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Abstract. The zona pellucida (ZP) is an extracellular matrix that surrounds mammalian oocytes. In eutherians it is

formed from three or four proteins (ZP1, ZP2, ZP3, ZP4). In the fewmarsupials that have been studied, however, only three
of these have been characterised (ZP2, ZP3, ZP4). Nevertheless, the composition in marsupials may be more complex,
since a duplication of the ZP3 gene was recently described in one species. The aim of this work was to elucidate the ZP
composition in marsupials and relate it to the evolution of the ZP gene family. For that, an in silico and molecular analysis

was undertaken, focusing on two South American species (gray short-tailed opossum and common opossum) and five
Australian species (brushtail possum, koala, Bennett’s wallaby, Tammar wallaby and Tasmanian devil). This analysis
identified the presence of ZP1 mRNA and mRNA from two or three paralogues of ZP3 in marsupials. Furthermore,

evidence for ZP1 and ZP4 pseudogenes in the South American subfamily Didelphinae and for ZP3 pseudogenes in two
marsupials is provided. In conclusion, two different composition models are proposed for marsupials: a model with four
proteins (ZP1, ZP2 and ZP3 (two copies)) for the South American species and a model with six proteins (ZP1, ZP2, ZP3

(three copies) and ZP4) for the Australasian species.
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Introduction

During fertilisation, female and male gametes are involved in a
series of complex events that allow the formation of a zygote. In
marsupials, preimplantation embryos are enclosed by three

acellular envelopes: the zona pellucida (ZP), a mucoid coat and
an outer shell coat (Selwood 2000). Furthermore, in some
marsupials there is a sub-zonal, extra-cellular matrix coat
(Selwood 2000). In eutherian mammals, the structure and

composition of the ZP has been studied in detail, but this is not
the case in most marsupials. The ZP plays a key role in species-
specific binding between gametes in most species, as well as in

the induction of the acrosome reaction, polyspermy block and

protection of the preimplantation embryo (Yanagimachi 1994;
Dean 2004, 2007; Wassarman and Litscher 2009).

Eutherians can be classified into three categories according

to their ZP composition: (1) species with a ZP formed from ZP1,
ZP2 and ZP3, in which ZP4 is a pseudogene (to date, only the
house mouse; Bleil and Wassarman 1980; Lefièvre et al. 2004;
Evsikov et al. 2006; Goudet et al. 2008), (2) species with three

proteins, in which ZP1 is a pseudogene (pig, cow, dog, common
marmoset, dolphin, tarsier, Antarctic fur seal, Weddell seal and
fox; Hedrick and Wardrip 1987; Noguchi et al. 1994; Goudet
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et al. 2008; Stetson et al. 2012; Moros-Nicolás et al. 2017) and
(3) species with four proteins (ZP1, ZP2, ZP3 and ZP4), such as

human, rat, hamster, rabbit and cat (Hughes and Barratt 1999;
Lefièvre et al. 2004; Hoodbhoy et al. 2005; Izquierdo-Rico et al.
2009; Jiménez-Movilla et al. 2009; Stetson et al. 2012, 2015). In

1994, Harris et al. (1994) proposed the terms ZPA, ZPB and
ZPC for the different ZP proteins in eutherians; these same terms
were later used by other authors in relation to marsupials

(Haines et al. 1999; Voyle et al. 1999; Breed et al. 2002).
However, identification of a fourth protein in some species of
eutherians led some authors to use the nomenclature with
numbers (Mate and McCartney 1998; McCartney and Mate

1999; Mate et al. 2003; McCartney et al. 2007; Au et al. 2008;
Cui et al. 2010). Since this nomenclature is clearer, the same
model has been followed in this manuscript.

The composition and functions of the marsupial ZP are less
well characterised than those of eutherian mammals (Breed
et al. 2002). It has conventionally been believed that the

marsupial ZP is formed of three glycoproteins (McCartney
and Mate 1999; Selwood 2000; Mate et al. 2003; Cui et al.
2010), which are similar to those of eutherian mammals
(Selwood 2000). However, the genes or proteins have been

characterised in very few species. Only in one species, the
brushtail possum (Trichosurus vulpecula), has the open reading
frame (ORF) of three cDNAs encoding ZP genes been cloned

and sequenced: ZP2, ZP3 and ZP4 (Mate and McCartney 1998;
Haines et al. 1999; McCartney and Mate 1999; Voyle et al.

1999; Mate et al. 2003). In other species, partial sequences of

these genes have been described. For instance, ZP2 has
been partially amplified in fat-tailed dunnart (Sminthopsis
crassicaudata; Voyle et al. 1999), Tammar wallaby (Macropus

eugenii; McCartney et al. 2007) and in the stripe-faced dunnart
(Sminthopsis macroura; Au et al. 2008); partial ZP3 sequences
have been described in Eastern grey kangaroo (Macropus

giganteus), fat-tailed dunnart (Sminthopsis crassicaudata),

gray short-tailed opossum (Monodelphis domestica), Bennett’s
wallaby (Macropus rufogriseus), swamp wallaby (Wallabia

bicolor) and Tammar wallaby (Macropus eugenii; McCartney

et al. 2007) and finally, a partial ZP4 sequence has been described
in Tammar wallaby (Macropus eugenii; McCartney et al. 2007).

The composition may be more complex than previously

suspected, since recently a bioinformatic analysis identified
two copies of the ZP3 gene in one marsupial species, the gray
short-tailed opossum (Monodelphis domestica; Meslin et al.

2012).

The aim of the present study was to focus in depth on the ZP
composition in marsupials and to study the evolution of the ZP
gene family. To this end, the ZP composition was analysed in

five species fromAustralia and two species from South America.
These were chosen as we had access to sequence data and/or
biological material, and we specifically looked for pseudogenisa-

tion or duplication events that may have affected the ZP
composition in this group of mammals.

Materials and methods

In the present study, two different types of analysis were per-
formed: an in silico analysis and a molecular analysis using

genomic DNA or RNA. The use of DNA or RNA depended on
the availability of tissue samples from different marsupials (see

Fig. S1, available as Supplementary Material to this paper).

Molecular analysis

DNA isolation

DNA was obtained from tissues of three marsupials: common
opossum (Didelphis marsupialis), gray short-tailed opossum
(Monodelphis domestica) and koala (Phascolarctos cinereus).

DNA was extracted from ethanol-preserved tissues in common
opossum and gray short-tailed opossum, which were obtained
from the collection of PreservedMammalianTissues of the Institut

des Sciences de l’Evolution of Montpellier (France), and from
koala’s blood preserved with ethylenediamine tetraacetic acid
(EDTA) at 48C, which was donated by the Zoo-Aquarium of

Madrid (Spain). Total DNA was extracted using a QIAamp DNA
MiniKit (Qiagen) following themanufacturer’s recommendations.

Obtaining Bennett’s wallaby ovarian RNA and cDNA
synthesis

The use of animals was approved by the Chair of the
Zoological Society of London Ethics Committee. Ovaries were
obtained postmortem from five female adult wallabies from

Whipsnade Zoo (Dunstable, Bedfordshire, UK) that had been
culled during the course of a regular population control program.
Immediately after collection, the ovaries (n¼ 10) were stored in

RNAlater (Ambion) at�808C until use. Total RNAwas isolated
using an RNAqueous kit (Ambion) according to the manufac-
turer’s instructions. First-strand cDNA was synthesised using a

SuperScript First-Strand Synthesis System kit for reverse tran-
scription polymerase chain reaction (RT-PCR; Invitrogen-Life
Technologies) according to the manufacturer’s instructions.

Amplification of the open reading frame of Bennett’s
wallaby ZP genes

Bennett’swallabyZPgeneswerecompletely (ZP1,ZP2,ZP3-a,
ZP3-b and ZP4) or partially (ZP3-c) amplified using PCR and

specific primers (see Table S1, available as Supplementary
Material to this paper), which were designed according to the
predicted cDNA sequences of the Tammar wallaby (Macropus

eugenii), its closest relative in the Ensembl database (http://
ensembl.org, verified 17 October 2017; accession numbers
were: ENSMEUT00000000742 (ZP1), ENSMEUT00
000013237 (ZP2), ENSMEUT00000000436 (ZP3) and

ENSMEUT00000012954 (ZP4)). Furthermore, a Basic Local
Alignment Search Tool (BLAST) search on the Tammar walla-
by genome identified three copies of ZP3; additional sets of

primers were designed to amplify these copies (ZP3-a and
ZP3-b). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
primers designed from Tammar wallaby sequence (accession

number: EF654515) were used as a positive control.
PCR amplifications were performed using 2 mL target

cDNA, 0.5 mg each primer, 200mM each dNTP and 1 IU Taq

DNA polymerase (Fermentas). PCR was performed using an
initial denaturation cycle of 3min at 958C, followed by 30 cycles
of 1min at 958C, 1min at annealing temperature (depending on
the primers) and then 1min at 728C. The final extension time
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was 10min at 728C. PCR products were analysed by electro-
phoresis on 1.5% agarose gels. Amplicons were carefully

excised from the agarose gels and purified with the QIAquick
Gel Extraction Kit Protocol (Qiagen) according to the manu-
facturer’s protocol or directly purified with the DNA Clean and

Concentrator TM-5 (Zymo) according to the manufacturer’s
instructions. Amplicons were automatically sequenced using a
3500 Genetic Analyzer (Applied Biosystems).

Amplification of Exons 1 and 2 of the ZP4 gene in
common opossum, gray short-tailed opossum and koala

DNA from three marsupials – two South American, common
opossum (Didelphis marsupialis) and gray short-tailed opossum

(Monodelphis domestica) and one Australasian, koala (Phasco-
larctos cinereus) – was used to amplify Exons 1 and 2 of the ZP4
gene using the primers shown in Table S1. Opossum primers

were designed using the ZP4 gene from gray short-tailed
opossum genome (versionmonDom5) for guidance, while koala
primers were designed based on the predicted GenBank data-

base cDNA sequence of the Tasmanian devil (Sarcophilus
harrisii) ZP4 (XM_003767794).

PCR amplifications were performed using 200–500 ng target

DNA, 0.5mg each primer, 200mM each dNTP and 1 IU Taq
DNA polymerase (Fermentas). PCR amplifications, sample
purification and sequencingwere performed as described above.

Bioinformatic analysis

New RNA sequences

Sequences were analysed to determine the degree of conser-

vation with other known sequences using the BLAST program
(www.ncbi.nlm.nih.gov/blast/, verified 17 October 2017).
Direct comparison between two sequences was made with the
ALIGN program and multiple sequence alignment was per-

formed using Clustal Omega (www.ebi.ac.uk/Tools/msa/clus-
talo/, verified 17October 2017). The amino acid sequences were
analysed using the following software packages: SignalP (http://

www.cbs.dtu.dk/services/SignalP/, verified 18 October 2017)
and Smart Genome (www.smart.embl-heidelberg.de, verified 17
October 2017) to predict the signal peptide and different domains

and NetNglyc (http://www.cbs.dtu.dk/services/NetNGlyc/, veri-
fied 18 October 2017) to predict potential N-linked glycosylation
sites. The theoretical proteinmolecularweights andmature protein
molecular weights were calculated using PeptideMass from

ExPASy (www.web.expasy.org/peptide_mass/, verified 17
October 2017).

Phylogenetic analysis of marsupial ZP sequences

To complete the dataset available for marsupials, similarity
searches were performed using BLAST or BLAST-like align-
ment tool (BLAT) in GenBank and in the genome data of gray

short-tailed opossum (Monodelphis domestica), Tammar walla-
by (Macropus eugenii) and Tasmanian devil (Sarcophilus
harrisii) in Ensembl (Release 87; Table 1). Our RNA sequences

of ZP1, ZP2, ZP3-a, ZP3-b, ZP3-c andZP4 of Bennett’s wallaby
(Macropus rufogriseus) were used as query sequences. The
Ensembl gene predictions were checked manually to detect
annotation errors, especially close to splicing sites. In some

cases, further genes or exons missing from the Ensembl predic-
tions were predicted. All the sequences were aligned using

Muscle implemented in SeaView (www.doua.prabi.fr/soft-
ware/seaview, verified 17 October 2017) and the alignment
was refined visually to determine exon limits. The new

sequences were also checked to ensure that they corresponded
to a syntenic region of the corresponding chromosome. The
sequences obtained for marsupials were completed with

sequences retrieved from GenBank for other mammals, birds
and amphibians (ZP3 only). For the placentals, birds and
amphibians, only RNA sequences were retrieved fromGenBank
(Table S2). For the platypus, for which no RNA sequences were

available in GenBank, genomic predictions were retrieved from
Ensembl and checked using the approach applied to the marsu-
pial sequences (Table S2). Only the exonic portions were kept

for the phylogenetic analysis. As ZP3 sequences were very
divergent from the other ZP sequences, the phylogenetic analy-
sis was performed on two datasets. The first comprisedZP1,ZP2

and ZP4, with ZPAX sequences used to root the phylogeny; the
second comprised ZP3 sequences of mammals and birds, with
amphibian sequences serving as outgroups. Sequences were
aligned using Muscle implemented in Seaview and the align-

ment was refined visually. The first dataset comprised 70
sequences and 2164 positions, the second 52 sequences and
1344 positions (Tables 1 and S2), after the removal of sites with

too many indels (limit set at 2/3). Phylogenetic reconstructions
were performed using maximum likelihood (ML) and Bayesian
inference (BI) with PhyML (Guindon et al. 2010) and MrBayes

Version 3.2 (Ronquist et al. 2012) respectively. Node robustness
was estimated using 1000 bootstrap (BP) replicates in ML
analyses, while posterior probabilities (PP) were used in BI

analyses. The appropriate model of evolution (GTRþIþG) was
determined using Akaike information criterion (AIC) and
jModeltest software (Posada and Crandall 1998) for each dataset.
For Bayesian inference, twoMarkov chainMonte Carlo (MCMC)

analyseswere run independently for 10 000 000generations.Trees
were sampled each 500 generations. The burn-in was graphically
determined with Tracer Version 1.6 (Rambaut et al. 2014) and the

average s.d. of split frequencies was also checked to ensure they
remained ,0.01 after the burn-in threshold. Ten percent of the
trees were discarded as burn-in for each dataset.

Results

Evidence of the presence of six ZP transcripts in Bennett’s
wallaby ovaries

Transcript analysis of ZP1, ZP2 and ZP4

Full-length Bennett’s wallaby ZP1, ZP2 and ZP4 were

amplified and characterised. Sequences were submitted to
GenBank (ZP1, KC954398; ZP2, KP057615 and ZP4,
KC954399). The ORF of ZP1 encodes a 616-amino acid

polypeptide (Fig. S2) with a theoretical molecular mass of
69.16 kDa; ZP2 encodes a 712-amino acid polypeptide, with a
theoretical molecular mass of 79.28 kDa (Fig. S3) and ZP4

encodes a 525-amino acid polypeptide (Fig. S4) with a theoreti-
cal molecular mass of 58.40 kDa.

These proteins possess the archetypal ‘ZP module’ (Jovine
et al. 2005), a signature domain rich in cysteine residues.
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Upstream of the ZP module, a trefoil domain, also rich in
cysteine amino acids, is present in ZP4. A basic amino acid

may serve as a consensus furin cleavage site, which is followed
by a transmembrane domain (TMD) and a cytoplasmic tail. The
molecularmasses of the putativemature proteinswere estimated

to be 54.03 kDa, 67.26 kDa and 49.29 kDa for ZP1, ZP2 and ZP4
respectively. Three, nine and five potential N-glycosylation
sites (Asn-X-S/T) were predicted in mature ZP1, ZP2 and ZP4

proteins respectively (Figs S2, S3 and S4).

Transcript analysis of ZP3

Three different ZP3 copies were amplified in Bennett’s
wallaby. We propose to name these copies ZP3-a, ZP3-b and
ZP3-c. This nomenclature has been previously used by other

authors for a similar case (Bhat et al. 2014). The sequences were
submitted to GenBank with the accession numbers (ZP3-a,
KP057617; ZP3-b, KP057616 and ZP3-c, KP057618). Full-

length ZP3-a and ZP3-bwere amplified, whereas ZP3-cmRNA
was partially amplified.

Each sequence has the archetypal ZP module, being a region
rich in cysteine amino acids. A dibasic motif – part of, but

distinct from, the proprotein convertase (furin) cleavage site –
was present in ZP3-a and ZP3-c; however, these four amino
acids were not identified in ZP3-b, where only two different

amino acids at 366–367 position were identified (Fig. 1). A
hydrophobic patch was also partially conserved in the three
different Bennett’s wallaby ZP3 proteins (Fig. 1). The potential

N-glycosylation sites varied among the three copies, being three
in ZP3-a, four in ZP3-b and five in ZP3-c (Fig. 1). The identity
among the three copies varied between 50 and 52%.

Thus, full-length Bennett’s wallaby ZP1, ZP2 and ZP4

mRNA were obtained from the total RNA prepared from
wallaby ovaries, as well as sequences of three different copies
of ZP3 (ZP3-a, ZP3-b and ZP3-c). Therefore, the presence of six

transcripts in the ovary of this species was demonstrated.

ZP4 pseudogenisation in marsupials

In the South American marsupial Monodelphis domestica, the
BLAST search revealed a sequence similar to ZP4 on Chro-

mosome 2. This sequence presented several indels and stop
codons along its sequence, moreover the start codon (ATG) was
replaced by an AAG. This strongly indicates that it is a pseu-
dogene (Figs 2 and S5). By contrast, in the Australasian mar-

supials analysed, Trichosurus vulpecula,Macropus eugenii and
Sarcophilus harrisii, the ZP4 sequences included a start codon
(ATG) but no stop codons within their sequences (Fig. 2).

In Didelphis marsupialis, the DNA study showed an ATT
instead of an initiation codon, a large indel and five stop codons.
In Monodelphis domestica, the molecular analysis showed the

presence of one stop codon and a large indel, as seen in the in
silico analysis (Fig. 2). In Phascolarctos cinereus, no stop
codons were detected in its sequence (Fig. 2).

In summary, these analyses indicate that pseudogenisation
seems restricted to the South American subfamily Didelphinae,
whereas all the Australian marsupials examined so far probably
express ZP4 mRNA (Fig. 2).

Phylogenetic analysis of ZP sequences of marsupials

Bayesian phylogenies of two different datasets are presented in
Fig. 3 (for ZP1, ZP2 and ZP4) and Fig. 4 (for ZP3) with

sequences retrieved from GenBank and Ensembl databases
(Tables 1 and S2).

For the first dataset (ZP1, ZP2 and ZP4), the monophyly of

each of the ZP genes is robustly (ZP2 and ZP1, PP¼ 1, BP$ 95)
or moderately (ZP4, PP¼ 0.85, BP¼ 66) supported. ZP2 is the
most ancient one, whereasZP1 andZP4 are the result of a younger

duplication (Fig. 3). The three ZP sequences seem to be functional
in Tammar wallaby (Macropus eugenii), Bennett’s wallaby
(Macropus rufogriseus) and Tasmanian devil (Sarcophilus
harrisii), but only ZP1 and ZP2 seem to be functional in gray

short-tailed opossum (Monodelphis domestica). One pseudogene
ofZP1 and one ofZP4were also found inMonodelphis domestica.
The pseudogenisation is recent for ZP1, where this pseudogene is

closely related to the putative functional copy of ZP1, whereas for
ZP4 no evidence of another functional copy was found.

The phylogenetic tree reconstructed with all the ZP3

sequences found in the databases andwith the newones described
in this work (ZP3-a and ZP3-b) indicates that there are clearly
three distinct copies of the ZP3 gene in marsupials and several

pseudogenes (Fig. 4a). The three copies seem to be functional in
the genome of the Australasian marsupials, Tasmanian devil
(Sarcophilus harrisii), Tammar wallaby (Macropus eugenii)
and Bennett’s wallaby (Macropus rufogriseus), whereas in gray

short-tailed opossum (Monodelphis domestica) we found only
functional copies of ZP3-b and ZP3-c and a non-functional copy
of ZP3-a, characterised by the presence of four stop codons in its

sequence (Fig. S6).ZP3-b is themost ancient copy andZP3-a and
ZP3-c are the result of a younger duplication (PP¼ 0.99,
BP¼ 81). ZP3-a and ZP3-b were also found in the platypus

genome,ZP3-a in birds andZP3-c in placentals.ZP3-a andZP3-b
of marsupials and platypus form two robustly supported groups
(PP¼ 1, BP¼ 99 for ZP3-a, PP¼ 1, BP¼ 100 for ZP3-b). ZP3-a
and ZP3-c are robustly associated with bird ZP3 (PP¼ 1,

BP¼ 93) and placentals ZP3 (PP¼ 1, BP¼ 100) respectively
(Fig. 4a). Pseudogenisation of ZP3 copies appeared several times
in two marsupial genomes: in Sarcophilus harrissi two pseudo-

genes for ZP3-b were found, whereas inMonodelphis domestica

one pseudogene for ZP3-a and ZP3-b and two pseudogenes for
ZP3-cwere found. Based on this phylogeny, it could be hypothe-

sised that at least two duplications took place during the evolution
of ZP3 in amniotes (Fig. 4b), the first leading to ZP3-b and the
second to ZP3-a and ZP3-c. ZP3-a and ZP3-bwere probably lost

in placental mammals and ZP3-b and ZP3-c in birds.
Our analysis indicates that the evolution of ZP3 is more

complex than the evolution of the other ZP genes. Pseudogen-
isation is more frequent in Monodelphis domestica than in the

other marsupials analysed, especially in the case of ZP3,
whereas no pseudogenisation was found for ZP2 in marsupials.

Discussion

Marsupial ZP may be formed of four to six proteins,
depending on the species

Until now it has been believed that marsupial ZP consists
of three proteins (McCartney and Mate 1999; Selwood 2000;

Marsupial zona pellucida composition Reproduction, Fertility and Development E



Mate et al. 2003; Cui et al. 2010). The brushtail possum

(Trichosurus vulpecula) is the only species where three mRNAs
encoding ZP proteins have been reported (ZP2, ZP3 and ZP4;
Mate andMcCartney 1998, 2003; Haines et al. 1999; McCartney

and Mate 1999; Voyle et al. 1999), suggesting that its ZP is
formed of three proteins with a composition similar to that of pig,

cow, dog and fox (Hedrick and Wardrip 1987; Noguchi et al.

1994; Goudet et al. 2008; Moros-Nicolás et al. 2017). Never-
theless, using bioinformatics, Meslin et al. (2012) identified the
presence of a ZP1 gene and a duplication of the ZP3 gene in one

marsupial species, the gray short-tailed opossum (Monodelphis

domestica). It is surprising that ZP1 mRNA or protein has not

Fig. 1. Comparison of amino acid sequences of Bennett’s wallaby ZP3-a, ZP3-b and ZP3-c with

mouse and rat ZP3. The deduced amino acid sequences of wallaby ZP3 copies were aligned with the

ZP3 sequences of the other species using ClustalW. The accession numbers of the sequences used are

as follows: Bennett’s wallaby ZP3-a (KP057617), ZP3-b (KP057616) and ZP3-c (KP057618), mouse

ZP3 (NP_035906) and rat ZP3 (NP_446214). Identical amino acids are marked by an asterisk (*).

Colon (:) represents conserved residues and dot (.) represents semi-conserved residues. The ZPmodule

is shown in red. The consensus furin cleavage-site is underlined. The transmembrane domain is in

orange. The cysteine residues are in green. The potential N-glycosylation sites are in purple. Colour

version of this figure is available online.
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Fig. 2. Alignment and translation of Exons 1 and 2 of ZP4 of seven marsupials. The stop codons and sites with indels are indicated in red

and the modified first codon observed in the sequence ofMonodelphis domestica andDidelphis marsupialis are in blue. For the five other

marsupials, there is no evidence of ZP4 pseudogenisation.
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been identified previously in marsupials. In the present work, the
presence of ZP1 mRNA has been detected, for the first time, in

one marsupial (Bennett’s wallaby), confirming the data obtained
by genomic sequencing of a close relative, the Tammar wallaby.
Furthermore, the study demonstrates the presence of transcripts

for ZP2, ZP3-a, ZP3-b, ZP3-c and ZP4 in Bennett’s wallaby
ovaries, suggesting that its ZP could be formed of six proteins. In
contrast, the ZP of the gray short-tailed opossum seems to be

formed of four proteins (ZP1, ZP2, ZP3-b and ZP3-c), ZP3-a and
ZP4 being pseudogenes. The identification for the first time of
three different ZP3 genes helps to clear up previous phylogenetic
data (Breed et al. 2002; Spargo and Hope 2003).

There is no information on the presence of the different ZP3
proteins in marsupial ZP; however, analysis of the protein
sequence (Fig. 1) strongly suggests the secretion of ZP3-a and

ZP3-c, due to the presence of a consensus furin cleavage site.
Moreover, the hydrophobic patch previously described inmouse
ZP3 (Zhao et al. 2003) is well conserved in ZP3-c and, to a lesser

extent, in ZP3-a, compared with mouse and rat ZP3. In the case
of ZP3-b, only two basic amino acids are present at position
366–367 and the hydrophobic patch is not as well conserved as in
ZP3-a and ZP3-c, suggesting that this protein is not secreted and

remains attached to the oocyte plasma membrane. However, it
has previously been reported that the presence of the proprotein
convertase (furin) cleavage site is not necessary for ZP4 secre-

tion in cat and human (Zhao et al. 2003). Additionally, mutation
of the proprotein convertase cleavage site does not prevent the
secretion or incorporation of ZP3 protein in different systems

(Kiefer and Saling 2002; Qi et al. 2002; Zhao et al. 2002) or in
transgenic mouse lines (Zhao et al. 2002). Proteomic analyses
have shown that cleavage of the ZP protein occurs immediately

upstream of the two basic residues of the furin site (Boja et al.
2003, 2005). Consequently, an alternative cleavage site is
possible. Further proteomic or heterologous protein expression
studies are necessary to clarify this point.

ZP4 pseudogenisation: a molecular synapomorphy of
Didelphinae?

The ZP is an extracellular matrix that surrounds mammalian
oocytes. It has been extensively studied in eutherian mammals,

where it has been seen to have several functions in fertilisation and
protection of the preimplantion embryo (Yanagimachi 1994;
Dean 2004, 2007; Wassarman and Litscher 2009). It has been
reported that it is formed of three or four proteins, depending on

the species. Moreover, this composition is not dependent on the
mammalian order or family. Thus, three proteins have been
observed in some rodents, such as Mus musculus, where ZP4 is

pseudogenised (Bleil and Wassarman 1980; Lefièvre et al. 2004;
Evsikov et al. 2006; Goudet et al. 2008); however, in the rat and
the hamster, it is formed of four proteins (Hoodbhoy et al. 2005;

Izquierdo-Rico et al. 2009; Jiménez- Movilla et al. 2009) despite
the close evolutionary relationship. Similar results are observed in
other species, such as the pig, cow,dog, dolphin, Philippine tarsier,

common marmoset, Antarctic fur seal, Weddell seal and fox
(Hedrick and Wardrip 1987; Noguchi et al. 1994; Goudet et al.
2008; Stetson et al. 2012; Moros-Nicolás et al. 2017), indicating
that the pseudogenisation events of ZP1 or ZP4 occurred several

times during mammalian evolution, as previously reported
(Lefièvre et al. 2004; Evsikov et al. 2006; Goudet et al. 2008;

Stetson et al. 2012; Moros-Nicolás et al. 2017). In contrast, ZP2
and ZP3 proteins are present in all species described to date.

Information about the composition of marsupial ZP and its

evolution is very scarce. Eutherian mammals and marsupials
shared a common ancestor around 143–178 million years ago
(Ma) (Warren et al. 2008; Luo et al. 2011) and the divergence

between Australasian and South American marsupials is dated
around 80 Ma (Beck 2008; Meredith et al. 2008; Mitchell et al.
2014). The pseudogenisation of ZP1 or ZP4 genes during the
long period of marsupial evolution may have affected the ZP

composition of marsupials, a hypothesis explored in this study.
Marsupials can be classified into two different cohorts:

Ameridelphia and Australidelphia, with two (Didelphimorphia

and Paucituberculata) and five (Dasyuromorphia, Diprotodon-
tia, Peramelemorphia, Microbiotheria and Notoryctemorphia)
orders respectively (Szalay 1982; Aplin and Archer 1987);

however, recent molecular studies clearly indicate that the
Ameridelphia are not monophyletic (see, for example, Meredith
et al. 2008; Nilsson et al. 2010). For decades, there has been
controversy concerning the South American order Micro-

biotheria in the marsupial tree (see references in Nilsson et al.

2010), but recently a study using nuclear genes and retroposons
identified the position of this order as the sister group of all

Australian marsupials, leading to the suggestion of the name
Euaustralidelphia (Nilsson et al. 2010). However, as mentioned
by these authors, the use of additional markers might be

interesting for delving more deeply into the phylogeny of
marsupials and to confirm the data obtained to date. Further-
more, a recent study including 193 marsupial species clearly

indicates the position of the different orders in the marsupial
tree, greatly contributing to its classification (Mitchell et al.
2014).

In this study, the ZP4 gene of different marsupials was

analysed and two species (gray short-tailed opossum and com-
mon opossum) from the SouthAmerican order Didelphimorphia
were found to have no functional ZP4 gene. The pseudogenisa-

tion process includes several nucleotide mutations and indels in
the sequence leading to the presence of stop codons and the
absence of the initiation codon coding for methionine (Fig. 2).

Based on our phylogeny, we concluded that the pseudogenisa-
tion of ZP4 occurred after the split between the South American
andAustralasianmarsupials,,80Ma and before the divergence
of Didelphis marsupialis andMonodelphis domestica, between

20 and 30 Ma (Meredith et al. 2008; Jansa et al. 2014; Fig. 5).
The question remains concerning the Paucituberculata, Micro-
biotheria and Notoryctemorphia orders, for which no samples

were available for us to study. The ZP3 and ZP4 pseudogenisa-
tion events could be used as additionalmolecularmarkers for the
phylogenetic classification of marsupials, as suggested previ-

ously by some authors (Nilsson et al. 2010).

Conclusions

In conclusion, this study suggests that marsupial ZP could be
formed by four to six glycoproteins, depending on the species. In
South American marsupials, more specifically in the subfamily
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Didelphinae, the ZP is possibly formed by four glycoproteins

(ZP1, ZP2, ZP3-b and ZP3-c) and ZP3-a and ZP4 are probably
pseudogenes, whereas in Australasian marsupials the ZP is
possibly formed by six proteins (ZP1, ZP2, ZP3-a, ZP3-b, ZP3-c

and ZP4). The identification of different ZP compositions in
several marsupials and the first description of additional ZP
proteins could have implications for the cellular understanding of

female gamete formation, sperm interaction with the ZP and
fertilisation. Moreover, the present findings have potential rele-
vance from a biological, ecological and economic point of view,
related to a development of new contraceptive vaccines for the

population control of some species, mainly in Australia and New
Zealand. However, future analyses are necessary to estimate the
relative abundance of these proteins, their glycosylation pattern

and their immunogenicity. The biological significance of the
differing composition of marsupial ZP remains to be clarified.
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Innovación Español (AGL2012–40180-C03–02 and AGL2015-7159), The

European Commission, The European Regional Development Fund and
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