserved individual
components featuring common protein domains.

The ZP matrix that surrounds all mammalian oocytes is
composed of three to four major glycoproteins. Remarkably, the
different ZP glycoproteins share an apparent overall similar
architecture, around a conserved C-terminal ZP domain,
preceding their transmembrane segment. The ZP domain is a
large domain (~260 residues) found in a wide variety of
extracellular proteins with various functions [1]. Sequences
downstream from the ZP domains are much variable and present
marked differences between the ZP proteins (see below).
The initial nomenclature of the ZP glycoproteins was based
on the apparent molecular weight of the mouse ZP proteins after
migration by SDS-PAGE. These proteins were named ZPI,
ZP2, and ZP3 from the highest to the lowest apparent molecular
weight, respectively [2]. Zona pellucida glycoproteins that have
been subsequently described in other species have been named
according to several criteria, including apparent molecular
weight and charge following two-dimensional gel electropho-
resis [3], the size of the cDNAs (with Zpa being the largest and
Zpc the smallest) [4], as well as sequence identity comparison
[5, 6]. This has resulted in a confused nomenclature.

The situation for the pig species was particularly confusing.
Electrophoretic analysis suggested that the pig ZP family was
composed of four distinct proteins [7]. Other investigators
reported that the pig ZP family was composed of three proteins,
referred to as PZI, PZII, and PZIII [8, 9], or ZP1, ZP2, and ZP3
[10]. Later studies suggested the presence of a fourth pig ZP
protein, referred to as PZIV [11] or 25K [12]. Additional studies
suggested that the ZP3 component was actually a mixture of two
different proteins, referred to as ZP3alpha and ZP3beta [13].

In an attempt to clarify the relationship between the different
classes of ZP genes, Harris et al. [4] proposed a unified system
of nomenclature in which ZP genes were named in order of the
length of their encoded protein sequences with a new letter-
based system. Thus, ZP2 became ZPA, ZPI became ZPB, and
ZP3 became ZPC. However, the number system and the letter
system are used concurrently by different groups, increasing
the confusion. For example, in humans, ZPB and ZP/ are two
distinct genes [14]. In the pig, ZP! and ZP2, described as
separate genes, are two names of the same gene [15, 16]. Later,
Conner et al. [17] proposed a simplified naming system in
which ZP genes are termed ZP1, ZP2, ZP3, and ZP4. They
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focused on the four main classes of ZP protein, omitting ZPAX
and ZPD subfamilies. Spargo and Hope [15] have also created
a logical system of nomenclature on the basis of which an
updated classification can be proposed.

Here, we have established an updated list of the ZP genes in
mammals, chickens, and frogs. In these species and some fish
species we have established the relationships within the ZP
gene family using phylogeny. Finally, we have identified ZP
pseudogenes in several species. This will help to understand
the characteristic evolution of these reproductive proteins.

ANNOTATION OF VERTEBRATE ZP GENES BY PHYLO-
GENETIC ANALYSIS

The nomenclature used to describe ZP genes and proteins
from different mammalian species is very confusing. We
established an updated list of the ZP genes in mammals,
chickens, and frogs, and we identified orthologous and
paralogous genes on the basis of phylogenetic analyses.
Phylogenetic analyses were carried out using FIGENIX
software (http://www.up.univ-mrs.fr/evol/figenix) [18], which
produces a consensus tree according to the three approaches,
the Neighbor Joining method [19], the Maximum Parsimony
method [20], and the Maximum Likelihood method [21]. The
dataset of putative homologous sequences used for phyloge-
netic reconstruction is built by BLAST that performs local
alignment of peptide sequences. Then, sequences are submitted
to the MUSCLE software (http://www.drive5S.com/muscle)
[22, 23], which performs a multiple alignment of complete
peptide sequences. The sequences of interest used as query were
the amino acid sequences of the pig ZPA/ZP2 and ZPC/ZP3.

Table 1 shows an updated list of the ZP genes in mammals,
chickens, and frog, as well as the Swissprot and GenBank
accession numbers and the current name of all of these
ZP genes. Three to six ZP genes are present in these species.
To avoid confusion, fish ZP sequences have been omitted, as
there have been both genome and gene duplications giving rise
to multiple gene copies [24].

An Updated Annotation of ZP Genes

The results of the phylogenetic analyses are shown in
Figures 1 and 2 and in the supplemental data (Supplementary
Fig. 1 and Supplementary Fig. 2, available online at www.
biolreprod.org). When the phylogenetic analysis is built with
FIGENIX using the amino acid sequence of the porcine ZPA as
query, the phylogenetic tree contains the genes from the ZPA/
ZP2, ZPB/ZP4, ZP1, ZPD, and ZPAX subfamilies, but not the
ZPC/ZP3 subfamily (Fig. 1 and Supplementary Fig. 1). As
previously suggested [5], a gene duplication gave rise to two
paralogous groups of genes within the ZPB subfamily, ZPI and
ZPB/ZP4, since the phylogenetic tree shows that they share a
common ancestral gene. This common ancestral gene shares a
common ancestral gene with the ZPA/ZP2 subfamily, and the
latter shares a common ancestral gene with the ZPAX subfamily.
These genes share a common ancestral gene with the ZPD
subfamily. This ZPD subfamily shares an ancestral gene with
the CUZD1/DMBT1 gene subfamily (CUB and zona pellucida-
like domains 1/Deleted in Malignant Brain Tumors 1).
When the phylogenetic analysis is built using the amino acid
sequence of the porcine ZPC as query, the phylogenetic tree
only contains the genes from the ZPC/ZP3 subfamily (Fig. 2 and
Supplementary Fig. 2). This subfamily shares an ancestral gene
with the DMBT1 gene subfamily. We never could obtain any
consensus tree containing the six ZP subfamilies. This raises the
question of an ancestral gene with ZPC. One could hypothesize
that the first event in ZP evolution could be a gene duplication
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event, which gave rise to the ancestral ZPC gene and to the
ancestral gene of the ZPA/ZP2, ZPB/ZP4,7ZPD, ZP1, and ZPAX
subfamilies. Spargo and Hope [15] provide some evidence that
the first event in ZP evolution was a gene duplication event,
which gave rise to the ancestral ZPC gene and to the precursor of
all other ZP gene subfamilies. In fish species, there are several
ZPC/ZP3 genes. For example, the phylogenetic tree exhibits
four Oryzias latipes ZPC-ZP3 genes—ZPC2,ZPC3, ZPC4, and
ZPC5—and three Danio rerio ZPC/ZP3 genes—ZP3, ZP3a and
ZP3b. As stated above, due to the degree of diversity of ZP in
these species, the clarification of fish ZP gene classification
requires further analysis that is not presented here because it
would have increased the complexity of our data.

The ZP subfamilies share an ancestral gene with the
CUZD1/DMBTI1 gene subfamily. The CUZD1/DMBT1 sub-
family contains proteins that incorporate two domains, the CUB
domain and the ZP domains [25-29]. These two domains are
present in two separate families of proteins implicated in sperm-
egg recognition: the CUB domain is found in the spermadhesins
[30], and the ZP domain is found in the ZP proteins [31].
Moreover, the CUZD1/DMBTI1 proteins are expressed in the
female genital tract under estrogen regulation [25-27, 32]. This
suggests that these proteins may possess a role in fertilization.

The phylogenetic analysis allowed us to classify ZP genes in
six subfamilies: the ZPA/ZP2 subfamily, the ZPB/ZP4 subfam-
ily, the ZPC/ZP3 subfamily, the ZP] subfamily, the ZPAX
subfamily, and the ZPD subfamily. It should be noted that two
so-called Macaque (Mra) ZP! were identified, one being
reclassified here in the ZPB/ZP4 subfamily [33], and the other
in the ZP1 subfamily. Moreover, the so-called marmoset (Cja)
ZP1 gene [34] was reclassified here in the ZPB/ZP4 subfamily,
and the so-called pig ZP1 gene [35] was reclassified here in the
ZPA/ZP2 subfamily, because the genes previously named ZP]
[35], ZP2 [36], and ZPA [37] in this species encode for the same
protein. There are actually three distinct ZP genes in the pig: the
ZPA/ZP2 gene previously called ZP1 [10], the ZPB/ZP4 gene
previously called ZP3alpha [13], and the ZPC/ZP3 gene
previously called ZP3beta [13].

The murine ZP is composed of three major glycoproteins,
ZP1,7ZP2, and ZP3 [2], and it was suggested that the human ZP
was composed of three distinct proteins, ZPA, ZPB, and ZPC [4].
The complete cDNA sequence of the mouse Zpl/ gene was
determined subsequently to the sequence of the human ZPB
cDNA sequence [4, 38]. It was assumed that the mouse ZP1
was orthologous to human ZPB [38] because it shared greater
amino acid sequence identity with human ZPB than with
human ZPA or ZPC, until a human genomic sequence
orthologous to the mouse Zp/ gene and paralogous to the
human ZPB gene was identified [39]. Soon after, Bausek et al.
[5] suggested that a gene duplication gave rise to two
paralogous groups of genes within the ZPB subfamily:
ZPI and ZPB. Our bioinformatic analysis now clarifies the
classification of the ZP/ and ZPB genes, with the ZPB/ZP4
subfamily containing the ortholog of human ZPB/ZP4, and the
ZP1 subfamily containing the human, chimpanzee, macaque,
mouse, rat, and chicken ZP/.

The avian oocyte is surrounded by the perivitelline
membrane, which is equivalent to the ZP. Whereas the
mammalian ZP has three to four main glycoproteins, the
chicken perivitelline membrane is composed of six glycopro-
teins: ZP1/ZPB1, ZPA/ZP2, ZPB/ZP4/ZPB2, ZPC/ZP3, ZPD/
ZPX2, and ZPAX/ZPX1 [40]. The genetic and physical
mapping of these genes has been performed [40]. The Xenopus
egg envelope contains five main glycoprotein components:
ZPA, ZPB, ZPC, ZPD/ZPX2, and ZPAX/ZPX1 [15]. As stated
above, the fish gene family is complex, and all of the ZP genes
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TABLE 1. Characterized genes belonging to the ZP gene family.

Current symbol GenBank accession no. SwissProt UniProt accession no.

Sus scrofa (Ssc), Pig

ZPA/ZP2 (also named ZP1 [10, 15]) NM_213848 P42099
D45064
122170
S74651
ZPB/ZP4 (also named ZP3alpha [13]) NM_214045 Q07287
L11000
ZPC/ZP3 (also named ZP3beta [13]) NM_213893 P42098
122169
D45065
Bos taurus (Bta), Cow
ZPA/ZP2 NM_173973 Q9BH10
AB042653
ZPB/ZP4 (also named ZPB2 [16]) NM_173975 QI9BH11
AB042652
ZPC/ZP3 (also named ZP3B [4]) NM_173974 P48830
U05775
BT021613
Canis familiaris (Cfa), Dog
ZPA/ZP2 NM_001003304 P47983
D45069
U05779
ZPB AY573930
ZPC/ZP3 NM_001003224 P48831
U05780
D45070
Felis catus (Fca), Cat
ZPA/ZP2 NM_001009875 P47984
D45067
U05776
ZPB/ZP4 (also named ZPB2 [16]) NM_001009260 P48834
uo05777
ZPC/ZP3 NM_001009330 P48832
U05778
D45068
Oryctolagus cuniculus (Ocu), Rabbit
ZPA/ZP2 (also named 75kDa [16]) L12167 P48829
ZPB/ZP4 (also named ZPB2 [16]) M58160 Q00193
ZPC/ZP3 U05782 P48833
Homo sapiens (Hsa), Human
ZPA/ZP2 NM_003460 Q05996
AF001550
BC096304
BC096305
BC096306
BC096307
M90366
ZPB/ZP4 (also named ZPB2 [16]) NM_021186 Q12836
AL359924
BC069521
u05781
ZPC/ZP3 NM_007155 P21754
M60504
X56777
A18567
ZP1 NM_207341 P60852
AC004126
Macaca radiata (Mra), Bonnet monkey
ZPA/ZP2 Y10690 077726
ZP1 (also named ZPB2 [16]) Y10381 019027
Y10383
ZPC/ZP3 X82639 P53785
ZP1 EF530200
ABP88868
Macaca fascicularis (Mfa), Crab-eating macaque
ZPA AY222645 Q864C1
ZPB AY222647 Q86150
AY222648
ZPC AY222644 Q864C2
Macaca mulatta (Mmul), Rhesus macaque
ZPA/ZP2 XM_001091029

XM_001091147
ZPB/ZP4 XM_001096956
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TABLE 1. Continued.

Current symbol GenBank accession no. SwissProt UniProt accession no.

XM_001096846

ZPC/ZP3 XM_001114760
ZP1 XM_001084628
Callithrix jacchus (Cja), White-tufted-ear marmoset
ZP2 Y10767 P79160
ZP1 (also named ZPB2 [16]) Y10822 P79159
Callithrix sp.(Csp), Marmoset
ZPC/ZP3 S71825 P53786
Pan troglodytes (Ptr), Chimpanzee
ZPA/ZP2 XM_510869
ZPB/ZP4 XM_525105
ZPC/ZP3 XM_519164
ZP1 XM_522022
Papio cynocephalus (Pcy), Yellow baboon
ZPB AY222646
Mus musculus (Mmus), House mouse
ZPA/ZP2 NM_011775 P20239
BC071183
M34148
ZPC/ZP3 NM_011776 P10761
X14376
M20026
ZP1 (also named ZPB1 [16]) NM_009580 Q62005
U20448
U24227
U24228
u24229
U24230
Rattus norvegicus (Rno), Rat
ZPA/ZP2 NM_031150 054767
AB000929
ZPB/ZP4 (also named ZPB2 [16]) NM_172330 Q8CH34
AF456325
ZP3 NM_053762 P97708
Y10823
D78482
ZP1 (also named ZPB1 [16]) NM_053509 054766
AB000928
Gallus gallus (Gga), Chicken
ZPA/ZP2 BNO00O517 Q5CZI6
BAE72123 Q2PGY2
ZPB/ZP4/ZPB2 AB025428 Q6WV21
BAA76739
NM_204879
ZPC/ZP3 AY628622 P79762
NM_204389
AB031033
ZP1/ZPB1 NM_204683 QI9DER4
AJ289697 Q6WV24
ZPAX/ZPX1 NM_001045837 Q684L7
AJ698915 Q6WV22
ZPD/ZPX2 AB114441 Q766V2
BAD13713
NP_998741
NM_213576
Xenopus laevis (Xla), African clawed frog
ZPA/ZP2/69kDa AAD12172 073735
BC079825 QO6AX05
AF038151
ZPB/ZP4/gp37 XLU44950
BC123370
AAA91465
ZPC/ZP3 U44952 Q91675
AAB39079
BC072326
ZPAX/ZPX1 AF225906
AY079195
AAF43011
ZPD/ZPX2 XLU44949 Q91672
AY079194
AAA91467

Xenopus tropicalis (Xtr), Western clawed frog
ZPA AY079191
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TABLE 1. Continued.

Current symbol

GenBank accession no.

SwissProt UniProt accession no.

NM_203524
NP_988855
AY079192
NM_203523
AY079193
NM_203522
AY079195
NM_203520
ZPD AY079194
NM_203521

ZPB/ZP4
ZPC/ZP3

ZPAX

Q28CH4

Q28G34

Q28FD6

were not present in the tree that we generated, likely due to the
high degree of divergence with mammalian ZP genes.

The automatic alignments provided by the BLAST2
software between paralogous genes, which mainly focused
on the much conserved ZP domains, show relatively high
levels of divergence. These alignments did not take into

_42 39 *

account the N-terminal extensions which exist in ZP proteins,
with the exception of ZPC (as well as the chicken ZPD). We
recently showed that these extensions are made of divergent
copies of ZP-N domains [41]. ZP-N domains consist in the
N-terminal part of ZP domains, which have been shown to exist
independently of the C-terminal regions in proteins, such as

FIG. 1. Phylogenetic tree of the ZP gene
family obtained when the FIGENIX BLAST
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PLACI and Oospl, and fold autonomously [42]. ZP1 and ZPB
possess one divergent copy of the ZP-N domain in their N-
termini, whereas ZPA and ZPAX have several (the first one
being much more related to the single ZP-N copy of ZP1 and
ZPB; Fig. 3).

Verification of Orthology Relationship by Localization of
Genes in Syntenic Chromosomal Regions

To further ascertain the identity of ZPA, ZPB, ZPC, and
ZP1 orthologous genes in the rat, mouse, and human, we
verified that they are all mapped in syntenic regions in these
three species (Table 2). Mapping of the human, mouse, and rat
ZP genes in the corresponding genomes was performed using
both the Ensembl genome browser software (http://www.
ensembl.org/; release 47, October 2007) [43] and the BLAT
Search software from the UCSC Genome Bioinformatics
address (http://genome.ucsc.edu) [44]. In particular, the human
chromosome 16 region that contains ZPA/ZP2 is syntenic to
the murine chromosome 7 region that contains Zpa/Zp2. The
chromosomal localization of the rat Zpa/Zp?2 is not established.
However, the ZPA/ZP2 gene on human chromosome 16 is
localized close to (approximately 200 kb) the dynein axonemal
heavy polypeptide 3 gene (DNAH3, GenBank accession no.
NM_017539, gene map locus 16p12) [45, 46]. The rat gene
orthologous to human DNAH3 maps to chromosome 1
(gene map locus 1q35), which shows conserved synteny with
the region of human chromosome 16, in which both DNAH3
and ZPA are localized. Moreover, the human chromosome 1
region that contains ZPB/ZP4 is syntenic to the rat chromo-
some 17 region that contains Zpb/Zp4. The human chromo-
some 7 region that contains ZPC/ZP3 is syntenic to the murine
chromosome 5 region and to the rat chromosome 12 region

FIG. 2. Phylogenetic tree of the ZP gene
family obtained when the FIGENIX BLAST
is performed from the porcine ZPC/ZP3
sequence. Relative branch lengths indicate
rates of evolution along a particular branch.
The values at the tree nodes represent
bootstrap values.

(Oryzias, Tetraodon)

Mammals ZPC/ZP3
(Rodents, Rabbit, Primates,
Bovine, Porcine, Carnivores)

Fishes ZPC/ZP3 - Choriogenine L
(Danio, Anguilla, Cyprinadae,
Tetraodon, Oryzias, Sparus, Liparis,

5 Rodents DMBT1

that contain Zpc/Zp3. The human chromosome 11 region that
contains ZP/ is syntenic to the murine chromosome 19 region
and to the rat chromosome 1 region that contain Zp/.

Table 3 summarizes the diversity of ZP genes expressed in
mammals, chicken, and Xenopus.

IDENTIFICATION OF ZP PSEUDOGENES

The phylogenetic analysis suggested that in several
mammals the presence of ZPI, ZPB, ZPD, and/or ZPAX gene
is lacking. Moreover, a search in EST databases revealed that
there are no sequences with a high level of identity with human
ZPI or chicken ZPAX in cattle, pig, dog, and rabbit, and no
sequence with a high level of identity with rat Zpb/Zp4 in the
mouse. This suggested the presence in the genome of these
species of pseudogenes (genes that have evolved by generating
stop codon and/or insertion/deletion disrupting the reading
frame and resulting in the loss of their protein-coding ability).

zecizps — NN

™ —

zeoizex: — TS o

™

EGF
ZP1/ZPB1 —{ ZP-N ‘

trefoil

zrB/zP4/zPB2 — PN < -

trefoil ™

zoze2
™
ZeAxzoXt -2 LA | o Lo o

FIG. 3. Schematic drawing of chicken ZP proteins, illustrating domain
organizations. TM indicates a transmembrane segment. Note that ZP1 and
ZPB/ZP4 possess one divergent copy of the ZP-N domain in their
N-termini, whereas ZPA/ZP2 and ZPAX have several.
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TABLE 2. Chromosomal localization of the human, rat, and mouse ZP genes.

Gene symbol Chromosome Start End
Homo sapiens
ZPA or ZP2 16 21116274 bp 21130369 bp
ZPB or ZP4 1 234371751 bp 234379976 bp
ZPC or ZP3 or ZP3A 75698923 bp 75716038 bp
ZP1 11 60394561 bp 60399742 bp
Mus musculus
Zpa or Zp2 7 107428985 bp 107441914 bp
Zpc or Zp3 5 133425213 bp 133433732 bp
Zpl 19 10013396 bp 10019739 bp
Rattus norvegicus
Zpa or Zp2 Not localized
Zpb or Zp4 17 69587790 bp 69594343 bp
Zp3 12 21792841 bp 21799576 bp
Zpl 1 213568592 bp 213574972 bp

Identification of a Zpb Pseudogene in the Mouse Genome

To identify an eventual Zpb/Zp4 pseudogene in the mouse, we
submitted the nucleotide and the amino acid sequences of the rat
Zpb/Zp4 to the BLASTn and the tBLASTn softwares against the
mouse genome. We observed on the mouse genome an alignment
between the nucleotide sequence of rat Zpb and sequences from
the mouse syntenic region (Supplementary Fig. 3, available
online at www.biolreprod.org). Interestingly, we observed a
microdeletion of 19 nucleotides beginning at 438 147 bp,
leading to a frame shift in the open reading frame and the
appearance of premature stop codons at 438 187 and 438 220 bp

(Fig. 4). This microdeletion is likely responsible for the loss of
ZPB protein in the mouse. We also verified that the newly
identified mouse Zpb pseudogene, located in the region A2 of
chromosome 13, mapped in a genome region syntenic to human
and rat genome regions carrying corresponding Zpb/Zp4 genes
(gene map locus: 1g43 for human and 17q12.1 for rat). Overall,
these in silico evidences are supported by recent data using mass
spectrometry analysis, which failed to identify mouse ZPB/ZP4
[47]. Numerous peptides from ZP1, ZPA/ZP2, and ZPC/ZP3
were identified, but the authors failed to identify any peptides that
could correspond to ZPB/ZP4.

TABLE 3. Classification of ZP genes: each column contains orthologous genes within one subfamily, each line contains paralogous genes within one species.”

Species ZPA/ZP2 ZPB/ZP4 ZPC/ZP3 ZP1 ZPAX ZPD
Human
. ZPA = ZP2 ZPB = ZP4 ZPC = ZP3 = ZP3A ZP1 ZPAX pseudogene  Not found

(Homo sapiens)

Chimpanzee ZPA = ZP2 ZPB = ZP4 ZPC = ZP3 ZP1 ZPAX pseudogene  Not found
(Pan troglodytes)

Rhesus macaque ZP2 ZP4 ZP3 ZP1 ZPAX pseudogene  Not found
(Macaca mulata)

Bonnet monkey ZPA = ZP2 ZP1 = ZPB2 ZPC = ZP3 ZP1 Not found Not found
(Macaca radiate)

Crab-eating macaque ZPA ZPB ZPC Not found Not found Not found
(Macaca fascicularis)

Whlte—?uftgdjear marmoset ZP2 ZP1 Not found Not found Not found
(Callithrix jacchus)

Marmo.set. ZPC = ZP3 Not found Not found Not found
(Callithrix sp.)

YeIIow_baboon ZPB Not found Not found Not found
(Papio cynocephalus)

House mouse
(Mus musculus) Zpa = Zp2 Zpb pseudogene Zpc = Zp3 Zpl Not found Not found

Rat o o
(Rattus norvegicus) Zpa = Zp2 Zpb = Zp4 Zp3 Zpl Not found Not found

Pig ZPA = ZP2 = ZP1 ZPB = 7ZP4 = ZP3alpha ZPC = ZP3 = ZP3beta Not found Not found Not found
(Sus scrofa)

Cow ZPA = ZP2 ZPB = ZP4 ZPC = ZP3 = ZP3B  ZP1 pseudogene ZPAX pseudogene Not found
(Bos taurus)

Dog ZPA = ZP2 ZPB ZPC = ZP3 ZP1 pseudogene  Not found Not found
Canis familiaris)

Cat . ZPA = ZP2 ZPB = ZP4 ZPC = ZP3 Not found Not found Not found
(Felis catus)

Rabbit . ZPA = ZP2 = 75kDa ZPB = ZP4 = ZPX ZPC = ZP3 Not found Not found Not found
(Oryctolagus cuniculus)

Chicken - _ _ -~ _ _ -~
(Gallus gallus) Zpa = Zp2 Zpb = Zp4 = Zpb2 Zpc = Zp3 Zpl = Zpb1 Zpax = Zpx1  Zpd = Zpx2

African clawed frog ZPA = ZP2 ZPB ZPC = 7P3 Not found ZPAX = ZPX1 ~ ZPD = ZPX2
(Xenopus laevis)

Western clawed frog ZPA ZPB ZPC Not found ZPAX ZPD

(Xenopus tropicalis)

?Not found: no pseudogene was found, either because genomic fragment was completely lost, or because the genome was not completely sequenced.

220z 1snbny 0z uo 1senb Aq +6/6292/96./5/8./2191Me/poldaijolq/woo dno olwepede//:sdiy woly papeojumoq



THE ZONA PELLUCIDA GENE FAMILY

M A R Q@ A L R S T L W L

803

FIG. 4. Alignment of the cDNA sequence

Rat : 2 tg-t ttagt t t tet tetgt 60 . .
) A and translation of rat Zpb (bold) with the
Mouse: 438035 gatgctaggctagtgaaggagaaagaatggctaagcaggctctaaggagtactctgtgge 438094 rnousegen(nng.VVe(ﬁmerved on the mouse
M 2 K O A L R S T L W L genome an alignment between the nucleo-
tide sequence of rat Zpb and sequences
L PSS ILLCTFZPTFCLTZPTILSG GO QUHUVT from the mouse syntenic region: nucleo-
Rat : 61 ttctaccaagcatcttactgtgtttcccattetgtettectttgagtggecageatgtta 120 tides 438035 to 438231 (85% identity), as
FEEE Pt e e e e e e e e e e v et et | I presented in the figure, 438474 to 438565
Mouse: 438095 ttctgccaagcatcttactgtgtttcccattctgtecctceccttgagtggecag-—--gt—438149 (929%identhw,440449 to 440634 (85%
t s 1L L CFPF CP P L G Q v identity), 442 409 to 442 585 (88% identity),
EL PGV ILEHECGLOSTFOTFA AGTYVNTLS 443070 to 443152 (88% identity), and
444748 to 444891 (86% identity).
R 121 1 . R
i comRgigsery gtciecneiatagg incagageticragttosiotamaceten 180 e ohurved a micodelelion of 14 e
Mouse: 438150 --g--t-gc----t---c-c-actgtgggttacagagcttccagtttactgtgaacctca 438195 ondesbggnﬁnngat438147!opIeadmgtoa
c S T V 6 Y R A S S Lo T g frame shift in the open reading frame and
the appearance of premature stop codons at
L EAESPVLTTW 438187 and 438220 bp.
Rat 181 gcctggaggcagagagtectgtgetaacaacttggg 216 *Thetga ﬁOpCOdon.
FErrrrrrrrrrerererr rrrrerer e
Mouse: 438196 gcctggaggcagagagtcccatgcotaacagettggg 438231

A W R Q RV P C * Q L G

Identification of ZP1 Pseudogenes in the Dog and
Bovine Genome

By using the same strategy, we searched for a pseudogene of
ZP1 in the dog genome. A tBLASTn analysis with the human
ZP1 protein sequence revealed a significant alignment with the
exons 2, 3, 5, 7, 8 and 9 (from 42% to 82% similarity).

This analysis also revealed the existence of at least three stop
codons at positions 151, 279, and 421, replacing, respectively, a
proline in exon 3, a glutamine in exon 5, and a tyrosine in exon 8
of the human ZP1 protein sequence (Fig. 5). The alignment also
revealed the existence of microinsertions/deletions in the same
exons, but it was not possible with a BLASTn analysis to
describe them precisely. We also verified that the ZP/ dog

Exon 3

Human 107

Dog
Human 190

Dog

Human 243

Dog

Exon §
Human 277

Dog

Exon 8
Human 414

Dog

FIG. 5.

} !

DGRFHLRVFMEAVLPNGRVDVAQDATLICPKPDPSRTLDSQLAPPAMFSVSTPQTLSFLPTSGHTSQGSGHAF - - - - - - PSPLDPGHSS
D FHLRVF+E VLPNG V Q+ TLIC PKP + TL LAP A S P +P+ QG+ + PS LDP +
DRHFHLRVFVEVVLPNGHVAGTQEVTLICPKPGHAWTLAPCLAP*AWASPFPP- - - -LVPSPSTPPQGTALSAQPLPC*PSDLDPPPNP
VHptpalpspgpgptlatlAQPHWGTL---------------------- EHWDVNKRDYIGTHLS------------- QEQCQVASGHL
P + + Q H L E ++ R G L Q+QC+VAS H

TQAQPOQWGTLERRGLTSYPTQVHRPPL*VHTASGLSGTASDPFALDRAEEANSLHVRGLRGHFLCPPPSVPSPGRPPMQDQCRVASRHE

PCIVRRTSKEACQQAGCCYDNTREVPCYYGN 274
PC VRR SKEACQQAGCCYDN+ VP YYGN

PCRVRRGSKEACQQAGCCYDNSGGVPRYYGN

}

TVQCFRDGYFVLVVSQEMALTHRITLANIHLAYAPTSCSPTQHTEAFVVFYFPLTHCGTTMQVAG
TV + G+FVL V QE AL H ITLA+IH+ Y P+SCS T FV P T+QV G
TV*AGQSGHFVLAVPQETALAHGITLAHIHMLYTPSSCSQT - GAGVFRVLPLPAHPLWATVQVGG

!

341

DETFSSYYGEDDYPIVRLLREPVHVEVRLLQRTDPNLVLLLHQCWGAPSANPFQQPQWPILSDGCPFKGDSYRTQMVALDGATP 457
+ETF SY E DYP +RL +PV V VRLL+ P + C SA P PG ++ D ++ + G TP
EETFCSY*EERDYPNIRLPCKPVPVGVRLLRAQTP- - - - - VWSCC-CTSAGPLPVPAPSSSLSGPSYQTDEWQGMFLLPQGVTP

Alignment of human ZP1 protein sequence (upper sequence) with the dog genome by using a tBLASTn analysis. Conservative substitutions

(substitutions of one amino acid with another with generally similar properties: size, hydrophobicity, etc.) are indicated with +. Arrows indicate the
presence of stop codons. Three stop codons are present in the dog genomic sequence at positions 151, 279, and 421, replacing, respectively, a proline in
exon 3, a glutamine in exon 5, and a tyrosine in exon 8 of the human ZP1 protein sequence. Lines and dotted lines represent microinsertions and
microdeletions, respectively. Two alternate stop codons are represented in exon 3, likely due to the frame shift caused by insertions/deletions.
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Exon §

Chicken 190 QGITFSAVRSSTFYKQOWMILMVDTAVACPV
QGITF+AVRSSTFYK WMILMVDTA+ACPV

Human QGITEFTAVRSSTEYK*CWMILMVDTAMACPV

FIG. 6. Alignment of chicken ZPAX protein sequence (upper sequence)
with the human genome using a tBLASTn analysis. We observed an
alignment on nucleotides 1661981 to 1662175 (43% identity),
1663855 to 1664187 (35% identity), 1665125 to 1665235 (56%
identity), 1665755 to 1665979 (50% identity), 1667308 to 1667628
(48% identity, presented in the figure), and a stop codon in the exon 5, as
presented in the figure. *Presence of the stop codon.

pseudogene is located on chromosome 18 in the dog genome,
near GPR44 and PRPF19 canine genes, in a region correspond-
ing to a syntenic region of chromosome 11 in human genome,
near the GPR44 and PRPF19 human counterpart genes.

A similar work allowed the identification of a ZPI
pseudogene on chromosome 29 in the bovine genome, with
microinsertions and a stop codon (Supplementary Fig. 3).

Identification of ZPAX Pseudogenes in the Human,
Chimpanzee, Rhesus Macaque, and Bovine Genome

A BLASTn analysis with the chicken ZPAX protein
sequence on the human genome showed an alignment between
the nucleotide sequence of chicken ZPAX and sequences from
the human syntenic region (Supplementary Fig. 3). We
observed a stop codon in the exon 5 (Fig. 6) and an insertion
of six nucleotides and a stop codon in exon 3. We also verified
that the ZPAX human pseudogene is located on chromosome
2p24.2 in the human genome, between the MSGNI and KCNS3
human genes and in a region corresponding to a syntenic
region of chromosome 3 in the chicken genome, near the
MSGNI and KCNS3 chicken counterpart genes.

A similar work allowed the identification of a ZPAX
pseudogene located on chromosome 2A in the chimpanzee

FIG. 7. Composition of the ZP in verte-

brates. In chicken, the zona is composed of

six ZP proteins (ZPA/ZP2, ZPB/ZP4, ZPD
ZPC/ZP3, ZP1, ZPAX, ZPD). In Xenopus,
the zona is composed of five ZP proteins
(ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, ZPAX, ZPD).
In human, chimpanzee, macaque, and rat,
the zona is composed of four ZP proteins
(ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, ZP1). In dog,
cattle and, putatively, pig, cat, and rabbit,

the zona is composed of three ZP proteins 7P1
(ZPA/ZP2, ZPB/ZP4, ZPC/ZP3). In the Human
mouse, the zona is composed of three Chimpanzee
ZP proteins (ZPA/ZP2, ZPC/ZP3, ZP1). Macaque
Rat

ZP1

Chicken

ZPAIZP2

ZPBIZP4

ZPCIZP3

genome, on chromosome 13 in the Rhesus macaque
(Macaca mulata) genome, and on chromosome 11 in the
bovine genome, between the MSGNI and KCNS3 genes
(Supplementary Fig. 3). An alignment of the human ZPAX
pseudogene and the chimpanzee ZPAX pseudogene showed the
great homology between these two pseudogenes (88% identity).
Moreover, the mutations observed in these two pseudogenes
have similar localizations.

We did not find any traces of ZPD pseudogenes in any
mammalian genomes. In the chicken genome, the ZPD gene is
located on chromosome 11. There is no predicted coding
sequence in the syntenic region of all mammalian genomes
examined, suggesting that the ZPD gene has completely
disappeared in these species.

A summary of the pseudogenes that have been identified is
presented in Table 3. Note that for those that have not been
found, either they are present but not yet revealed because the
genome is not completely sequenced, or the genomic fragment
has been completely lost. The complete sequencing of other
vertebrate genomes will definitively elucidate which species
have lost ZP1, ZPAX, and ZPD genes during evolution.

ZP GENE EVOLUTION: DEATH OF GENES FROM
LOWER VERTEBRATES TO MAMMALS

The phylogenetic analysis allowed us to classify ZP genes in
six subfamilies: the ZPA/ZP2 subfamily, the ZPB/ZP4
subfamily, the ZPC/ZP3 subfamily, the ZP/ subfamily, the
ZPAX subfamily, and the ZPD subfamily. The mammalian
genome contains three to four ZP genes. The Xenopus genome
contains five ZP genes. The chicken genome contains six ZP
genes. In fish, there are at least seven genes encoding ZP
proteins, ZPC being in particular highly duplicated in Medaka
and Zebrafish. The identification of pseudogenes showed that
ZP gene evolution mainly occurs by death of genes.

Since the chicken genome contains a ZP/ gene,
the duplication of the ancestor of this gene can be dated before
the divergence between birds and mammals (300Mya).
After this divergence, ZPAX and ZPD genes seem to have
disappeared in mammals, not in birds. In particular, the death of

Xenopus

ZPAZP2 2PD

ZPBIZP4

ZPAX

ZPCI/ZP3

Dog
Cattle
Pig ?
Cat ?
Rabbit ? Mouse

ZPAIZP2

ZPAIZP2

ZPB/ZP4

ZPCIZP3 ZPC/ZP3

zP1

ZPAIZP2

ZPBIZP4 ZPC/ZP3 ZPD ZPAX
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the ZPAX gene occurred before the divergence between humans
and monkeys, since similar mutations were observed in human
and chimpanzee ZPAX pseudogenes. In mammals, only primates
and rodents contain a ZPI gene, whereas we observed a ZP/
pseudogene in cows and dogs, which suggests that the death of
the ZP1 gene in those species occurred after the divergence
between primate and rodent groups, and other mammals.
Finally, we observed a ZPB pseudogene in the mouse, which
shows that the death of this ZPB gene occurred after
the divergence between the mouse and the rat. The persistence
of both ZPA/ZP2 and ZPC/ZP3 genes across the vertebrates
indicates that both genes have functional importance.

Overall, it seems that there is a sort of discontinuity in the loss
of the ZP genes along the phylogeny, suggesting that this loss of
ZP genes along the evolution of mammals was independent
between species. The significance of this loss of ZP genes in
mammals compared with other vertebrates remains obscure. It
can be argued that a higher number of ZP genes are necessary for
species for which fertilization is external to the female genital
tract, whereas a lower number are necessary for species for which
fertilization is internal. However, since fertilization is internal in
chickens, this would not be the good or the sole explanation.

SPERM-ZP INTERACTION

The amino acid sequences of the ZPA/ZP2, ZPB/ZP4,
ZPC/ZP3, and ZP1 families present a high degree of identity
between species. This implies a structural similarity in the ZP
structures of these species and may suggest some similarities
in the mechanisms of sperm-zona interaction. However,
this review raises new insights into the mechanisms of
sperm-ZP interaction.

Our analysis revealed that mammals can be classified in
three categories (Fig. 7). In the first category, composed of
human, chimpanzee, macaque, and rat, the ZP is composed of
four ZP proteins: ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, and ZP1.
In the second category, composed of dog, cattle and, putatively,
pig, cat, and rabbit, the ZP does not contain ZP1 protein. In the
third category, composed of only the mouse, ZP does contain
ZP1 but not ZPB/ZP4. So all ZPs in mammals share ZPA/ZP2
and ZPC/ZP3 proteins, and one or both of the ZP1 and ZPB/ZP4
proteins. Interestingly, these two latter genes share an ancestral
gene, suggesting a closest similarity between the two
corresponding proteins than with ZPA/ZP2 and ZPC/ZP3.
Overall, this suggests that the mechanism of sperm-zona
interaction requires the presence of both ZPA/ZP2 and ZPC/ZP3
proteins, and one or both of the ZP1 and ZPB/ZP4 proteins.

Current models for the structure of mammalian ZP are based
upon the existence of three ZP proteins. In particular, data
obtained in the mouse raise the hypothesis that the mammalian
ZP has three proteins, of which ZPC/ZP3 is the primary sperm
receptor [48]. Since four ZP genes are expressed in the human,
chimpanzee, macaque, and rat oocyte, a re-evaluation would be
required, both on the structure of the ZP and, potentially, on the
mechanisms of sperm-ZP interaction. Moreover, in the pig,
sperm membranes present a high affinity for ZPB-ZPC
heterocomplexes but not free ZPB or ZPC glycoprotein
subunits [49], whereas in the mouse, ZPC/ZP3 is the primary
sperm receptor. This result was puzzling, since porcine
ZPB/ZP4 and ZPC/ZP3 were thought to be orthologous to
mouse ZP1 and ZPC/ZP3. Here, we show that the ZPB/ZP4
protein has been lost in the mouse species. This would explain
that spermatozoa only interact with ZPC/ZP3 in this species.
This also suggests that different mechanisms of sperm-egg
interaction have evolved in mammals. Knockout experiments
in which murine ZP proteins were replaced by human

805

equivalents [50, 51] showed that although mouse sperm is
able to bind mouse oocytes engineered to express human
ZPA/ZP2 and ZPC/ZP3 proteins, human sperm did not bind.
These findings suggest either that the species-specific recog-
nition of the ZP is mediated by the mouse-specific glycosyl-
ation patterns, regardless of the amino acid sequence, or that
human sperm has evolved to interact with a ZP composed of
four, not three, proteins. The role of carbohydrate moieties
remains to be clarified. In fact, the amino acid sequence could
be sufficient for sperm recognition in some mammals, in which
ZP proteins expressed in Escherichia coli, a species incapable
of synthesizing glycoproteins, bind to homologous spermato-
zoa and stimulate acrosomal exocytosis. This is the case in the
macaque [52, 53] and the bovine [54]. In humans, contradictory
results have been observed [55, 56]. Moreover, if human sperm
interacts with a ZP composed of four proteins, it may interact
with rat ZP. However, sperm binding assays to ovulated eggs
indicate that rat ZPA/ZP2, ZPB/ZP4, ZPC/ZP3, and ZP1 are
not sufficient to support human sperm binding [57], whereas
mouse and rat sperm bind to mouse ZP (composed of three
proteins) and rat ZP (composed of four proteins) [57].
Moreover, mouse and rat sperm bind to zonae composed
solely of mouse ZPA/ZP2 and ZPC/ZP3 [58, 59]. Thus,
whether the number of glycoproteins in the ZP affects taxon-
specific sperm-egg recognition remains to be determined.

In conclusion, the molecular basis of sperm binding to the
ZP, an essential first step in egg fertilization, remains an
enigma. Our review clarifies the classification and evolution of
the ZP gene family and provides new directions to investigate
sperm-egg recognition in mammals.
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