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ARTICLE INFO ABSTRACT

Keywords: Ovodefensins (OvoDs) represent a group of cysteine-rich host defense peptides that are abundant in the egg
Host defense peptide white. Recent studies have found that ovodefensins are specific to birds and reptiles. However, the entire re-
Ovodefensin

pertoire and evolutionary relationships of this gene family have not been thoroughly elucidated to date.
Following our cross-species and genome-wide computational study, a total of 94 ovodefensin genes with mul-
tiple novel cysteine sequence motifs were identified from 22 phylogenetically divergent species. Phylogenetic
analysis suggests that a large number of OvoDs evolved by gene duplication after species divergence.
Furthermore, the OvoD genes in each species trend to be clustered densely in a syntenic region flanked by the
XKR6 and MTMRY genes, indicating that they are of monophyletic origin and appear to have emerged via
independent gene duplication events in snakes, turtles, crocodiles, birds and the green lizard. Furthermore,
positive selection sites are located primarily in the mature peptide region of the turtle, lizard and snake OvoD
genes. Moreover, the duplicate OvoDAs in birds seem to be maintained in almost identical sequences and
functions by strong purifying selection. Genome-wide identification and analyses of the OvoD gene family may
greatly improve our understanding of the potential evolutionary relationship scenario of the OvoD gene family.
Continued sequence mining and functional studies of OvoDs will be helpful in shedding light on the relationships
between OvoDs and other defensin-related gene families.

Genome-wide identification
Evolutionary analysis

1. Introduction In general, vertebrate defensins are further divided into three sub-
families (a-, - and 0- defensins) based on their structure and the dis-
ulfide bonds of the cysteine residues (Li et al., 2014; Patil et al., 2004;

Xiao et al., 2004). Recent research has further identified a subset of

Defensins comprise a large group of cationic amphipathic peptides
with diversified sequences that have been discovered in all three eu-

karyotic kingdoms (Ganz, 2004; Thomma et al., 2002). As defensins
serve a critical role in innate immunity, these peptides are expressed by
a variety of cells and are broadly active against bacteria, fungi, viruses
and even cancerous cells (Hancock et al., 2012; Zasloff, 2002). In ad-
dition to their antimicrobial activities, defensins also play a profound
role in immunomodulatory and barrier protective activities, such as
activating immune cells, protecting the host from infections and reg-
ulating intestinal homeostasis (Hilchie et al., 2013; Mansour et al.,
2014). Furthermore, some defensins and defensin-like peptides have
been discovered to have roles in pigment (Candille et al., 2007), re-
production (Zhou et al., 2013) and venom toxicity (Radis-Baptista et al.,
2004; Whittington et al., 2008a).

molecules that share high similarity with B-defensins, but that are only
abundantly expressed in the oviduct; therefore, these peptides have
been named as ovodefensins (OvoDs) (Whenham et al., 2015). Accu-
mulating evidence has also indicated that OvoDs can inhibit the ac-
tivities of microorganisms, although the antimicrobial activities of dif-
ferent OvoD peptides vary (Chattopadhyay et al., 2006; Gong et al.,
2010; Hervé et al., 2014; Yu et al., 2018). These observations suggest
that OvoDs are likely involved in the immune response and that they
also function as other host defense peptides (HDPs). Like other de-
fensins, some OvoDs also have evolved to have multiple functions, in-
cluding lipase and angiotensin I-converting enzyme inhibitory activities
(Naknukool et al., 2011).
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To date, > 35 diversified OvoD genes have been discovered in a
large range of birds and reptiles (Whenham et al., 2015). However, the
entire repertories and the evolutionary relationships within this gene
family in different species remain uncertain. On the other hand, it also
remains unknown whether positive selection has been involved in
driving the evolution of OvoDs. To address these questions, we cross-
species screened the genomic sequences of 25 phylogenetically di-
vergent species based on homology searches and discovered 94 OvoD
genes in the present study. Furthermore, systematic analyses were
conducted to reveal the phylogenetic relationships, genomic organiza-
tion and selection pressures of this gene family, as well as to predict the
net charges of the various OvoD mature peptides. By uncovering mul-
tiple newly identified sequences, our results provide insight into the
evolution of the OvoD gene family and may help to reveal the re-
lationships of other defensin and defensin-related genes.

2. Materials and methods
2.1. Sequence identification

A total of 25 phylogenetically divergent species belonging to six
different orders (Table 1 and Supplemental file 1) were used to identify
the entire repertoire of the OvoD gene family. For each species, a five-
step genome search strategy was carried out. (1) All reported OvoD
peptide sequences were retrieved from a previous study (Whenham
et al., 2015) and aligned by MEGA 6 (Supplemental file 2) (Tamura
et al., 2013), and HMMer (V3.1) (Johnson et al., 2010) was used to
create a hidden Markov model file from these aligned sequences. (2)
The target genome was translated into six open reading frames, and the
hidden Markov model file was used as a query to search against the
translated amino acid sequences using the hmmsearch with the default
settings. (3) All of the positive hits were then checked and verified for
the presence of OvoD sequences. (4) For every sequence identified in
the previous step, additional iterative TBLASTN (Altschul et al., 1990)
searches were conducted until no novel sequence was revealed. (5) The
3000- to 5000-bp genomic sequences up- and downstream of each
OvoD motif were retrieved to predict the full-length coding sequences
by GeneWise (Birney et al., 2004) and/or GeneScan (Burge and Karlin,
1998). Sequences with a premature stop codon or a frame-shift
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mutation (insertion or deletion) were considered as pseudogenes. The
OvoD genes in the different species were distinguished by a combina-
tion of the first letter of the genus and the first three letters of the
species. For example, T.gut OvoDA1 refers to gene OvoDAL1 of the Zebra
finch (Taeniopygia guttata). Duplicates of the same subfamily were
numbered based on their genomic positions.

2.2. Sequence alignment and phylogenetic analyses

All of the deduced OvoD nucleotide sequences were aligned codon-
to-codon using the MUSCLE program (Edgar, 2004) with appropriate
manual adjustments. To determine the best-fit substitution model for
the alignment, jModelTest 2 software (Darriba et al., 2012) was used to
calculate the Akaike Information criterion, and the symmetrical (SYM)
model + gamma distribution (G) + proportion of invariable sites (I)
was chosen for the following Bayesian Evolutionary Analysis. A phy-
logenetic tree was constructed using the Bayesian Evolutionary Analysis
by Sampling Trees (BEAST) software package version 1.8.4 (Drummond
and Rambaut, 2007) with the base frequencies of the general time re-
versible GTR + I + G model set to “All equal” (Zharkikh, 1994). The
uncorrelated lognormal relaxed clock model was used to allow for in-
dependent substitute rates in each branch, and Yule progress was se-
lected as a tree prior to the Bayesian analysis. Furthermore, a suggested
divergence time between birds and reptiles was used as a prior, that is,
the priors were set as fitting a normal distribution with the mean and
initial value equal to 292 and the standard deviation set to 0.2 (Hedges
et al., 2015). Using the above parameters, 100 million generations were
performed with the Markov Chain Monte Carlo (MCMC) algorithms,
sampling every 5000 steps. The BEAST outputs were analyzed by Tracer
version 1.7. With a 10% burn-in, all of the effective sample size (ESS) of
the BEAST output were larger than 400. The maximum clade credibility
tree was created and visualized using TreeAnnotator and MEGA6
(Tamura et al., 2013), respectively.

2.3. Selection pressure analysis

The phylogeny topology was used to estimate the nonsynonymous
to synomymous rate ratio (w = dN/dS) by using the CODEML program
from the PAML package version 4.7 (Yang, 2007). In an attempt to test

Table 1

Detailed information of the 25 species used in this study.
Common Name Scientific name Abbreviation Class Order Family
Zebra finch Taeniopygia guttata T.gut Aves Passeriformes Estrildidae
Budgerigar Melopsittacus undulatus M.und Aves Psittaciformes Psittaculidae
Crested ibis Nipponia nippon N.nip Aves Pelecaniformes Threskiornithidae
Chicken Gallus gallus G.gal Aves Galliformes Phasianidae
Ostrich Struthio camelus S.cam Aves Struthioniformes Struthionidae
Painted turtle Chrysemys picta C.pic Reptilia Testudines Emydidae
Chinese soft-shelled turtle Pelodiscus sinensis P.sin Reptilia Testudines Trionychidae
Diamondback terrapin Malaclemys terrapin M.ter Reptilia Testudines Emydidae
Spiny soft-shell turtle Apalone spinifera A.spi Reptilia Testudines Trionychidae
Green sea turtle Chelonia mydas C.myd Reptilia Testudines Cheloniidae
Chinese alligator Alligator sinensis A.sin Reptilia Crocodilia Alligatoridae
Australian saltwater crocodile Crocodylus porosus C.por Reptilia Crocodilia Crocodylidae
American alligator Alligator mississippiensis A.mis Reptilia Crocodilia Alligatoridae
Gharial Gavialis gangeticus G.gan Reptilia Crocodilia Gavialidae
Adder Vipera berus V.ber Reptilia Squamata Viperidae
Mitchell's rattlesnake Crotalus pyrrhus C.pyr Reptilia Squamata Viperidae
Corn snake Pantherophis guttatus P.gut Reptilia Squamata Colubridae
Brown spotted pit viper Protobothrops mucrosquamatus P.muc Reptilia Squamata Viperidae
Burmese python Python bivittatus P.biv Reptilia Squamata Pythonidae
Eastern Garter Snake Thamnophis sirtalis T.sir Reptilia Squamata Colubridae
Timber rattlesnake Crotalus horridus C.hor Reptilia Squamata Viperidae
King cobra Ophiophagus hannah O.han Reptilia Squamata Elapidae
Green Anole Anolis carolinensis A.car Reptilia Squamata Dactyloidae
Central bearded dragon Pogona vitticeps P.vit Reptilia Squamata Agamidae
Japanese gecko Gekko japonicus G.jap Reptilia Squamata Gekkonidae
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the selective pressure at the amino acid positions, three pairs of site-
specific models, including M1la (nearly neutral) against M2a (positive
selection), M7 (neutral, B-distribution of @ < 1) against M8 (positive
selection, B-distribution of w > 1) and M8 (positive selection, B-dis-
tribution of w > 1) against M8a (pB-distribution of w = 1), were also
implemented in the CODEML program. The likelihood ratio tests (LRTs)
were used for comparisons between the three pairs of models, and
significant results were determined using 2 tests with the corre-
sponding degree of freedom. When the LRT suggested significance, a
Bayes empirical Bayes (BEB) procedure was used to estimate the pos-
terior probability of each codon coming from M2a and M8. Sites with a
posterior probability > .95 are likely to be under positive selection.

3. Results
3.1. Genome-wide identification of OvoDs

Excluding the eastern garter snake, central bearded dragon and
Japanese gekko, a total of 94 genes, including 92 functional genes and 2
pseudogenes containing either a frame-shift mutation or a premature
stop codon, were identified from the remaining 22 species. Within these
22 species, the number of putative OvoDs genes varies from 1 to 22. A
multiple sequence alignment of all 94 amino acid sequences shows that
all of the OvoDs share a largely conserved six-cysteine motif
(Supplemental file 3). In the previous publication, subfamilies of OvoDs
were named based on the spacing between the cysteines (Whenham
et al., 2015). For example, a gene with the C-X5-C-X3-C-X11-C-X3-C
cysteine spacing is assigned to subfamily A (OvoDA), while molecules
presenting the C-X3-C-X3-C-X11-C-X4-C motif belong to OvoDB. In the
present study, a large number of sequences with variations in the OvoD
motifs, but sharing significant similarity with known genes, were
identified for the first time; therefore, to avoid confusion, these genes
were named based on their phylogenetic relationships to the earlier
termed subfamilies, even if their OvoD motifs did not totally match the
aforementioned nomenclature. As in the vertebrate 3-defensins (Cheng
et al., 2015; Patil et al., 2005), sequence comparison of the OvoDs
suggested that the signal peptides are highly conserved among different
species, whereas the divergent amino acid positions are mainly con-
centrated in the remaining parts. With the exception of OvoDDa4s in
the Chinese and American alligators, all of the functional OvoD genes
exhibit six conserved cysteine residues, with an overall consensus se-
quence of C-X(2-6)-C-X(3-4)-C-X(10-13)-C-X4-CC. Interestingly, some
genes in certain orders contain an extra cysteine in the OvoD motif. All
of the OvoD@s in crocodilians contain an extra cysteine reside between
the first and the second conserved cysteine residues (Supplemental file
3), while every functional OvoD gene in snakes exhibits an extra cy-
steine between the positions of the second and third conserved cysteine
residues.

3.2. Phylogenetic analyses of OvoDs

In order to illuminate the evolutionary relationships among the
OvoDs, a phylogenetic tree was constructed by using the nucleotide
sequences and a Bayesian approach implemented in the BEAST soft-
ware package (Drummond and Rambaut, 2007). As shown in Fig. 1, the
Bayesian inference tree divided the OvoDs into two distinct groups,
with one group including avian, crocodilian and chelonian OvoDs, and
the other group including the genes of the green anole and snakes. In
birds, the topology of the phylogenetic tree shows that there are two
types of bird OvoDBs (OvoDBa and OvoDBp) with a conserved C-X3-C-
X3-C-X11-C-X4-CC cysteine sequence motif. Of these, the OvoDBa
genes share more homology with the OvoDA genes, whereas the
OvoDBf} genes trend to be grouped as a basal primitive branch of the
avian OvoD gene clade. These results suggest that the different types of
avian OvoDBs are likely to have emerged before the divergence of birds.
Similarly, a total of 21 genes from crocodiles form a distinct clade with
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a posterior possibility of 0.98. Phylogenetic analysis also shows that a
large number of the crocodilian OvoDs are not grouped into intra-
species clusters, which indicates that a majority of the crocodilian OvoD
genes existed before the split of crocodiles. Importantly, OvoDDp is
conserved as one-to-one orthologous in the four crocodile species, and
OvoDDa is present in multiple copies in the genomes of the Chinese
alligator, American alligator as well as in the Australian saltwater
crocodile, but absent in the gharial. Because the crocodilian OvoDDfs
present as the outgroup of the OvoDDas, we implied that OvoDDf} was
the ancestor of OvoDDa and that several OvoDDas had already dupli-
cated from the OvoDDfs before the four species diverged. The clade of
turtle OvoDs demonstrates an interesting structure. Three typical turtle
OvoDBs (C-X3-C-X3-C-X11-C-X4-C) are clustered as the outgroup of the
other turtle OvoDs, whereas the OvoDBs and OvoDCs of the Chinese
soft-shelled turtle and the Spiny soft-shell turtle share more homology.
On the other hand, the OvoDCs seem to have been duplicated from the
OvoDBs before the five turtle species split and were then amplified to
produce multiple copies after species divergence. All of the OvoDs of
the green anole lizard are clustered into a large clade and are further
divided into the OvoDE and the OvoDF subfamilies. In the OvoDE
subfamily, the OvoDE1/0OvoDE2 branch was likely to have evolved
early, and this branch subsequently gave rise to all of the other OvoDEs.
The OvoDF clade contains 11 genes that were probably duplicated from
a common ancestor. As supported by a posterior possibility of 0.98, the
sequences of the ophidian OvoDs forms a distinct clade (OvoDG clade).
Of these sequences, that of the Burmese python OvoDG1 shares more
homology with the pseudogene of the Brown spotted pit viper (P.mu-
cOvoDG1ps) and forms as a basal primitive branch of OvoDG clade,
suggesting that gene duplications of OvoDG may have emerged before
the divergence of the Burmese python and the Brown spotted pit viper
and that the pseudogenization occurred after their split. Collectively,
the phylogenetic analysis suggests that all of the OvoDs in each sub-
family share a common ancestor and that multiple duplications evolved
through gene duplication and diversification after species divergence.

The phylogenetic analysis performed with the BEAST software also
estimated the divergence time of the OvoD genes. With the most recent
common ancestor of birds and reptiles set to 292 * 0.2 million years
ago (Hedges et al., 2015), the BEAST results indicated that the OvoD
genes in birds, crocodiles, turtles, snakes and the green anole lizard
likely emerged approximately within the same time period. Consistent
with the divergence time of the corresponding species, almost all of the
species-specific gene duplication events were inferred to have occurred
within 10 million years.

3.3. Analysis of the genomic structure and localization of the OvoD genes

The structural organization of each OvoD genes was obtained by
comparing their putative coding sequences with the genomic se-
quences. Every intact OvoD gene predicted in the present study consists
of two exons separated by a phase-1 intron. Similar to the a-defensins
(Lynn and Bradley, 2007; Patil et al., 2004), the first exon is mainly
correlated with the signal peptide, while the second exon is approxi-
mately equivalent to the mature peptide and other remaining regions
(Supplemental files 1 and 3).

To evaluate the genomic organization of the OvoD gene family, we
employed a comparative analysis of the OvoD genes against gene
markers located in the adjacent regions. Like the avian defensins and
cathelicidins (Cheng et al., 2015), OvoD genes ranging from those of
snakes to birds are also apparently clustered in a conserved region. The
genes are tightly located in a single syntenic chromosomal region be-
tween the XKR6 and MTMRO genes (Fig. 2 and Supplemental file 1),
indicating that their locations have been conserved during the evolu-
tionary process. By also considering the topology of the phylogenetic
tree, we found that the gene order and transcriptional orientation of the
OvoD orthologous are largely conserved in several species. Further-
more, some genes, such as OvoDF2/0OvoDF3 and OvoDF9/0voDF10
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Fig. 1. Phylogenetic relationships of the 94 OvoD genes from 23 species. The tree was constructed by using the Bayesian inference method with the nucleotide
sequences. The numbers in square brackets indicate the Bayesian posterior probabilities and the numbers in round brackets represent 95% confidence intervals for

the divergence times (million years ago).

from the green anole lizard, might have originated from tandem du-
plication events. The remarkable genomic structure and location con-
servation of the OvoD gene family strongly suggest that all of the OvoD
genes are evolved from a single gene and that rapid gene duplications
occurred independently following species divergence.

3.4. Net charge estimation of the mature OvoD peptides

To determine the cationicity of the OvoDs, we predicted the net
charges of their deduced mature peptides. The predicted net charges for
the mature OvoD peptides in each subfamily are shown in Fig. 3. The
net charges of the mature peptides ranged from —1.2 to 9.8, with an
average net charge within each subfamily higher than two, indicating
that the cationicity of OvoDs may be essential for maintaining their
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biological functions. The highest average net charge was observed in
the bird OvoDBp cluster, whereas the lowest average value was ob-
served in the lizard OvoDE lineage. Furthermore, we noticed that the
net charge was highly divergent in certain subfamilies, but relatively
stable in some specific groups, such as the bird OvoDA and crocodile
OvoDDf subsets. Because positively charged amino acid residues are
important for establishing tight interactions between HDPs and target
microorganisms (Brogden, 2005), these cationic OvoDs likely possess
strong antimicrobial activity.

3.5. Positive selection in the different OvoD clusters

Because our evolutionary analyses suggested that all of the OvoD
genes obtained in the present study evolved after the divergence of the
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Fig. 2. Genomic organization of the OvoD gene clusters in the different species. The location of each gene is represented by the position of the six-cysteine motif, and
the orientation of transcription is indicated by a triangle. The genes with solid triangles are transcribed opposite to the ones with open triangles. A broken line in a
gene cluster is an indication of a gap in the genomic DNA sequence. Sequences outside the OvoD gene cluster in each species are omitted by slanted lines. The
orthologous OvoDs are connected with dashed lines. Only species that contains at least two OvoD genes are shown.
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different orders or classes, we attempted to identify positively selected
sites in birds, crocodiles, turtles, the green lizard and snakes, as well as
for the entire OvoD family. In the avian and crocodilian OvoD clades,
three pairs of LRTs yielded consistent results suggesting that no sig-
nificant positive selection had acted on the OvoDs within these linages
(Supplemental file 4). In contrast, multiple sites seemed to be under
strong positive pressure in turtles, green lizard and snakes.

By mapping the deduced positively selected sites to the sequence
logo, we found that the positively selected sites were primarily located
in the mature peptide (Fig. 4). This pattern is similar to findings in
many other HDPs, and the high frequency amino acid substitutions that
occurred in the mature peptides might help the immune system to cope
with rapid pathogen evolution (Hughes, 1999; Semple et al., 2003; Tu
et al., 2015). The positive selection analysis of the entire OvoD gene
family further showed that the dN/dS radio in each model was lower
than one, indicating that the whole gene family is under weak purifying
selection (natural selection that prevents the fixation of deleterious
alleles). However, comparing the M7 and M8 site models showed that
two amino acids located in the mature peptide are under positive se-
lection in the whole OvoD gene family.
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4. Discussion

Following our genome-wide screening performed using a combi-
nation of hidden Markov models and the BLAST program, the entire
OvoD gene family repertoire, including multiple novel genes, has been
identified in 22 species. On account of low genome quality in certain
regions, we failed to obtain the signal peptide sequences of some genes.
Because some defensin genes, such as AvBD11 (Xiao et al., 2004) and
AcBD14 (Dalla Valle et al., 2012), contain two tandem repeats of the
six-cysteine motif, we cannot exclude the possibility that some OvoD
genes might form a similar pattern. Unlike the typical vertebrate de-
fensins, which are characterized by the presence of a conserved six-
cysteine motif in the mature peptide, two groups of peptides, namely
the crocodile OvoDDfs and snake OvoDGs, were found to encode ma-
ture peptides with seven cysteine residues. Based on the observation
that chicken OvoDA and marine turtle OvoDB exhibit different disulfide
bridging patterns (Chattopadhyay et al., 2006; Hervé et al., 2014), we
suggest that OvoDs can have multiple disulfide bonding patterns, albeit
the six cysteine residues are highly conserved. Although lack of a cy-
steine residue may disrupt the disulfide bonding patterns of the
OvoDDa4s in the Chinese and American alligators, these peptides with
different disulfide bonding patterns may also have similar antimicrobial
activities and biological functions like rattusin (Patil et al., 2013) and
Defrl(Taylor et al., 2009). With a large number of newly identified
sequences, the detailed phylogenetic topology presented in this study
indicates that all of the OvoDs have evolved separately within each
order via gene duplication followed by divergence. Consistent with a
previous report, bird and turtle OvoDBs are classified into different
cluster even though they contain the same OvoD motif (Whenham
et al., 2015; Yu et al., 2018). Furthermore, our genomic location ana-
lysis shows that the OvoDs are closely linked in a syntenic region
flanked by XKR6 and MTMRO. These observations collectively suggest
that the OvoD genes in each species share a common ancestor and arose
via independent duplications events after speciation. Despite the lack of
tissue expression patterns in many other species, such tightly linked
structures in the genome are very likely to lead to their synergistic
expression in the oviduct, at least in the case of the avian OvoDs (Gong
et al., 2010; Whenham et al., 2015). In addition to the OvoD gene fa-
mily, multiple defensin-related genes are also located in the region
franked by the XKR6 and MTMR9 genes. The current gene annotation in
the NCBI database shows that at least two AvBD13-like genes,
LOC102929355 and LOC102450934, are also located in a region

Fig. 4. Sequence logo and positively selected sites in

generated via the WEBLOGO (http://weblogo.
berkeley.edu/logo.cgi), and the six conversed cy-
steines and the positive selection sites (M7 vs. M8
model) are highlighted in blue and red, respectively.
(For interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)
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franked by XKR6 and MTMRO in the green sea turtle and the Chinese
soft-shelled turtle, respectively. Importantly, the sequence analysis ap-
plied in Pfam (Finn et al., 2013) suggests that this type of AvBD13-like
gene is more similar to an invertebrate big defensin than a vertebrate -
defensin (data not shown). Current understandings suggest that verte-
brate a-, -, - and invertebrate big defensins have evolved from a
single ancestor (Shafee et al., 2016), while vertebrate B-defensins
emerged from invertebrate big-defensins through exon shuffling or in-
tronization (Zhu and Gao, 2013). Due to the similarities in tertiary
structure, genomic organization as well as intron phase between OvoDs
and big defensins (Hervé et al., 2014; Zhu, 2008), OvoDs also likely
originated from big defensins. Alternatively, OvoDs might have evolved
from a specific B-defensin gene, as 3-defensins are pervasive in verte-
brates (Hollox and Abujaber, 2017) and OvoDs have only been found in
birds and reptiles. Additionally, our homolog screening also obtained
some sequences containing either a myotoxin or reptilian defensin
motif from the genome of snakes and the Japanese gekko (data not
shown), indicating that OvoDs and some reptilian defensin-related
genes likely share a common ancestor. To draw more conclusive evo-
lutionary scenario for the OvoDs, more defensin-related genes are
needed to be studied in the future.

Consistent with observations in avian f-defensins (Cheng et al.,
2015), positive selection was detected in the mature peptides of mul-
tiple, but not all OvoD clades. Given that amino acid substitutions at
positively selected sites can result in significant modification of anti-
microbial activities, the high frequency of positive selection sites oc-
curred in the mature peptides may be drove by pathogen mediated
selection (Hughes, 1999). Gene duplication followed by positive se-
lection plays a major role in the evolution of new biological functions
(Zhang, 2003). As a consequence, some genes identified in the present
study might not be solely expressed in the albumen-producing region of
the oviduct or may have evolved to perform functions other than an-
timicrobial defense, like the platypus defensin-like peptides
(Whittington et al., 2008b) and the snake crotamines (Hargreaves et al.,
2014). Conversely, the low amino acid divergence seen in the bird and
crocodile OvoDs is probably due to the possibility that those genes were
selected and maintained as the most efficacious for each species
(Chapman et al., 2016). Interestingly, we observed that all of the bird
OvoDAs in each species are likely to have evolved in concert as a unit.
The genomic organizations of the gene order are highly conserved as
OvoDBf, OvoDA1, OvoDBa and OvoDA2 from ostrich to zebra finch,
strongly suggesting that these genes already existed in the ancestral
bird genome. However, the species-specific OvoDAs clusters generated
by the Bayesian inference phylogenetic analysis implied that the
paralogous OvoDAs likely evolved after the divergence of birds. Based
on the extremely high conversation in the amino acid sequences of the
OvoDA lineage, we speculated that the OvoDA genes might be under
strong purifying selection to prevent functional divergence. Gene du-
plication sometimes generates two identical genes with the same
function, and these duplicates can only be stably maintained in the
genome if the increase in the abundance of the gene product is bene-
ficial (Zhang, 2003). As one of the most abundant protein groups pre-
sent in the egg white (Gong et al., 2010; Sun et al., 2017), higher levels
of the protein or RNA products of the avian OvoDs are probably in high
demand. In this regard, the extra copies of the OvoDA genes are stably
maintained in the genome to generate higher levels of their gene pro-
ducts. Furthermore, in light of the fact that only chicken OvoDA2 and
OvoDAS3 are expressed in the isthmus (Gong et al., 2010), we cannot
exclude the possibility that subfunctionaliztion has occurred at the gene
expression level of the OvoDA genes. However, the reason why the
number of OvoD genes is so variable among the different species re-
mains obscure. It would be particularly interesting to unravel the pos-
sible mechanism that drives the duplication and divergence of the OvoD
gene family.
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5. Conclusions

A total of 94 OvoD genes from snakes to birds were obtained by
cross-genome analysis in our study. Phylogenetic and genome organi-
zation analyses together indicate that the OvoDs in different species
share a common ancestor and that a series of independent duplication
events likely occurred in multiple species. Importantly, our evolu-
tionary analyses further suggest that different selective pressures may
have preferentially acted on specific lineages. Additional evolutionary
analysis and functional characterization of the OvoD genes, may lead to
much better understanding of this gene family.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.01.001.
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