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Duplication processes such as whole gene duplication and tandem domain expansion
are important for the evolution and functional diversification of essential protein families. While
whole gene duplications are well established sources of new genes and biological novelty, less
attention has been paid to how domain level duplications also allow proteins to neofunctionalize.
Genes encoding fertilization proteins are also some of the most rapidly evolving in the genome,
which could enable the neofunctionalization of duplicated domains within these genes. Chapter
1 of this dissertation reviews multiple well known gene families (Izumo, DCST, ZP, and the TFP
superfamily) that arose from gene duplication. ZPs and TFPs also demonstrate tandem domain
duplication and functional diversification.

In chapter 2 of this dissertation, we present research into the evolutionary history of
domain duplication and neofunctionalization within the Zona pellucida amino (ZP-N) terminal
domain. A large scale phylogenetics analysis across vertebrates revealed a divide between two
classes of ZP-N domains: those that are paired with the ZP-C domain in the terminal ZP module
(modular), and those outside of this module (free). This suggests that there was an initial ZP-N

duplication event in vertebrates which then produced a wide array of functional diverse ZP-N



domains. Machine learning classification also reveals that modular domains are more
conserved at the level of both sequence and structure. In contrast, free domains are more
divergent and some in ZP2 show evidence of positive selection. While modular ZP-Ns domains
may be conserved for a structural role, free ZP-Ns have experienced a history of duplications
and neofunctionalization in fertilization.

Chapter 3 of this dissertation outlines transcriptomic research in abalone ovaries. Much
of this research has been motivated by earlier sperm proteomic work from the Swanson lab, as
well as advancements in sequencing technology. The aim is to identify ovary expressed genes
that play important roles in fertilization. We have identified multiple ZP proteins, that show
homology with previously sequenced ZP pseudogenes. One of the newly described ZP proteins
has a duplicated ZP-N domain, and phylogenetics suggests this occurred independently from
vertebrate ZP-N expansions. This transcriptome analysis also identified five abalone ovary
TFPs, which may have experienced structural modifications relative to published TFPs. Taken
together, the research findings suggest a history of recurrent independent co-option, structural
modification, and functional diversification of fertilization proteins. In chapter 4, we discuss
several possible extensions of this research including more extensive positive selection

analyses and co-evolutionary analyses of the transcriptome data.
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Chapter 1: The Importance of Gene Duplication and
Domain Repeat Expansion for the Function and Evolution
of Fertilization Proteins

A version of this chapter was previously published as:

Rivera AM and Swanson WJ, 2022. The Importance of Gene Duplication and Domain Repeat
Expansion for the Function and Evolution of Fertilization Proteins. Frontier in Cell and
Developmental Biology (10):827455

The process of gene duplication followed by gene loss or evolution of new functions has
been studied extensively, yet the role gene duplication plays in the function and evolution of
fertilization proteins is underappreciated. Gene duplication is observed in many fertilization
protein families including Izumo, DCST, ZP, and the TFP superfamily. Molecules mediating
fertilization are part of larger gene families expressed in a variety of tissues, but gene
duplication followed by structural modifications has often facilitated their co-option into a
fertilization function. Repeat expansions of functional domains within a gene also provide
opportunities for the evolution of novel fertilization protein. ZP proteins with domain repeat
expansions are linked to species-specificity in fertilization and TFP proteins that experienced
domain duplications were co-opted into a novel sperm function. This review outlines the
importance of gene duplications and repeat domain expansions in the evolution of fertilization

proteins.
1.1 Introduction to duplication in fertilization proteins

The fertilization of oocytes by sperm is an essential function in sexual reproduction, and
multiple stages of the fertilization cascade have been described (Vacquier 1998). First the
sperm is drawn to the egg through chemotaxis (Ramirez-Gémez et al. 2019), and it then binds

to the egg and releases proteins stored in the acrosome. The sperm then passes through the



glycoproteinaceous egg coat (Monne et al. 2008; Wilburn and Swanson 2016) (named Zona
Pellucida in mammals), and proceeds to the oocyte cell membrane to initiate fusion (Siu et al.
2021). Understanding fertilization requires knowledge of both these broad steps of the
fertilization cascade and the molecular mechanism underlying them. Research into the evolution
and function of gametic proteins has implications for the development of novel contraception or
treatments for unexplained human infertility (Gelbaya et al. 2014).

Many fertilization proteins are members of gene families that result from whole gene
duplication events, which is a common mechanism for gene birth (Hughes 1994). There has
been extensive research into the relationship between gene duplication and other aspects of
reproductive biology, including the neuroendocrine control of reproduction (Dufour et al. 2020),
protease activity in the female reproductive tract (Kelleher et al. 2007; Kelleher and Markow
2009), the resolution of sexual conflict (Gallach et al. 2010; Connallon and Clark 2011; Gallach
et al. 2011; Gallach and Betran 2011), and hybridization barriers (Ting et al. 2004). This review
specifically focuses on our growing knowledge of duplicated protein families implicated in
fertilization. These proteins include the Izumol and Juno pair of interacting proteins, which each
arose from independent gene duplication events and are essential gamete membrane fusion
function in mammals(Bianchi et al. 2014). DCST1 and DCST?2 are paralogous proteins
expressed in the sperm membrane of some bilateral animals, that are essential for fertilization
(Inoue, Hagihara, et al. 2021: 1). Other duplicated proteins that act in fertilization include
ADAMs (Primakoff and Myles 2000; Civetta 2003; Finn and Civetta 2010), CRISPs (Busso et al.
2007; Da Ros et al. 2008; Gibbs et al. 2011; Maldera et al. 2014), Catspers (Clapham and
Garbers 2005; Navarro et al. 2008; Speer et al. 2021), and PKDREJ on the male side (Sutton et
al. 2008), and tetraspanins (CD9,CD81) (Le Naour Francois et al. 2000: 9; Miyado Keniji et al.
2000; Frolikova et al. 2018) and EBR1 on the female side (Kamei and Glabe 2003; Hart

2013).Genomic resources suggests that most of these families (ADAMSs, tetraspanins, EBR,



PKRDEJ, and Catsper) have orthologs in other bilateral animals, while CRISP has orthologs in
animals and in yeast (Howe et al. 2021).

Duplicated genes can experience further structural diversification, such as the
duplication of individual functional protein domains. Proteins containing tandemly duplicated
domains constitute a small, but significant portion of the genome (Han et al. 2007; Nacher et al.
2010). Independent tandem duplications of individual functional domains is also a recurrent
trend in some protein families (TFP and ZP) (Galindo et al. 2002; Aagaard et al. 2010; Doty et
al. 2016). There are several families of reproductive proteins on both the sperm and egg that
show a history of being co-opted from non-reproductive functions (Fig 1.1). Three finger proteins
(TFPs) have been frequently co-opted for fertilization including SPACA4 in tetrapods, Bouncer
in fish, and multiple classes of sperm proteins in plethodontid salamanders (PMF, SPFs) (Doty
et al. 2016; Fujihara et al. 2021). Salamander SPFs have a duplicated three finger protein
domain, and have evolved structural modifications to those domains (Doty et al. 2016).
Similarly, the family of ZP proteins (named after the Zona Pellucida), essential components of
egg coats across vertebrates and invertebrates (Wilburn and Swanson 2016), show evidence of
independent expansions of ZP-N domains in different lineages (Liang and Dean 1993; Galindo
et al. 2002). These highlight the role of gene duplication and repeat domain expansions in
fertilization. An observed trend is rapid sequence evolution in reproductive proteins (Swanson
and Vacquier 2002), and newly duplicated domains can provide novel substrates for evolving
new functions at multiple stages of the fertilization cascade.

The role of duplications in genome evolution is well documented across the tree of life.
(Kondrashov et al. 2002; Conant and Wolfe 2008). Gene duplication (Ponting 2008) is an
important source for new genetic material that facilitates biological innovation. The duplication
and differentiation of genomic regions has been linked to the evolution of modularity in
organisms (Wagner et al. 2007). Modularity is an abstract concept in which part of an organism

(such as a network of protein interactions) functions largely autonomously relative to other



aspects of the organism’s biology (Wagner and Altenberg 1996; West-Eberhard 2005).
Duplicated genes can participate in existing modular protein interaction networks, which
facilitates increasing biological complexity of these networks (Wagner et al. 2007). Such
increases in modular network complexity through gene duplication has been linked to
adaptations in humans (Perry et al. 2007). Duplicated functional domains can similarly
contribute to the evolution of biological complexity. This review will discuss both whole gene
duplications and within gene domain duplications, and their role in the evolution of reproductive
functions.

When genes duplicate they experience one of three possible fates: pseudogenization,
subfunctionalization, and neofunctionalization (Walsh 2003; Innan 2009). Due to redundancies
in function, the duplicated gene may no longer experience conservation and accumulate
silencing mutations, resulting in a non-coding “pseudogene” (Fig 1.2). New mutations are
frequently deleterious, so pseudogenization is hypothesized to be the most common fate of
duplicated genes (Lynch and Conery 2000). However, the other two fates of duplicated genes
(subfunctionalization and neofunctionalization) are common mechanisms for biological
innovation. Under neofunctionalization, one gene copy maintains its original function while the
other experiences positive selection and evolves a novel function. While under
subfunctionalization, both copies parse the original function, and neither gene is sufficient
(Walsh 2003; Innan 2009).

Tandem duplications of individual protein domains within a gene can add greater
complexity to the duplication process. Paralogous genes experiencing relaxed selection can
have greater freedom for tandem domain duplications. There is strong research interest in the
mechanisms underlying domain repeat expansions and how they affect the evolution of protein
families (Bjorklund et al. 2005; Vogel et al. 2005; Bjorklund et al. 2006; Weiner 3rd et al. 2006;
Moore et al. 2008; Buljan and Bateman 2009). Repeats can experience concerted evolution

where they maintain a high degree of sequence identity (Elder and Turner 1995; Liao 1999),



through unequal recombination and gene conversion (Schimenti 1999). Under this scenario, the
repeat expansion of highly identical domains is itself an innovation that could allow proteins to
evolve novel functions. A repeat domain expansion could also affect dosage or protein
interaction networks. Repeated domains could similarly differentiate in amino acid sequence,
leading to neofunctionalization or subfunctionalization with the original domain. There are many
possible orders and combinations of whole gene duplications and domain duplications that can
contribute to the expansion of gene families (Fig 1.2). The process by which duplicate genes are
maintained and experience subfunctionalization or neofunctionalization has been characterized
under the duplication-degeneration-complementation model (DDC) (Force et al. 1999). While
most classical population genetics models (Walsh 2003; Innan 2009) primarily discuss the effect
of silencing or beneficial mutations on coding regions, the DDC model focuses on the effect of
mutations on regulatory regions and subfunctionalization. Essentially, mutations that can silence
certain regulatory regions in a duplicate gene can lead to the two genes partitioning expression
and eventually function (Force et al. 1999). Other models have suggested subfunctionalization
is primarily important as a transition phase to neofunctionalization (Rastogi and Liberles 2005).
The mechanisms of subfunctionalization and neofunctionalization remain a subject of rich
debate, and concepts like the DDC model could have ramifications for protein evolution.

Subfunctionalization and neofunctionalization are foundational to the evolution of
increased complexity in genomes and protein networks, and it is worth examining their particular
importance in fertilization. Fertilization proteins are some of the most rapidly evolving proteins in
genomes, as evidenced by high amino acid divergence (Swanson and Vacquier 2002). Their
rapid evolution is likely driven by factors such as sexual conflict and molecular arms race
dynamics between gametes, which can also contribute to the maintenance of fertilization
barriers between species (Gavrilets and Waxman 2002; Gavrilets 2014). The general trend of
rapid evolution in reproductive proteins could facilitate the subfunctionalization or

neofunctionalization of domains.



1.2 Families of duplicated fertilization genes

1.2.1 lzumo/Juno

The fusion of sperm and egg is necessary for fertilization, but there are only a few known
pairs of interacting gametic proteins identified at this stage (Wilburn and Swanson 2016). After
years of research the interacting pair Izumol and Juno were identified in mammals (Bianchi et
al. 2014). 1Izumol is the sperm expressed protein that mediates fusion (Inoue et al. 2005), and it
interacts with the egg surface bound folate receptor 4 (known as Juno) (Bianchi and Wright
2014). Izumol and Juno are each part of protein families with multiple paralogues, but only the
Izumol1/Juno pair is capable of interacting (Bianchi et al. 2014). There are four members of both
the Izumo (Ellerman et al. 2009) and folate receptor families (FOLR) in mammals (Elwood 1989;
Shen et al. 1994; Spiegelstein et al. 2000; Petronella and Drouin 2014). Despite being part of
the folate receptor family, Juno does not actually bind folate, exemplifying how a single member
of this gene family has been co-opted for a novel reproductive function (Bianchi et al. 2014).

While Juno represents a clear co-option into fertilization, the evolution of the Izumo gene
family could also present an interesting example of neofunctionalization. Izumo1-4 all have a
highly structurally conserved Izumo domain, but Izumo1 and Izumo4 have a shared pair of 3-
strands extending from this domain. Izumol experienced further structural modifications, as its
B-strand extensions act as a hinge between the Izumo domain and a co-opted immunoglobulin-
like domain (Aydin et al. 2016; Ohto et al. 2016). Such substantial structural changes could be
important for the protein’s ability to bind Juno. Research into other Izumo proteins suggests their
involvement in fertilization. Izumo1-3 are transmembrane testis expressed proteins (Ellerman et
al. 2009), while 1Izumo4 lacks a transmembrane domain and is expressed in the acrosome
(Guasti et al. 2020). Izumo3 shows evidence of positive selection (Grayson and Civetta 2012),

and is necessary for sperm acrosome formation (Inoue, Satouh, et al. 2021). The parallel



histories of structural modifications in Izumol and Juno allowed for this essential interaction to
evolve.

The relationship between Izumol, Juno and their paralogs is highlighted by our
phylogeny (Fig 1.3), which contains a long branch leading to Juno (FOLR4). This could reflect
the rapid accumulation of mutations in the Juno branch as it was co-opted to bind Izumo1l during
gametic membrane fusion. Crystal structures confirm that 1:1 binding complexes form between
Izumol and Juno (Aydin et al. 2016; Ohto et al. 2016). The adhesion of Izumol1 and Juno is
conserved in mammals, and after the adhesion event Juno is released from the egg’s surface in
vesicles and may act to bind and neutralize acrosome reacted sperm (Bianchi et al. 2014). In
mammals, this interaction functions as a block against polyspermy (Bianchi and Wright 2014).
Blocks to polyspermy are essential, because eggs that fuse with multiple sperm are not viable
and mammalian blocks to polyspermy exist at both the cell membrane (Evans 2020) and egg
coat (Fahrenkamp et al. 2020).

Mutations to residues conserved in mammals greatly reduce binding, highlighting that
particular changes to amino acid sequence and protein structure facilitated the
neofunctionalization of Juno (Aydin et al. 2016). The more variable structural features (Ohto et
al. 2016) in Juno may be important for the species-specificity of its binding to Izumol (Bianchi et
al. 2014; Bianchi and Wright 2015; Han et al. 2016). Comparative genetic analyses identify
positive selection in a subset of mammals (Laurasiatheria) (Grayson and Civetta 2012), and that
Juno is likely rapidly co-evolving with 1zumol, which contributes to the specificity of their
interactions (Grayson 2015). This specific binding is essential to both Juno’s function in
initiating membrane fusion, and the post-fusion neutralization of acrosome-reacted sperm

(Wright and Bianchi 2016).



1.2.2 DCST

While Izumol and Juno are thought to initiate the complex molecular process of gametic
membrane fusion in mammals, recent transgenic experiments and complementation studies
have demonstrated that DCST1 and DCST2 are also essential (Inoue, Hagihara, et al. 2021).
The DCST1/2 proteins are expressed on the sperm surface, and contain variable (4-6)
transmembrane helical domains (DC-STAMP) (Inoue, Hagihara, et al. 2021: 1). DC-STAMP
(dendritic cell specific transmembrane protein) refers to both the name of the domain and one of
the proteins that contains this domain (Hartgers et al. 2000). The originally identified DC-
STAMP protein has four transmembrane domains (Hartgers et al. 2001), and it is highly
expressed in myeloid dendrocytes (Hartgers et al. 2000; Hartgers et al. 2001; Eleveld-
Trancikova et al. 2005; Eleveld-Trancikova et al. 2008). The expression of DC-STAMP has
been induced in macrophages (Staege et al. 2001) and osteoclasts(Nomiyama et al. 2005). This
broad array of functions has motivated much research into the molecular mechanisms of DC-
STAMP interactions, which has supported a role in osteoclast fusion (Kukita et al. 2004; Yagi et
al. 2005; Jansen et al. 2009). There is also evidence of DC-STAMP related signaling in immune
response (Nair et al. 2016). Along with these other diverse functions, it seems that DC-STAMP
domains have been co-opted into an essential role in sperm-egg membrane fusion.

DCST1/2 are the first known essential fertilization factors that are conserved in both
vertebrates and invertebrates (Inoue, Hagihara, et al. 2021). DCST1/2 orthologues have been
identified in both Caenorhabditis and Drosophila (Kroft et al. 2005; Wilson et al. 2006; Wilson et
al. 2018), which is the first known example sperm related factors being conserved this broadly
across vertebrates and invertebrates (Inoue, Hagihara, et al. 2021: 1). However, there has been
extensive structural diversification of these DCST1/2 across animals (Fig 1.4), especially
between invertebrates and vertebrates. The low sequence identity of DCST1/2 proteins across

animals, makes the conservation of reproductive function all the more remarkable. The ubiquitin



ligase activity of DCST1 (Nair et al. 2016) raises questions about the function of DCST1/2 in
sperm. There is intense research interest into the signal activity of long non-coding RNA
produced by DCSTL1 and its effect on cancer cell progression (Hu et al. 2020; Ai et al. 2021: 1;
Wang et al. 2021). More investigation is necessary to understand the function of DC-STAMP
domains in a broad range of signaling networks, and how they were neofunctionalized in sperm

DCST1/2.

1.2.3 ZP Domains

ZP proteins are an essential class of egg coat proteins. An important feature of ZP
proteins is the ZP module that consists of two domains, ZP-N and ZP-C, named after their
relative N-terminal and C-terminal positioning. ZP-N and ZP-C domain are immunoglobular
domains with characteristic patterns of disulfide bonding and B-sheets (Bokhove and Jovine
2018), and likely resulted from an ancestral domain duplication. The variability in amino acid
sequence, disulfide placement, and loop structures between ZP-N and ZP-C (Lin et al. 2011)
suggests differences in their biological function and evolutionary history.

ZP-N domains are of particular interest, because they form asymmetric dimers with their
B-sandwich edges which are believed to promote polymerization between ZP modules (Jovine
et al. 2002; Wilburn and Swanson 2017; Bokhove and Jovine 2018). There are several ZP
proteins identified in vertebrates (ZP1-4, ZPAX and ZPD), and there appears to be a history of
lineage specific gain and loss of ZP proteins among vertebrates (Galindo et al. 2002; Conner et
al. 2005; Goudet et al. 2008; Claw and Swanson 2012; Meslin et al. 2012; Shu et al. 2015;
Killingbeck and Swanson 2018). Like other families discussed in this review, there also multiple
ZP proteins with non-reproductive functions (e.g. uromodulin and tectorin-alpha) (Legan et al.

1997; Brunati et al. 2015; Bokhove et al. 2016). This may be another example of domains being
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co-opted into a reproductive function, and ZP-N polymerization domains may be important for
egg coat assembly and structure.

Not only has gene duplication produced an assortment of ZP proteins, there are also
examples of independent repeat expansions of ZP-N in both vertebrates and invertebrate egg
coat proteins (Fig 1.5). Some have only one additional ZP-N domain, but there are more
dramatic repeat expansion like mammalian ZP2 (4 ZP-Ns) and abalone VERL (23 ZP-Ns)
(Galindo et al. 2002). This process of domain duplications helped contribute to the diversity of
ZP proteins. Given the ability of ZP-N domains to dimerize (Jovine et al. 2002; Bokhove and
Jovine 2018; Litscher and Wassarman 2020), their duplications could create opportunities to
evolve novel binding functions. Proteins with duplicated ZP-N domains, such as mammalian
ZP2 and abalone VERL, are thought to be essential for species-specific in fertilization (Avella et
al. 2013; Avella et al. 2014; Raj et al. 2017). Species-specificity in abalone is associated with
the coevolution between VERL and the sperm protein lysin (Galindo et al. 2003; Clark et al.
2009), suggesting a cooption of ZP-Ns in sperm-egg interactions during egg coat dissolution.

Neofunctionalization of ZP-N domains can also drive new interactions between ZP
proteins, such as the evolution of essential intermolecular crosslinks (Nishimura et al. 2019),
which affect the physical assemblage of proteins in the supramolecular structure of the egg
coat. Indeed, mouse research has suggested the importance of egg coat supramolecular
structure in fertilization (Rankin et al. 2003; Avella et al. 2013). The structure of the egg coat is
also important for the oocyte’s ability to block polyspermy. Protein cleavage of ZP2 is thought to
initiate other egg coat structural modifications, which “harden” the egg coat and prevent sperm
binding (Bleil et al. 1981; Gahlay et al. 2010; Fahrenkamp et al. 2020). Gene and domain
duplications have produced a family of ZP proteins that contribute to the egg coat
supramolecular structure, and are involved in both sperm recognition and polyspermy

avoidance.
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1.2.4 TFP superfamily

Three finger proteins are defined by their TFP domains, which have a characteristic
disulfide bonding pattern and fold (Galat 2008; Galat et al. 2008). The broader TFP protein
superfamily also includes proteins with structurally modified TFP-like domains(Galat 2015).
While TFPs were originally identified in snake toxins (Low et al. 1976; Tsernoglou and Petsko
1977), members of the TFP superfamily have been to co-opted for reproductive functions in
sperm (SPACA4, PMFs, and SPFs), egg (Bouncer), and pheromones (PMFs, and SPFs) (Doty
et al. 2016; Fujihara et al. 2021; Wilburn et al. 2022) (Fig 1.6). Bouncer plays a role in species-
specific sperm-egg fusion in teleost fish (Herberg et al. 2018), which raises questions about how
other TFPs may function in fertilization. The TFP superfamily includes both soluble and
membrane bound proteins, and has great functional diversity across many tissues and taxa
(Alape-Giron et al. 1999; Tsetlin 1999; Kini 2002; Nirthanan et al. 2003; Kessler et al. 2017).
Similar to ZP proteins, we observe a history of gene duplication, repeat expansion of domains,
and functional diversification of TFP domain containing proteins.

An ancestral TFP protein experienced gene duplication to produce an assortment of
single TFP-like domain proteins (1D-TFPs). One of these TFP genes experienced a tandem
domain expansion to produce the ancestor of proteins with two TFP-like domains (2D-TFPs).
Three independent co-option events have produced TFPs in gametes (Fig 1.6). A co-option of
1D-TFPs occurred in the ancestor of tetrapods and produced both Bouncer in fish, and SPACA4
in amniotes (Fig 1.6). Despite their protein homology, Bouncer is egg expressed while SPACA4
is sperm expressed and it is implicated in interactions between the sperm and egg coat
(Fujihara et al. 2021), highlighting the functional diversification of TFPs. Another independent
co-option of 1D-TFPs resulted in the sperm expressed plethodontid modulating factor (PMFs)
salamanders, which extensively duplicated producing a diverse family of reproductive molecules

(Wilburn et al. 2012; Wilburn et al. 2014; Doty et al. 2016; D. Wilburn et al. 2017). Salamander
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PMFs are hypervariable proteins expressed in multiple tissues, and while they are structurally
similar to other TFPs, they differ in loop length and disulfide bridge patterning, and show
evidence of persistent diversification and positive selection (Palmer et al. 2010; Wilburn et al.
2012; Wilburn et al. 2014)

Among 2D-TFPs there was independent co-option into the sodefrin precursor-like factors
(SPFs) of salamander sperm. SPFs then experienced their own history of gene duplications and
radiation (Palmer, Watts, et al. 2007). Both PMFs and SPFs experienced disulfide bond
reshuffling relative to the canonical 1D-TFP and 2D-TFP binding patterns, and these changes
reflect the neofunctionalization of these molecules (Doty et al. 2016). These striking examples of
independent gene duplications and neofunctionalization for reproductive functions raises
guestions as to whether there are additional unknown co-options of TFPs, and whether some
protein domains are more susceptible to co-option in diverse biological contexts.

Both PMFs and SPFs are highly duplicated protein families, with some members being
co-opted into pheromone function and others for sperm expression (Doty et al. 2016; Wilburn et
al. 2022). As the sperm paralogs of PMFs and SPFs have only recently been discovered,
functional studies have not yet been conducted. Male salamanders produce large number of
PMFS and SPFs within their mental glands which promote ritual courtship behavior in females
(Doty et al. 2016). Duplications of secreted male-expressed proteins could have provided an
evolutionary substrate to evolve new pheromones (Wilburn et al. 2022). Structural changes in
PMFs and SPFs, such as disulfide shuffling, may contribute to new functions in both sperm and
pheromones. The TFP’s superfamily’s history of gene duplication, domain duplication, and
neofunctionalization provides a unique model for the evolution of large gene families involved in

fertilization.
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1.3 Discussion and Conclusion

In this review, we discussed examples of duplicated gene families with roles in
fertilization. Gene duplication and neofunctionalization are essential processes for the evolution
of greater genomic and functional complexity in organisms. Duplicated paralogous genes have
been co-opted into both sperm (Izumol, DCST1/2) and egg (Juno) proteins involved in gamete
membrane fusion (Bianchi et al. 2014; Inoue, Hagihara, et al. 2021: 1). Domain duplications
within paralogs are also observed in the TFP superfamily and ZPs and have allowed both
groups of genes to adopt novel functions at multiple stages of fertilization. As seen with TFPs,
duplication events are often followed by notable protein structural changes (Doty et al. 2016)
which may be tied to their co-option for novel fertilization functions. It is intriguing to consider
hypotheses that account for these patterns of gene family expansion and diversification
common in reproductive molecules.

Duplication events can facilitate the rapid evolution and neofunctionalization observed in
many families of fertilization proteins. This rapid evolution can also be influenced by multiple
factors such as sexual conflict, polyspermy avoidance, or genetic drift (Vacquier et al. 1997).
The necessity of pathogen avoidance or blocks to polyspermy can drive oocytes to evolve
reduced sperm binding ability. The sperm would then co-evolutionarily “chase” the egg, which
can contribute to the rapid sequence evolution of gametic proteins, and to the species-specificity
of these protein interactions (Gavrilets and Waxman 2002; Gavrilets 2014). The rapid evolution
of reproductive proteins is explored in terms of amino acid mutations, but the repeat expansion
of domains could also be part of this trend. Proteins with repeated domains could experience
drift resulting in ever-changing molecular target, that interacting proteins must co-evolutionarily
chase (Vacquier et al. 1997).

Duplications of reproductive proteins can also contribute to the phenomenon of

functional redundancy, in which two duplicated genes have partially overlapping functions and
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can compensate for each other’s loss (Kafri et al. 2009). Functional redundancy has been
observed in the CRISP family of reproductive proteins (Curci et al. 2020), and this property
could emerge in other large protein families. While functional redundancy seems like it would be
temporary as duplicated genes subfunctionalized or neofunctionalized, it can be a surprisingly
evolutionarily stable property. Functional redundancy could confer fitness advantages by
maintaining the robusticity of protein interaction networks in spite of stochasticity of expression
between cells (Kafri et al. 2009). The rapid evolution of other reproductive proteins in these
networks could place even greater value on robustness and stability of essential functions.
Robusticity in these protein networks is believed to reduce the fithess cost of new mutations,
which would increase the “evolvability” of these proteins and facilitate functional
innovation(Kirschner and Gerhart 2008). The concepts of functional redundancy and robusticity
of function may also apply to domain repeat expansions like the ZP-N domains of VERL. The
processes of gene duplication, repeat domain expansion, structural modification, and
neofunctionalization have been fundamental to the evolution of reproductive molecules across

life.
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gene duplicates experiences a domain expansion. These genes can then act as substrates for
further duplication and neofunctionalization or subfunctionalization events.
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Figure 1.3: Phylogenies of Izumo and FOLR protein families. We constructed unrooted
maximum likelihood phylogenies for Izumo and FOLR gene families in a subset of primates,
based on multiple sequence alignments(Katoh and Standley 2013; Kozlov et al. 2019). Both
gene families independently duplicated, but FOLR4 was co-opted to bind [zumol. Crystal
structures have been obtained for the Izumol-Juno complex (Aydin et al. 2016). For other
proteins, alphafold predicted structures were used (Jumper et al. 2021). Using predictions of
signal peptides and transmembrane domains, and secondary structural alignments, we
identified shared izumo domains (Sonnhammer et al. 1998; Krogh et al. 2001; Almagro
Armenteros et al. 2019).
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Figure 1.4: Schematic of membrane bound DCST1/2 proteins. We show here DCST1/2 proteins
in multiple model species. The number of transmembrane domains and loop lengths differ
across species. Transmembrane domains and loops are colored based on conservation (Pei et
al. 2008), where red coloration signifies amino acid conservation relative to humans. Therefore,
the human examples are all red.
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Figure 1.6: Evolutionary history of domain duplication and structural modifications in gametic
TFPs. These two cladograms outline the whole gene and domain duplications within the three
finger protein superfamily (TFPs) and their expansions into reproductive systems. An ancestral
single domain TFP (1D-TFP), duplicated into multiple vertebrate 1D-TFPs, and also had a
domain level duplication which created a lineage of two TFP domain proteins (2D-TFPs). The
1D-TFPs produced tetrapod SPACA4, fish Bouncer, and multiple salamander PMFs. The 2D-
TFPs also duplicated throughout vertebrates including salamander SPFs. Both salamander

PMF and SPF protein families include both sperm and pheromone expressed members
(Wilburn et al. 2022).
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Chapter 2: Domain expansion and functional
diversification in vertebrate reproductive proteins

A version of this chapter was previously published as:

Rivera AM, Wilburn DB, and Swanson WJ, 2022. Domain expansion and functional
diversification in vertebrate reproductive proteins. Molecular Biology and Evolution
39(5):msac105.

The rapid evolution of fertilization proteins has generated remarkable diversity in
molecular structure and function. Glycoproteins of vertebrate egg coats contain multiple zona
pellucida (ZP)-N domains (1-6 copies) that facilitate multiple reproductive functions, including
species-specific sperm recognition. In this report, we integrate phylogenetics and machine
learning to investigate how ZP-N domains diversify in structure and function. The most C-
terminal ZP-N domain of each paralog is associated with another domain type (ZP-C), which
together form a “ZP module.” All modular ZP-N domains are phylogenetically distinct from
nonmodular or free ZP-N domains. Machine learning—based classification identifies eight
residues that form a stabilizing network in modular ZP-N domains that is absent in free domains.
Positive selection is identified in some free ZP-N domains. Our findings support that strong
purifying selection has conserved an essential structural core in modular ZP-N domains, with

the relaxation of this structural constraint allowing free N-terminal domains to functionally

diversify.
2.1 Introduction

Protein structural domains are a major type of molecular building block which
multimerize into higher order assemblies and provide the architectural foundation for nearly all
cellular features, including organelles and extracellular matrices. Within molecular complexes,
structural domains function as interlocking modules with specific, well-defined binding surfaces.
Consequently, structural proteins commonly experience intense purifying selection to preserve

their three-dimensional conformations, which can lead to extreme sequence conservation



between diverse taxa (e.g. actin is 89% identical between yeast and humans) (Rivero and
Cvrckova 2007). The modularity of structural domains makes them prime templates for
duplication within a genome, taking the form of both whole gene duplication to produce new
paralogs as well as formation of tandem domain arrays within a single gene (Rivera and
Swanson 2022). Redundancy of duplicated domains can relax purifying selection to allow for
diversification and neofunctionalization, as is observed for the mechanosensitive tandem
domains of cadherins that function in the inner ear(Jaiganesh et al. 2018). However, little is
known as to how positive selection can shape structural domain diversification within rapidly

evolving systems.

Within animal genomes, many of the fastest evolving genes are associated with
fertilization (Swanson and Vacquier 2002). While often considered paradoxical, reproductive
proteins evolve at extraordinary rates in part due to differences in male and female optimal
mating rates that can drive sexual arms races, especially in gamete recognition proteins that
initially mediate sperm-egg interactions (Wilburn and Swanson 2016; Wilburn et al. 2019).

Fertilization of an egg by multiple sperm will fail to form a zygote — a phenomenon known as

22

pathological polyspermy — and oocytes possess multiple reproductive barriers to modulate the

rate of sperm entry (Frank 2000; Carlisle and Swanson 2021). One such barrier in vertebrate

oocytes is an elevated glycoprotein envelope with clade-specific names: the zona pellucida (ZP)

in mammals, the chorion in fishes, and the vitelline membrane in amphibians, reptiles, and birds

(Wilburn and Swanson 2018). Named after the mammalian version, all vertebrate egg coat
proteins contain a pair of immunoglobulin-like domains, ZP-N and ZP-C, that together form a

polymerization unit called a ZP module (Jovine et al. 2002; Wilburn and Swanson 2017,

Bokhove and Jovine 2018). The last common ancestor of vertebrates possessed six paralogous

genes (zpl, zp2, zp3, zp4, zpd, and zpax) that have experienced clade-specific birth and death

events. Consequently, the egg coat of each major vertebrate class has a different composition
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of ZP module-containing proteins (Conner et al. 2005; Wong and Wessel 2005; Goudet et al.
2008; Meslin et al. 2012; Shu et al. 2015; Wassarman and Litscher 2016; Killingbeck and
Swanson 2018). ZP modules are also found in non-reproductive proteins that form extracellular
matrices, such as uromodulin (UMOD) which protects against urinary pathogens (Brunati et al.
2015; Bokhove et al. 2016; Devuyst and Pattaro 2018) and tectorin alpha (TECTA) which

function in inner ear organization (Bokhove et al. 2016; Kim et al. 2019).

While both ZP-N and ZP-C are immunoglobulin-like domains with a core B-sandwich
(Bokhove and Jovine 2018), they are evolutionarily distinct domains that have low amino acid
sequence identity, unique disulfide patterns, and variable loop structures (Lin et al. 2011).
Independent ZP-C domains outside of the ZP module have been identified in C. elegans
(Weadick 2020), and four of the egg coat proteins (ZP1, ZP2, ZP4, and ZPAX) contain
additional ZP-N domains independent of the ZP-N/ZP-C pair in the ZP module (Figure 2.1A).
We do not know of non-reproductive proteins that contain duplicated ZP-N domains. We refer to
ZP-N domains in the ZP module as “modular” and the N-terminal repeats as “free” domains. As
ZP-N domains can form asymmetric dimers through their f-sandwich edges (Jovine et al. 2002;
Bokhove and Jovine 2018; Litscher and Wassarman 2020), they have been considered the
major driver of ZP module polymerization. While free ZP-N domains may similarly function as
polymerization units, recent structural studies support that they may have acquired novel
functions: the free ZP-N domains of ZP1 form intermolecular cross-links important for egg coat
structure (Nishimura et al. 2019), while N-terminal domains in ZP2 (Avella et al. 2013; Avella et
al. 2014) and ZP4 (Dilimulati et al. 2022) have been implicated in sperm-egg binding. The
functional diversification of duplicated ZP-N domains seems to play an important role in the
evolution of species-specific interactions. Despite their functional significance, the evolutionary
history of ZP-N domains within and between these many paralogous proteins has not been

examined. Our combination of phylogenetic and machine learning approaches addresses how a
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complex history of whole gene and tandem domain duplications followed by structural

adaptation produced the current diversity of ZP proteins.

2.2 Results and Discussion

2.2.1 Free and Modular ZP-N domains are phylogenetically distinct.

We investigated the evolutionary history of vertebrate ZP-N domains by extracting a total
of 2405 ZP-N domain sequences from ZP module containing genes of 247 species with both
reproductive (zpl, zp2, zp3, zp4, zpax, zpd) and non-reproductive (umod, tecta, cuzdl)
functions (Table S2.1). While modular and free ZP-N sequences were found to share little
sequence identity beyond 4 conserved cysteine residues that form stabilizing disulfide bonds,
both domain types are highly similar in three-dimensional structure (Fig 2.1A). As such, we used
a structure-based sequence alignment (Pei et al. 2008) to perform phylogenetic analysis.
Maximum likelihood-based phylogenies indicated that the free ZP-N domains form a single
clade distinct from the ZP-C associated modular ZP-N domains (Fig 2.1B), and this separation
was robust to amino acid substitution matrices (LG, WAG, and JTT) (Fig S2.1). The topology of
the modular ZP-N clade was broadly consistent with previously published gene trees based on
the complete ZP module with both ZP-N and ZP-C (Claw and Swanson 2012; Feng et al. 2018).
The topology of the free ZP-N clade supports that the initial duplication gave rise to the first
repeat of the tandem array shared by ZP1, ZP2, ZP4, and ZPAX, which was followed by lineage
specific repeat expansions of free ZP-Ns in ZP2 and ZPAX (Fig 2.1C). Free ZP-Ns have only

been identified in proteins associated with the egg coat.
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2.2.2 Machine learning reveals conserved residues and structural features in modular

ZP-N domains.

The phylogenetic separation of modular and free ZP-N domains using a structure-based
alignment suggests important structural differences between the two domain types, but their
high sequence divergence complicated manual identification of such characteristics. Machine
learning methods have been applied to various aspects of protein biology such as function
prediction (Yang et al. 2018; Bonetta and Valentino 2020) and the classification of membrane
bound proteins (Guo et al. 2019). Here, we used a machine learning-based classification
strategy to identify what structural features distinguish free and modular types of ZP-N domains.
We applied a logistic regression model to the structurally aligned ZP-N domain sequences,
where the probability of being a modular vs free ZP-N type was estimated for each of the 20
amino acids at each position in the alignment. Given the large number of parameters in this
model (9321), we combined elastic net regularization and cross-validation to identify the most
parsimonious model (i.e. the fewest non-zero parameters) within the 95% confidence interval of
the highest scoring model (Fig 2.2A-B). Through this regularization strategy, we identified 8
modular-associated and 2 free-associated residues that were sufficient to predict whether a
given ZP-N sequence was modular or free with 100% accuracy (Fig 2.2B). The greater number
of modular-associated residues and their greater probabilistic weight suggests greater
sequence conservation of modular domains (Fig 2.2B). Further examination of individual clades
of modular and free ZP-Ns demonstrate the substantial sequence conservation of our residues

identified by machine learning (Fig 2.2C).

Examination of the residues associated with either ZP-N type in the context of three-
dimensional structures suggest differences in both function and quaternary structural dynamics.
ZP-N monomers have an immunoglobulin-like B-sandwich fold with the 4- and 3-membered [3-

strands connected by a disulfide bridge on each edge of the molecule. Biochemical and
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crystallographic studies support that modular ZP-N domains form asymmetric dimers through
the molecular edge that includes the most N- and C-terminal 3-strands (Jovin(Jovine et al.
2006)e, et al. 2006; Bokhove, et al. 2016). Free ZP-N domains do not appear to dimerize
through this N/C-terminal edge, and have experienced functional diversification of the outer
edge of the molecule to perform additional protein binding functions (Raj, et al. 2017; Nishimura,
et al. 2019). When the modular-associated sites were mapped onto their respective structures,
we observed that modular-associated residues form an integrated network of mostly
hydrophobic stabilizing contacts that interlock between the 3-sheets around the outer edge of
the molecules (Fig 2.2D, Fig S2.2). The phylogenetic clustering of free ZP-N domains (Fig
2.1C), along with molecular dynamics support the loss of dimerization activity along the free ZP-
N lineage, which could have facilitated their evolution of new binding partners (Fig S2.3). The
stabilizing contacts along the outer edge of the modular ZP-N domains are consistent with these
domains principally having structural roles, while in free domains this edge has diversified to
allow functional innovation. Further subdivision of free ZP-N domains by their major clades (the
first repeat versus internal repeats in ZP2 and ZPAX) largely supports our initial findings (Fig
S2.4). Consequently, our sequence-based machine learning classifier identified conserved
residues underlying structural differences between the two domain types that have implications

on their respective functions.

2.2.3 Free ZP-N domains display signatures of sequence divergence and rapid

evolution.

The difference in relative conservation of modular domain structures motivated
additional analysis of the sequence evolution of these ZP-N domains. Here we focused on
mammalian ZP genes (zpl, zp2, zp3 ,zp4, umod, tecta, and cuzdl) due to both higher genomic
assembly quality and to avoid synonymous substitution saturation that may occur when

considering greater phylogenetic breadth (Anisimova and Liberles 2012). Measures of
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sequence diversity within and between ZP-N groups reveal that modular domains are less
diverse overall, and that free ZP-Ns are just as dissimilar to one another as they are to modular

domains (Fig 2.3A).

These findings motivated molecular evolutionary analyses on 12 mammalian ZP-N
domains, and only ZP2-N1 and ZP2-N2 showed evidence of positive selection (Table S2.2).
These are notably the two domains with the lowest within group similarity (diagonal of Fig 2.3A).
Positively selected sites in ZP2-N1 are far from the homodimerization edge and physically
closer to the network of modular biased residues (Fig 2.3B). Analyses that detect positive
selection in free ZP-Ns may reveal complementary information to the high conservation of
residues in modular ZP-Ns. Protein regions associated with structural stability in modular
domains may rapidly evolve in free domains that gain a new binding interface. Positively
selected sites also constituted a substantial portion of the solvent exposed surface area (34% in
ZP2-N1 and 24% in ZP2-N2), potentially facilitating their evolution of novel functions and protein
interactions. The rapid evolution of ZP2-N1 is consistent with its role in species-specific sperm
recognition (Avella, et al. 2014) and may reflect sexual co-evolution with its sperm receptor
(whose identity is currently unknown). Remarkably, these positively selected sites cluster near a
region associated with species-specific sperm protein binding in free invertebrate ZP-N domains
(Raj et al. 2017). However, based on expansion and retraction of loop lengths outside the core
B-sandwich, we believe that these invertebrate free ZP-N domains evolved independently of the
free ZP-N domains of vertebrates, suggesting that the expansion of ZP-N arrays for species-
specific sperm recognition is a convergent phenomenon that has arisen multiple times
throughout metazoan evolution. Previously, positive selection in ZP3 had been detected in
certain mammalian clades (W. Swanson et al. 2001; Turner and Hoekstra 2006). However,
selective pressures related to reproduction (eg, mating system) can vary across taxa, and this

can affect why a broad search of Boreoeutherian mammals did not detect positive selection in
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ZP3 when compared to previous analyses on limited taxon datasets. Similar observations have

been made in the fertilization proteins Izumo and Juno (Grayson 2015).

In summary, our combined phylogenetic, machine learning classification, and positive
selection analyses illustrated a clear distinction between modular and free ZP-N domains.
These two classes of domains experienced different evolutionary trajectories, as modular ZP-Ns
likely retained a conserved structural role while free ZP-Ns neofunctionalized to serve different
reproductive functions. These findings are of relevance to the evolution of species-specificity in
fertilization, as the ZP-N domain expansion of ZP2 provided substrates to evolve novel species-
specific interactions. Structural changes within free ZP-Ns could result in of a dimerization edge
and the evolution of a new sperm binding loop. As these domains are co-opted into a
reproductive context, co-evolution (Clark et al. 2009; Hart et al. 2018) and sexual conflict
(Gavrilets and Waxman 2002) with sperm proteins could contribute to their rapid evolution. This
reflects the evolutionary dynamics that drive structural diversification and neofunctionalization of
duplicated domains. Our combined phylogenetic and machine learning approach outlined here

can be applied to other essential gene families with complex duplication histories.

2.3 Materials and Methods

2.3.1 Multiple Sequence Alignment

Sequences for multiple ZP-N containing proteins were curated from the Ensembl
database (release 104) (Howe et al. 2021). Sequences were preliminarily labelled as one of the
ZP genes of interest based on PSI-BLAST e-value scores (Altschul et al. 1997). Sets of
orthologous genes were aligned with MAFFT (Katoh and Standley 2013) and then trimmed to
individual ZP-N domains. Groups of orthologous ZP-N domains were deemed “orthogroups”.
Sequences with ambiguous characters were removed, and then sets of orthologous ZP-N

sequences were realigned with MAFFT. A full multiple sequence alignment was generated by
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concatenating orthogroup alignments together using a representative paralog alignment:
individual representative sequences were selected from each orthgroup, and aligned using the
structural based PROMALS tool (Pei et al. 2008). This approach was used because of the low
sequence identity, but high structural similarity between paralogous Z-N domains. A custom
script was used to algorithmically add gaps to orthogroup alignments to form a full multiple
sequence alignment. For phylogenetics, CD-Hit was used to remove highly cluster highly similar
sequences (>90% identity) (Li and Godzik 2006; Fu et al. 2012), in order to improve computing
speed, and because this study was not concerned with very recent evolutionary splits. A full
dataset was used for machine learning training because those methods are less
computationally strained by large alignments and can gain greater sensitivity with a high depth

of taxonomic sampling.

2.3.2 Phylogenetics

Maximum likelihood phylogenies were built using RAXML-NG(Kozlov et al. 2019), and
multiple different amino acid substitution matrices were tested (LG+G, JTT+G,WAG+G), to
evaluate the robustness of the deepest phylogenetic divide. The maximum likelihood tree was
selected from 100 replicate runs using different starting trees. Nodal support was calculated with
transfer bootstrap expectation (Lemoine et al. 2018), a modified form of bootstrapping that is
more effective at detecting deep phylogenetic relationships in datasets with large number of
taxa. Sequence labels were initially based on BLAST results but later refined based on

phylogenetic clustering, (e.g. ZP1-N1, ZP2-N1, ZP4-N1).

2.3.3 Machine Learning

A basic machine learning algorithm using mean squared regression and regularization
was coded in Python to distinguish the two free and modular groups of ZP-N domains. Logistic

regression models are well suited for these classifications, because their outputs are bounded
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between 0 and 1, which can be interpreted as probability that a given domain is modular
(Bewick et al. 2005). The multiple sequence alignment was identical to that used for
phylogenetic analysis. The alignment was split into a testing (25%) and training set (75%), and
logistic regression modelling with cross-validation was performed on the training set using five-

way cross validation. The final model scores were based on performance in the testing dataset.

For machine learning analysis, aligned ZP-N sequences were one-hot encoded: each
position in the sequence was converted into a vector of twenty digits, corresponding to the
twenty amino acids. The value was set to 1 for the entry in the vector corresponding to that
residue, and all other values are set to 0. Gapped sites were set to a vector of twenty 0’s. Thus,
the classifier was trained using (1+20n) features (there is an additional intercept term), where n
is the alignment length. Each of these features has a parameter associated with it and the value
of the parameter indicates how informative that feature is, and whether it supports a modular
ZP-N or free ZP-N classification. There are a large number of possible parameters in this model
(9321 including the intercept), which introduces a risk for “overfitting”(Hawkins 2004), and

motivates our regularization strategies.

To determine the minimal number of highly informative parameters, elastic net
regularization was employed to penalize overparameterization and reduce overfitting (Zou and
Hastie 2005). In our sci-kit learn implementation (Pedregosa et al. 2011), both the strength of
regularization and the L1/L2 penalty ratio between the two penalty types were optimized by grid
search. The highest scoring model was identified according to the negative mean-squared error
scoring metric. In order to choose a suitable sparse model (i.e. fewest non-zero parameters), we
adapted the one standard error rule common in machine learning (Hastie et al. 2009), where the
sparsest model that is still within one standard error of the highest scoring model is selected.
For this analysis we used 95% confidence intervals (~1.96 standard errors), to identify the

sparsest model (fewest non-zero parameters) that is not statistically different from the highest
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scoring model sampled. Raw parameter values were plotted in the style of sequence LOGO
plots (Schneider and Stephens 1990). The sum of the raw parameter values for matching amino
acids in the alignment (and the intercept term), are equivalent to the log odds that a given
sequence is classified as modular. For simplicity, each parameter is described as the log odds
associated with a particular residue. In addition to the initial binary classification (free vs
modular), our analysis was repeated using a three-way multiclassification (first N-terminal,
internal, and modular). This procedure used alignments, hyperparameter grid searching, and

regularization strategies in the same manner as the binary classification.
2.3.4 Sequence Divergence and Positive Selection Analyses

Our analyses of sequence divergence and positive selection was performed on a set of
Boreoeutherian mammals, and we used the mammalian ZP-N domains coming from zp1, zp2,
zp3, zp4, umod, tecta, and cuzdl. Boreoeutherian sequences were mined from Ensembl (Howe
et al. 2021). Sequences from a given Boreoeutherian species were included in these analyses,
if 10 or more of the ZP-N domains from our phylogenetic analyses were represented in that
species. Phylogenetic distances both within and between orthogroups were calculated in MEGA
using Poisson estimation with a gamma distribution of variation between sites (Kumar et al.

2016; Kumar et al. 2018).

Evidence of positive selection was measured using PAML analyses (Yang et al. 2005;
Yang 2007) on the same sets of ZP-N domains from the sequence divergence estimation. A
likelihood ratio test between a model allowing positive selection (M8) and a neutral model
(M8a), was used to determine which domains showed evidence of positive selection. Likelihood
ratio tests were performed by comparing M8 and M8a, using a chi-squared distribution with one
degree of freedom. We also performed a Benjamini-Hochberg p-value correction to account for
multiple testing (Benjamini and Hochberg 1995). Positively selected sites were visualized on a

published crystal structure (ZP2-N1) (Raj et al. 2017), or the alpha-fold predicted structure
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(Jumper et al. 2021) when this did not exist (ZP2-N2). Sites were labelled if they had a posterior
probability of being positively selected > 75% according Bayes Empirical Bayesian (BEB)

analysis.
2.3.5 Visualization and Other methods

When protein structures were not available Alpha-Fold2 tertiary structure prediction was
used (Jumper et al. 2021), and three-dimensional protein structures were visualized using either
pymol (Schrodinger 2015) or ChimeraX (Pettersen et al. 2004). Docking simulations of
homodimerization for ZP2-N1 and ZP3-N were performed using Rosetta 3.5 (Chaudhury and
Gray 2008; Sircar et al. 2010). Briefly, each template structure was energy minimized in Rosetta
using the relax function, each structure was duplicated, aligned to the dimeric ZP-N structure of
uromodulin (PDB 4wrn), 10000 independent docking simulations performed, and interface

scores analyzed for the top 5% lowest energy structures.

2.3.6 Data Availability

We are sharing a link to a github repository that contains our maximum likelihood
phylogeny and relevant alignments and code. The repository link is

https://qgithub.com/amrivera526/ZPN Evolution

2.4 Acknowledgments

This research was funded by the following NIH grants: R21HD105025 awarded to WJS
and K99HD090201 awarded to DBW. We also thank fellow lab members Jolie Carlisle and Jan

Aagaard for participating in scientific discussions.


https://github.com/amrivera526/ZPN_Evolution

33

2.5 Figures
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Figure 2.1: Phylogenetic analysis of ZP-N domain duplication history. A) A structural alignment
of Mouse ZP2-N1 and ZP3-N highlights the broad structural conservation of these two classes
of ZP-N domains (RMSD = ~4.7 A) despite only ~18% amino acid sequence identity. The
protein schematics summarize the ZP proteins included in this analysis. B) Phylogenetic
analysis (Kozlov et al. 2019) of ZP-N sequences (shown as a maximum likelihood tree) supports
an ancestral separation between free and modular ZP-N domains (~78% support). C) A
summary of ZP-N domain evolution based on the gene tree in panel B. The ancestral protein
contained a ZP module with a C-terminal ZP-N and ZP-C domains, and duplication of the ZP-N
produced the most N-terminal domain found in ZP1, ZP4, ZP2, and ZPAX. Later duplication
events within ZP2 and ZPAX gave rise to multiple additional ZP-N domains between ZP-N1 and
the ZP module.
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Figure 2.2: Machine learning
based inference of sequence
features that distinguish
modular and free ZP-N
domains. A logistic
regression model with elastic
net regularization was trained
: on the ZP-N multiple
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of the score function. We
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ZP3-N homodimer  space of regularization
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explored during model
optimization, plotted as a 3D
surface (left). The score is
the negative mean squared
error, and dots correspond to
the two-dimensional cross
section shown on the right,
with the blue line denoting
the intersection between the lower confidence limit of the unregularized model to its intersection
with the score as a function of regularization strength. B) Comparison of the unregularized and
optimal logistic regression models as LOGO plots with the height of each amino acid at each
position corresponding to its parameter weight, with colored amino acids denoting parameters
retained in the regularized model (orange for modular, green for free). Each parameter weight
approximating the logs odd ratio for a modular domain prediction, when a residue is present at
that position. C) Sequence LOGOs were constructed for individual clades within the phylogeny.
They emphasize the conservation of residues within the modular ZP-N clade. There is also
greater conservation of a characteristic ZP-N disulfide bond in the most N-terminal ZP-Ns
compared to other free domains. D) Mapping highly predictive sites onto ZP-N protein models
suggest differences in structural properties between free and modular domain. The available
crystal structure ZP3-N (3d4c) was used and modelled as a dimer for spatial context. Modular-
associated sites are generally buried along the outer edge of the homodimer.
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Figure 2.3: Amino acid diversity and tests of positive selection in modular and free ZP-N
domains. A) A heatmap showing the within group and between group mean phylogenetic
distances for orthologous groups of ZP-N domains (Kumar et al. 2018). B) Positively selected
sites in mammalian ZP2-N1 and ZP2-N2 were identified through maximum likelihood analysis
and mapped onto protein models (4wrn for ZP2-N1, and an AlphaFold prediction for ZP2-N2)
(Yang 2007).
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Mammals Birds Reptiles Amphibians | Fish
ZP1-N1 50 (30) 28 (11) 12 (10) 0(1) 0(19)
ZP1-N 53 (30) 28 (9) 11 (8) 0 (0) 28 (20)
ZP2-N1 70 (46) 35 (20) 8 (4) 2(2) 36 (34)
ZP2-N2 74 (46) 44 (19) 14 (10) 1(1) 19 (21)
ZP2-N3 7545  |41(18) | 15(11) 2(2) 3 (3)
ZP2-N 76 (38) 40 (7) 14 (10) 1(1) 15 (14)
ZP3-N 72 (36) 40 (13) 19 (12) 2(2) 53 (38)
ZP4-N1 63 (37) 33 (11) 12 (10) 2(2) 34 (23)
ZP4A-N 52 (29) 35 (8) 12 (8) 1(1) 61 (42)
ZPAX-N1 2 (2) 22 (9) 12 (11) 2(2) 67 (30)
ZPAX-N2 2(2) 24 (9) 13 (9) 2(2) 67 (53)
ZPAX-N3 2 (2) 25 (9) 12 (9) 2(2) 64 (51)
ZPAX-N4 2(2) 20 (8) 12 (7) 2(2) 69 (56)
ZPAX-N5 2(2) 24 (12) 15 (11) 2(2) 68 (55)
ZPAX-N 2(2) 13 (5) 8 (8) 2(2) 59 (44)
ZPD-N 0 (0) 38 (9) 18 (10) 2(2) 69 (54)
UMOD-N 75 (41) 0 (0) 6 (6) 1(1) 8 (6)
TECTA-N 43 (1) 4 (1) 11 (0) 1(0) 49 (2)
CUZD1-N 62 (38) 44 (23) 17 (13) 2(2) 51 (37)

Supplemental Table 2.1: Summary of species sampled in phylogeny. This table summarizes the

sequences included for the machine learning classification and phylogenetic analysis (these
values are in parenthesis). There were 2405 ZP-N sequences across 247 species included in

the machine learning analysis and the phylogenetics included 1488 ZP-N sequences from 210

species. The phylogeny was filtered for sequences at greater than 90% identity, unlike the
machine learning dataset and there are additional differences due to manual filtering of
alignments. Here the amphibians only included frogs due to genomic availability reasons. The

fish class includes all non-tetrapod vertebrates, and is non-monophyletic. All labels in this table
are based on BLAST results Labels in the final phylogeny are based on phylogenetic clustering.
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Domain M8a M8 -2AlogL | p value p value
corrected
CUZD1-N po= 0.97, p:= 0.03, po=0.99, p:= 0.01, 2.4 0.06 0.25
p=0.64,g=2.1, w=1 p=0.63,g=19, w=25
TECTA-N po= 0.98, p:= 0.02, po=0.99, p:= 0.01, 1.0 0.16 0.24
p=0.059g=0.99, w=1 | p=0.059g=0.97, w=1.9
UMOD-N po= 0.98, p:= 0.02, po= 0.98, p:= 0.02, 0.0 0.50 0.57
p=0.29, g=0.61, w=1 p=0.29, g=0.61, w=1
ZP1-N1 po=0.74, p1= 0.26, po=0.99, p:= 0.01, 1.9 0.08 0.19
p=0.74,g=14, w=1 | p=0.54,9=0.51, w=3.5
ZP1-N2 Po=1, p1=0, pPo=1, p1=0, 0.0 0.50 0.57
p =0.46, g=0.68, w =1 p =0.46, g=0.68, w = 1
ZP2-N1 po= 0.43, p:= 0.57, po = 0.65, p1= 0.35, 6.7 4.7E-03 0.03 *
p=27,9=8.0, w=1 p=12,0g=14, w=15
ZP2-N2 po=0.42, p:= 0.58, po= 0.70, p:= 0.30, 18.8 7.2E-06 8.6E-5*
p=29.5 9g=99, w=1 p=1.6,0=1.5 w=19
ZP2-N3 po= 0.67, p1= 0.33, po= 0.85, p1= 0.15, 15 0.11 0.22
p=16,0=7.9, w=1 p=0.6549g=15 w=14
ZP2-N po= 0.87, p1= 0.13, po= 0.87, p1= 0.13, 0.0 0.50 0.57
p=0.76,9=34, w=1 p=0.76,0=34, w=1
ZP3-N po= 0.98, p:= 0.02, po=1, p1=0, 0.0 0.50 0.57
p=0.559g=1.2, w=1 p=0.52 g=1.21w=23
ZP4-N1 po= 0.58, p1=0.42, po= 0.93, p:= 0.07, 2.3 0.065 0.19
p=1.3,0=4.3, w=1 p=0.64, g=0.70, w = 1.9
ZP4-N po= 0.82, p:= 0.18, Po = 0.94, p:= 0.06, 1.1 0.15 0.26

p=040,9=1.1, w=1

p=0.37,9=0.67, w=1.5

Supplemental Table 2.2: Summary of PAML output. This table summarizes the results from

PAML analysis (Yang 2007). Here we compared a neutral model (M8a) to a model that allows
positive selection (M8). A * denotes statistically significant p values after Benjamini-Hochberg
multiple testing correction (Benjamini and Hochberg 1995).
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Supplemental Figure 2.1: Phylogenies from alternative substitution matrices. These two trees
were produced through RAXML-NG (Kozlov et al. 2019). Major aspects of the tree are
conserved, specifically the monophyletic grouping of free ZP-N domains.
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ZP2-N1

ZP3-N

Supplemental Figure 2.2: Modular-biased residues in the context of domain tertiary structures.
This figure shows the modular biased sites in the context of both ZP2-N1 (Raj et al. 2017) and
ZP3-N (Monne et al. 2008) crystal structures. The brighter orange corresponds to the modular-
biased sites according to our machine learning model, while the duller orange on ZP2-N1
represent the structural homolog of those sites according to a pymol (Schrédinger 2015)
structural alignment. We observe a clustering of these sites within the core of the domain in
ZP3-N and not ZP2-N1. The two positions of each are 90° rotations around the y-axis.
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Supplemental Figure 2.3: Rosetta docking simulation of dimerization. This is a histogram of
interface scores from rosetta docking simulations of dimers for both free (ZP2-N1) and modular

(ZP3-N) ZP-N domains.
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Supplemental Figure 2.4: Multiclass machine-learning ZP-N domain classification. Since we
observed monophyletic grouping of the most N-terminal ZP-N domain, we performed a
multiclass variation of our machine learning analysis. The data was split into three classes:
modular, first (i.e., most N-terminal free domain), and internal domains (all other free ZP-N
domains). In this multiclass analysis the model is fit three times, each time producing a classifier
that distinguishes one of the classes from the rest of the data. The first row is the unregularized
model from our two-class analysis, and our regularized multiclass models are summarized in
the other three rows, where positive values suggest a bias towards that class. Our modular
classifier mostly recapitulates our earlier results, because it is in essence still comparing
modular ZP-Ns versus all free ZP-Ns. The first ZP-N domain recapitulates the two free
associated residues and has a few amino acids associated with it with relatively low parameter
values. The internal ZP-N domains seem to have a bias against the cys 2-3 bond, but that likely
is a reflection of the conservation of the second cysteine in the first ZP-Ns and the third cysteine
in modular domains



42

Chapter 3: A transcriptomic and comparative genomic
investigation of abalone ovaries

Identifying potential functional ovary genes provides insight into the molecules mediating
fertilization. Previous abalone sperm transcriptomic work demonstrated that high throughput
genomic approaches can identify previously unknown essential fertilization genes. We
leveraged advancements in sequencing technology, such as PacBio Isoseq, which has been
used to identify new genes and genetic variants in other species. The transcriptome reads
clustered into 30,579 putative genes. To focus on the most likely candidate genes, we looked at
three features: 1) likely sperm accessibility as determined by presence of a signal peptide or
transmembrane domain, 2) homology to known fertilization genes, and 3) signatures of positive
selection. We identified 4 new abalone ZPs and 5 new abalone TFPs. The ZPs show evidence
of domain duplication alongside other examples of structural divergence, such as the absence
of a transmembrane domain. Phylogenetic analyses suggest that ZP-N domain expansion in
fertilization proteins occurred independently in vertebrates and invertebrates. Two newly
identified tentative abalone TFPs have more cysteines (12) than previously described TFPs,
which have 8 or 10 cysteines. TFPs have been co-opted multiple times for fertilization and these
abalone TFPs could represent an additional examples of lineage specific structural modification
and neofunctionalization. Positive selection analyses were used to further identify potential
candidate proteins, including a putative lipoprotein receptor homolog. Many candidates
described in this chapter warrant further functional characterization with the goal of identifying

new fertilization proteins.
3.1 Introduction

The molecular interactions between sperm and egg proteins are essential to life, yet the
identification of interacting fertilization remains understudied (Herberg et al. 2018). Despite

essential proteins often experiencing purifying selection, proteins related to fertilization and
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reproduction are some of the most rapidly evolving in the genome (Swanson and Vacquier
2002; Wilburn and Swanson 2016). This has motivated extensive research into the evolutionary
dynamics of reproductive proteins. Specific molecular interactions between gametes may
underlie hybridization barriers and reproductive isolation, illustrating how fundamental

fertilization research is to our understanding of how populations evolve and speciate.

Marine invertebrates have historically been attractive models of fertilization (Loeb 1915;
Lillie 1919; Lewis et al. 1982). Molluscs such as abalone, are broadcast spawners that release
billions of gametes (Leighton and Lewis 1982) providing large quantities of gametes that can be
purified and isolated for biochemical analyses. The overall large-scale steps of the fertilization
cascade (Vacquier 1998), such as sperm-egg fusion and egg coat dissolution are similar
processes even in species distant as humans and abalone (Wilburn and Swanson 2016). This
may be surprising given how rapidly fertilization proteins evolve and diverge (Swanson and
Vacquier 2002). Abalone is also a broadly relevant fertilization model that illustrates how
molecular processes can be conserved with rapid divergence of the underlying molecular
mechanisms. While fertilization proteins may differ greatly in amino acid sequences among
distant species, conservation of protein structure could also contribute to conservation of large-

scale fertilization processes.

Egg coats, or vitelline envelopes in abalone, consist of glycoproteins which form a
complex extracellular matrix (Rankin et al. 2003). The arrangement of proteins within the matrix,
or its supramolecular structure, is likely essential to its function. Abalone egg coat genes
represent a compelling example of widespread whole gene duplication and internal tandem
domain duplication of the ZP-N domain. Abalone have approximately 30 identified egg coat
genes that contain a ZP module (Aagaard et al. 2010), which are known as VEZPs (Vitelline
Envelope ZP containing proteins). Some VEZP genes have duplications of ZP-N domains,

including VERL (Vitelline Envelope Receptor for Lysin) which has a remarkable 23 ZP-N
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domains (Galindo et al. 2002).. Considering how rapidly fertilization proteins evolve, this
extensive gene duplication and ZP-N domain expansion may have provided opportunities for

the birth and neofunctionalization of new egg coat proteins (Rivera et al. 2022).

More broadly, multiple aspects of abalone reproductive biology have been studied
extensively. In particular, abalone have been a historic model for species-specific sperm-egg
interactions (Vacquier et al. 1990; Raj et al. 2017). Remarkably, the mating ranges and habitats
of eight species of Pacific abalone overlap, yet distinct species remain in close proximity
(Galindo et al. 2002). Hybridization can be achieved under certain conditions (Leighton and
Lewis 1982), which raises questions regarding the molecular mechanisms of species-specificity.
Are hybrids viable in the wild? And if so, what are the molecular mechanisms that maintain clear
species boundaries, in spite of this hybrid viability? Research has focused on how the affinity
and dynamics of interactions of protein interactions involving VERL ZP-N repeats (Raj et al.
2017; Carlisle and Swanson 2021) affect species-specific fertilization. Indeed, abalone ZP-N
domains show clear species-specific binding preferences in in vitro assays (Raj et al. 2017).
This observed species-specific binding preference could contribute to hybridization barriers in

Pacific abalone.

Repeat expansions of ZP-N domains may relate to the function of lysin-VERL
interactions in species-specific fertilization. Increasing the number of ZP-N domains could
increase the specificity of sperm-egg interactions by requiring more successful lysin-VERL
binding events. Lysin is one of the most abundant abalone sperm proteins (Lewis et al. 1982;
Kresge et al. 2000) which could reflect a co-evolutionary arms race with the large number of ZP-
N domains in VERL. It has been hypothesized that abalone sperm and the egg surface may be
in sexual conflict, which is when the sexes evolve with conflicting fithess benefits (Kokko and
Jennions 2014). An egg may evolve in a way which reduces sperm binding ability, because

fusion with multiple sperm (polyspermy) does not result in a viable zygote (Gilbert 2000) and
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reducing sperm binding ability may allow time for activation of blocks to polyspermy. The sperm
may then evolve to improve egg binding ability, resulting in a co-evolutionary chase between
lysin and VERL (Rankin et al. 2003; Avella et al. 2013; Nishimura et al. 2019). Mathematical
models predict that these co-evolutionary dynamics contribute to the rapid evolution of
fertilization proteins, maintenance of reproductive barriers, and eventual speciation (Gavrilets

and Waxman 2002).

It is important to note that other ZP proteins have not been researched as extensively as
VERL. To date, only a few other ZP-N domain-containing proteins have attracted research
interest, including abalone VEZP14, because of its repeat expansion and negative co-
evolutionary signature with sperm lysin (Aagaard et al. 2013). Investigations into other ZP
proteins implicated multiple vertebrate ZPs in species-specific sperm-egg interactions and the
supramolecular structure of the egg coat (Rankin et al. 2003; Okumura et al. 2004; Avella et al.
2013; Nishimura et al. 2019). The complexity of the egg coat motivates research into evolution
and function of multiple ZP-N containing proteins. Research on the mammalian ZP family
motivated ovary transcriptomic analysis to discover additional putative reproductive proteins in
abalone. Abalone egg coat components are synthesized in the ovaries, unlike fish which
synthesize their egg coats in the liver (Jovine et al. 2005; Litscher and Wassarman 2007; Sano
et al. 2013; Wassarman and Litscher 2016). This research complements earlier red abalone
testis transcriptomics (Palmer et al. 2013). One newly identified rapidly evolving sperm protein
(Palmer et al. 2013) was later denoted Fuzzy Interaction Transient Zwitterions Anionic Partner
(FITZAP) (Wilburn et al. 2019). FITZAP is a highly abundant rapidly evolving sperm protein that
helps pack acrosomal proteins. Despite the abundance of FITZAP, it is difficult to elute and
visualize on SDS-PAGE gels (Wilburn et al. 2019), demonstrating how genomic investigation

can uncover components that are difficult to discover by biochemical approaches.
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Long read cDNA sequencing technology facilitated genomic discoveries, such as
identification of structural variants (Kronenberg et al. 2018), and even the completion of whole
genomes (Nurk et al. 2022). We used long sequencing technology to conduct transcriptome
sequencing with the goal of identifying ovary-expressed genes potentially important for sperm-
egg interactions. Bioinformatics tools can identify features such as signal peptides (Almagro
Armenteros et al. 2019) and transmembrane domains (Sonnhammer et al. 1998; Krogh et al.
2001; Moller et al. 2001; Tusnady and Simon 2001), which suggest that an ovary protein is
sperm accessible. Signal peptides are part of a highly conserved pathway that allows proteins to
be secreted (Holland 2004; Pohlschrdder et al. 2004; Pohlschroder et al. 2005).
Transmembrane domains, which are typically hydrophobic alpha helices that span the cell
membrane (Shao and Hegde 2011; Guna and Hegde 2018), are a common feature of ZPs
(Zona Pellucida Module Containing Proteins) (Gupta 2018), and these ZPs are integrated into
the egg plasma membrane prior to cleavage and incorporation into the extracellular egg coat
(Jovine et al. 2002). Comparative genomics between the transcriptome and abalone draft
genomes allow for positive selection analyses as well, which can also be important for

identifying which we used to identify rapidly evolving candidate fertilization genes.

Advancements in long read sequencing has improved our ability to discover potentially
relevant ovary-expressed genes. The PacBio Isoseq approach outlined in this chapter was used
to sequence transcripts more accurately and with higher throughput than strategies for gene
discovery that relied on expressed sequence tags (Swanson et al. 2001). It is worth noting that
newly discovered genes could encode proteins that function at any stage of the fertilization
cascade. Properties such as likely sperm accessibility, rapid evolution, or homology to known
fertilization proteins could help hint at the site of action and function of candidate fertilization

proteins.
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3.2 Results and Discussion

3.2.1 Overview of Ovary Transcriptome

Identifying functional fertilization proteins expressed in both sperm and egg can help us
better understand the molecular mechanisms underlying fertilization. Previous abalone testis
transcriptomic work that discovered an essential acrosomal protein in red abalone (Palmer et al.
2013), motivated a complementary analysis on ovaries. We performed PacBio Isoseq on cDNA
from gravid red abalone ovaries, with the goal of identifying potentially functionally important

fertilization proteins.

The transcriptome contained over 2.9 million reads, and included over 2.6 million full length
non-concatenated reads (FLNC), which cluster into 30,579 predicted genes (Table 3.1).
Because of the length of PacBio reads, a genome assembly is not required to generate the
coding sequence of predicted genes and proteins. To obtain accurate sequences, long high-
fidelity (HiFi) reads were obtained using a circular consensus sequencing (CCS) method that
uses hairpin adaptors to pass over each cDNA multiple times. For example, experiments that
optimized CCS in human genomic DNA produced HiFi reads with a predicted average per
nucleotide accuracy of 99.8%. (Wenger et al. 2019). We performed transcriptome read
clustering and de novo gene prediction using the isONclust program (Sahlin and Medvedev
2019). This analysis predicted at least 30,579 genes that are expressed in the red abalone

ovary transcriptome, with 19,967 genes having more than one read supporting it.

From each of the transcript reads, we algorithmically determined longest non-overlapping
reading frame and the predicted protein, and then assigned the best representative proteins and
reads for each predicted gene cluster based on length and read count. Representative proteins

were ranked based on a heuristic of log of read count multiplied by the protein length. This
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metric was optimized to balance the importance of abundance and length. These representative

proteins and reads were used in further downstream analyses.
3.2.2 Newly identified ZP proteins illustrate gene duplication and domain expansion

Since we are particularly interested in the evolution of ZPs in fertilization (Rivera et al.
2022), we sought to identify which of our abundant transcripts are likely ZPs. Homology
searches against the SWISS Protein database (Bairoch and Apweiler 1996; The UniProt
Consortium 2021) and a previous red abalone ovary express sequence tag (EST) library
(Aagaard et al. 2010) identified multiple predicted novel VEZP (Vitelline Envelope ZP containing
proteins) (Fig 3.1). We identified 9 tentative abalone ZP proteins in our top 100 most abundant
gene clusters, according to transcript count (Fig 3.1A). This includes likely representatives of
VEZP2, VEZP4, and VEZPS8, as well as partial VERL sequences. Four of these abundant ZPs
seem to be newly identified proteins with previously predicted ZP-N containing pseudogenes
(ZPF, ZPS, ZPW, and ZPX) (Aagaard et al. 2010) (Table 3.2). As these ZPs did not have
predicted coding homologs, they represent newly identified ZPs in red abalone ovaries. We
refer to these proteins in this chapter according to their most similar pseudogene (e.g., ZPF-like
protein 1). These newly identified genes are likely close paralogs of these ZP pseudogenes.
This expands upon our knowledge of the pattern of duplication and gene loss thus far described
for the family of ZP proteins (Killingbeck and Swanson 2018). There are transcribed ZPs that
include a duplicated free ZP-N domain (Fig 3.2) reminiscent of abalone egg receptor VERL (Raj
et al. 2017), mouse ZP2 (Avella et al. 2013; Avella et al. 2014), and bovine ZP4 (Dilimulati et al.
2022), all of which regulate species specific sperm-egg interaction (Avella et al. 2014). This
further highlights the importance of whole gene duplication and domain expansion events in the
evolution of this essential family of fertilization proteins (Rivera et al. 2022; Rivera and Swanson
2022). This history of duplication and potential gene loss also mirrors similar evolutionary

processes in sperm acrosomal proteins (Carlisle et al. 2022).
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Previous phylogenetic work analyzed the duplication and evolution of ZP-N domains in
vertebrates (Rivera et al. 2022). Placing the newly predicted red abalone ZP module sequences
in the context of other vertebrate ZP sequences obtained from Ensembl (Cunningham et al.
2022), can expand on our previous work and provide greater insight into the evolution of ZP
across animalia. Our RAXML maximum likelihood phylogenies included all 48 of our predicted
abalone transcriptome ZPs and vertebrate ZP module sequences from other vertebrate species
(human, chimpanzee, stickleback, zebrafish, chicken, tropical tree frog, and anole) obtained
from Ensembl (Cunningham et al. 2022). The topology of ZP module sequences largely
supports previous ZP genes trees (Claw and Swanson 2012), as well as our ZP-N domain
phylogenetics (Rivera et al. 2022). There is a phylogenetic separation between abalone ZPs
from vertebrate ZPs (Fig 3.1B). This strongly suggests that any ZP-N domain expansions that
we observed in abalone occurred independently from the repeat expansions that occurred in
vertebrates (Rivera et al. 2022). Our unrooted phylogeny suggests that neither abalone nor
vertebrate ZP modules are monophyletic (Fig 3.1B). This suggests the existence of an ancient
divide between ZP3 and other gametic ZPs that predate the separation between vertebrates
and invertebrates. There could be meaningful structural and functional differences between ZP

proteins on different sides of this phylogenetic divide in both vertebrates and invertebrates.

Repeat expansions of ZP-N domains have been important in the evolution and functional
diversification of vertebrate ZP proteins (Rivera et al. 2022). In this ZP phylogeny, vertebrate
proteins with ZP-N domain expansions (ZP2 and ZPAX) do not cluster with abalone VERL. This
illustrates an example of recurrent expansions of ZP-N domains in fertilization proteins across
animalia. It is striking that this domain has been independently expanded at least twice in genes
involved in species-specific fertilization. We suggest this represents a case of convergent

evolution of morphological cell structures (egg coats) by duplication of similar protein domains.
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Particular features of ZP-N biology and evolutionary history could have contributed to
these independent expansion events. The trend of rapid evolution in reproduction proteins could
be accompanied with multiple independent repeat expansions of ZP-N domains, as well as the
neofunctionalization of these domains. The ability for ZP-Ns to act as polymerization domains
(Callebaut et al. 2007; Wilburn and Swanson 2017) also provide opportunities of ZPs to evolve
new binding partners during neofunctionalization. We observe the diversity of binding function in
egg coat ZPs such as crosslinking (vertebrate ZP1) (Nishimura et al. 2019) and sperm binding
(mammalian ZP2, bovine ZP4, and abalone VERL) (Avella et al. 2014: 4; Raj et al. 2017;
Dilimulati et al. 2022). This diversity of ZP functions supports the notion that structural
modifications and the evolution of new binding interactions may be important in egg coat

evolution.

At least one ZP newly identified in this study, which we named ZPF-like protein 1
(ZPFL1) has a duplicated ZP-N domain that may be an example of an independent duplication
and neofunctionalized domain (Fig 3.2). The AlphaFold2 (Jumper et al. 2021; Mirdita et al.
2022) predicted structure includes one duplicated ZP-N outside of the module. Surprisingly, the
structure lacks a predicted transmembrane domain which is a feature common to known egg
coat ZPs. Transmembrane domains are thought to target ZPs to the cell membrane, after which
they are cleaved and free to incorporate into the extracellular matrix of the egg coat (Jovine et
al. 2002; Gupta 2018). While there could be other unknown mechanisms for egg coat ZP-N
incorporation, it is also possible that ZPFL1 is not a component of the abalone egg coat. If
functional, it could potentially act a decoy to block polyspermy, by binding and sequestering
excess sperm or sperm proteins (Wessel et al. 2001). This mechanism could be similar to Juno,
a membrane protein which is shed after fertilization and acts as block to polyspermy (Bianchi
and Wright 2014). Such functional diversity of ZPs would not be surprising, given the existence

of other ZPs with non-reproductive functions (TECTA, UMOD, and CUZD1) (Brunati et al. 2015;
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Bokhove et al. 2016; Devuyst and Pattaro 2018; Kim et al. 2019). While several ZPN-containing
proteins are known to have essential roles in multiple biological systems, we do not know if

ancestral ZP-N domains had a function related to fertilization.

3.2.3 Newly discovered abalone ovary TFPs show evidence of potential structural

diversity.

Other fertilization protein families including the three finger protein superfamily (TFPs),
have extensive histories of repeat domain expansion alongside protein structural and functional
diversity (Doty et al. 2016; Rivera and Swanson 2022; Wilburn et al. 2022). To identify other
potential fertilization proteins, the ovary EST library was searched using queries of well
characterized reproductive proteins found in multiple model organisms and humans. Queries
included Juno, Izumo, Bouncer, CD9, DCST1, DC-STAMP, Integrin beta-1 (Bianchi and Wright
2014; Frolikova et al. 2018: 9; Inoue, Hagihara, et al. 2021). Both sperm and egg genes were
used as queries, because bouncer/SPACA4 are known to have switched expression in male vs
female gametes in evolutionary history (Herberg et al. 2018; Fujihara et al. 2021). Our analysis
revealed five proteins likely belonging to the TFP superfamily (Three-finger-protein domain-like)
(Galat 2008). Known examples of TFPs acting in fertilization the gametic proteins bouncer and
SPACA4 (Herberg et al. 2018; Fujihara et al. 2021). TFPs in salamanders also show evidence
of tandem domain duplication and structural modification (Wilburn et al. 2014; Doty et al. 2016;
Wilburn et al. 2022). In the class of plethodontid proteins with two TFP domains (2D-TFPs) we
observe a different disulfide bonding pattern than the canonical disulfide bonding pattern
present in TFPs with a single domain (1D-TFP) (Palmer, Hollis, et al. 2007; Wilburn et al. 2012;
Wilburn et al. 2014; D.B. Wilburn et al. 2017). The canonical TFP disulfide bonding pattern has

8 cysteines, as opposed to 10 in this other class of domains (Doty et al. 2016).
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Given our focus on identifying new fertilization proteins, we employed additional
sequenced based methods for identifying potential proteins. A regular expression based on
multiple sequence alignments of other TFPs (Garza-Garcia et al. 2009) was used to detect an
additional five putative TFPs (Fig 3.3). Regular expressions can search for specific patterns of
characters in a string of text (Thompson 1968), such as amino acid sequence features based on
known TFP sequences (Garza-Garcia et al. 2009). We will refer to these as AOTFP1-5
(Abalone Ovary TFP), ranked based on transcript abundance (with AOTFP1 being the most
abundant). While we are using transcript abundance as a heuristic in the search for candidate
fertilization genes, it is worth noting that Isoseq data is not quantitative. In other quantitative
sequencing experiments, long-read Isoseq data can be supplemented with more quantitative
short read RNA-seq data (Huang et al. 2021). There are overall similarities in the tentatively
identified TFPs from this transcriptome, but there is a considerable diversity in their length and
number of cysteines. Differences in loop length and disulfide bonding patterns could affect

protein structures and binding function.

The two most abundant AOTFPs both have 12 cysteines in comparison to 1D-TFPs (8
cysteines) and 2D-TFPs (10 cysteines). The AlphaFold2 predicted model of AOTFP1 had a
similar disulfide bonding pattern to the second domain in 2D-TFPs, but with an additional
disulfide bond within the third finger of the TFP domain, which makes it mirror the first finger of
the domain. An additional disulfide bond could stabilize this finger of the TFP, which could be
important if this loop is especially functionally important. There are also other possible ways
possible ways disulfide pattern can reshuffle that could have substantial functional
consequences. Any disulfide bonding pattern similarity between 2D-TFPs and abalone TFPs
could reflect homology or potentially even convergent evolution. These proteins require more
structural and functional verification, but these modifications of TFP loop structures seem

plausible given the functional diversification of these proteins. AlphaFold2 predictions are based
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on multi-sequence alignments of existing data (Jumper et al. 2021), and the true disulfide
bonding patterns of these AOTFPs could differ completely from previously identified TFPs. If
such disulfide bonding patterns were characterized, they could reflect another example of
structural and functional diversification in TFPs. To the best of our knowledge, these would be
the first known 12 cysteine TFPs if validated, and they could even represent an invertebrate

specific offshoot of the TFP superfamily.
3.2.4 Comparative genomics can uncover rapidly evolving ovary genes.

Evidence of rapid evolution is an important characteristic when identifying functional
proteins in fertilization. While many essential proteins could be conserved, others may rapidly
evolve as evidence of recent adaptive evolution. We analyzed for positive selection in genes
expressed in the abalone ovary transcriptome by comparing the transcripts to published Pacific
abalone draft genomes (Masonbrink et al. 2019), with the goal of identifying rapidly evolving
genes that may function in fertilization. Genes that are rapidly evolving may serve an essential
function in the ovary, and features such as signal peptides or transmembrane domains suggest
that a protein is extracellular and sperm accessible. Signal peptides allow for proteins to be
secreted (Holland 2004), and transmembrane domains allow for proteins to be membrane
bound (Guna and Hegde 2018). It is believed that ZP proteins are cleaved at the egg plasma
membrane and later incorporated into the egg coat (Jovine et al. 2002). Proteins that had a
signal peptide and/or transmembrane domain were initially considered in this analysis. Genomic
variant data from other Pacific abalone species were used to reconstruct the orthologous gene
sequences for five Pacific abalone species: green (H. fulgens), pink (H. corrugata), pinto (H.
kamtschatkana), black (H. cracherodii), and white (H. sorenseni) abalone. We focused on non-
singleton gene clusters, which we defined as having more than one read supporting the gene
cluster. This was done to improve our statistical power by reducing the number of tests

conducted. Our site-wise nucleotide substitution rate analysis (Yang 2007) identified proteins
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from our abundant sperm-accessible candidates that are rapidly evolving (Table 3.3). We
calculated site-wise dN/dS values for these nucleotides, and positively selected genes were
decided based on likelihood ratio testing between a neutral model (M8a), and one that allows
positive selection (M8). BLAST homology searches provide clues on the identity of these
proteins, but these distant homology relations might not reflect the true function of these
proteins. One protein from this positive selection analysis was identified as a putative homolog
of low-density lipoprotein receptor (Fig 3.4). Its AlphaFold2 predicted structure contains multiple
barrels that form a cylindrical shape, which supports a receptor function. It is worth confirming
protein structures experimentally, as Alphafold2 prediction quality varies along the protein

sequence. Receptor proteins could potentially be co-opted for a role in fertilization.

The transcriptomic analysis has provided a starting point to investigate the role of newly
discovered proteins and protein families in red abalone egg biology. There are multiple newly
discovered examples of proteins belonging to ZPs and the TFP superfamily, which are two
groups of proteins previously implicated in the egg coat and fertilization. Neofunctionalization of
proteins could cause effects such as the loss of transmembrane domains in ZPs, or a change in
TFP disulfide bonding patterning. Positive selection analyses can also provide a way to identify
ovary-expressed genes that are rapidly evolving fertilization proteins, such as the putative low-
density lipoprotein receptor. Candidate fertilization should be validated with mass spectrometry
(Canterbury et al. 2014) to confirm their abundance in proteome. Going forward, putative
fertilization genes can be functionally analyzed with biochemical binding assays such as surface
plasmon resonance (SPR) (Douzi 2017). This research illustrates the importance of integrating

multiple methods to identify candidate fertilization proteins.
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3.3 Materials and Methods

3.3.1 Sequencing Ovary Transcriptome

Red abalone ovary tissues were isolated from gravid female red abalone samples
purchased from The Abalone Farm in Cayous, California (http://www.abalonefarm.com). RNA
was isolated from abalone ovary tissue samples using a modification of the guanidinium
isothiocyanate isolation procedure (MacDonald et al. 1987). Ovary tissue was homogenized in a
4M guanidinium isothiocyanate solution (containing 0.1 M Tris-HCIl pH 7.5 +
BetaMercaptoethanol - BME), and RNA was isolated by ultracentrifuging the sample in a 5.7M
cesium chloride gradient containing 0.1M EDTA. Centrifugation was performed at 30,000 rpm
(rotation per minute) for 23 hours at 20°C, using a Beckman SW41Ti rotor. RNA pellets were

washed three times with 70% ethanol and stored in 70% ethanol at -80°C prior to sequencing.

We used a standard PacBio Isoseq procedure for red abalone Ovary RNA. Initially,
reverse transcription primers are annealed to the RNA sample to produce single stranded DNA
(ssDNA). After ssDNA was generated, we performed reverse transcription with template
switching primers, in order to generate double stranded (dsDNA), which was bead purified prior
to cDNA amplification. This entailed optimization of reverse transcription of mMRNA generate
cDNA. The use of poly-T primers allowed for specific amplification of mMRNA. The number of
PCR cycles for reverse transcription was optimized at 24 cycles, with the goal of amplifying our
transcripts without introducing a high risk of PCR artifacts. Then the cDNA sample was purified.
Reverse transcription has a size bias for smaller transcripts that can be mitigated by the use of
ampure beads which size select molecules during nucleic acid purification. Purifying nucleic
acid samples at lower volumes of beads selects for larger molecules (Quail et al. 2009). One
fifth of our cONA sample was cleaned at x1 ampure bead volume (not size-selected), and the

remaining 80% was cleaned with x0.4 ampure bead volume (size selection for larger cDNAS).
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After cDNA is amplified and purified, DNA damage repair was performed. The cDNA
was mixed with NAD, water, and PacBio “DNA Prep Buffer” and “DNA Damage Repair Mix v2”,
and incubated at 37°C for 30 minutes. On ice, the cDNA sample is then mixed with Isoseq “End
Prep Mix” and is placed on a thermocycler for 30 minutes at 20°C, and 30 minutes at 65°C.
After DNA repair, the adapters are ligated mixing the PacBio Isoseq kit ligation reagents, and
then putting the mixture at 20°C for one hour. The addition of circular adaptors allows the
sequencing molecule multiple times to create subreads, which are then averaged into a circular
consensus read, with much higher per-base accuracy. The sequencing was performed using

Sequel Il PacBio system, with SMRT-cell (Single Molecule Real Time) technology.

3.3.2 Transcriptome Analysis

Gene clusters were predicted from full length non-concatenated reads using isonclust,
which is a tool designed for de novo long read clustering (Sahlin and Medvedev 2019). We used
the standard isonclust settings for PacBio Isoseq data. For each gene cluster all non-identical
reads were identified and largest non-overlapping open reading frames (ORF) were identified
for each read. The initial transcriptomic analysis considered one representative protein for each
gene cluster for computational efficiency when performing phylogenetics and positive selection
analysis. Similarly, one representative ORF, and one representative read was chosen for each
cluster. In order to select a representative protein, we used a quality score for each predicted
protein that was the protein length multiplied by the log of the read count, in an effort to balance
the importance of abundance and length when identifying real transcripts. Similarly, ORFs and
reads were also scored based on their length multiplied by the log of their count. Representative
OREFs were the highest scoring ORFs that codes for the cluster’s representative protein, and
representative read is the highest scoring read corresponding to that ORF. Signal peptides and
transmembrane domains were identified using SignalP and HMMTOP (Tusnady and Simon

2001; Almagro Armenteros et al. 2019).
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We searched for other well-established classes of fertilization protein domains, such as
ZPs and TFPs (Three finger proteins) with the goal of discovering potential new fertilization
proteins. ZP modules were identified based on BLAST (Altschul et al. 1997) homology
searches of the best representative protein from each gene cluster against red ovary express
sequence tag (EST) libraries (Aagaard et al. 2010). TFP-like domain containing proteins were
identified using a regular expression based on a TFP multiple sequence alignment (Garza-

Garcia et al. 2009).

3.3.3 Phylogenetics

Our ZP maximum likelihood phylogeny was performed on our predicted transcriptome
ZP sequences along with other vertebrate ZP sequences from the following proteins: ZP1, ZP2,
ZP3, ZP4, ZPAX, ZPD, UMOD, CUZD1, and TECTA, obtained from the following species: D.
rerio, G. aculeatus, X. tropicalis, A. carolinensis, G. gallus, and P. troglodytes. Our TFP
phylogeny contained five predicted TFPs along with SPACA4 sequences from D. rerio, G.
aculeatus, H. sapien, and P. troglodytes. These vertebrate ZP and TFP sequences were
obtained from Ensembl (Cunningham et al. 2022). For both phylogenies, we used RAXML-NG
(Kozlov et al. 2019) with the LG+G substitution model with transfer bootstrap support values

calculated (Lemoine et al. 2018).

3.3.4 Positive Selection Testing

In order to test for positive selection, we established a mapping of the representative
reads to an abalone draft genome (Masonbrink et al. 2019) using minimap2 (Li 2018). This
established coordinates for each of the genes of interest. Using variant call files (VCF) we
identified variants that exist between red abalone and other pacific abalone, which allowed for
the reconstruction of nucleotide sequences for those species. The predicted sequences from

these other genomes did not require additional alignment, because the short read sequences
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were also aligned to the red abalone genome. Our analysis considered abundant proteins that
had at least one read supporting the best representative protein and did not include insertion-
deletion variants to make the search for rapidly evolving genes more conservative. Using PAML
(Yang 2007) we performed site-wise dN/dS ratio analysis to detect for positive selection. We
then performed a likelihood ratio test by comparing a neutral model (M8a) and one allowing for
positive selection (M8). Benjamini-Hochberg multiple testing correction was used (Benjamini
and Hochberg 1995) to identify which proteins have statistically significant support for rapid

evolution (p<0.05).
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Number Category

2,903,189 | Total number of reads

2,682,257 | Reads with 5’ and 3’ primers

2,661,779 | Non-concatemer reads with 5" and 3’ primers

2,658,784 | Non-concatemer reads with 5’ and 3’ primers and poly-A Tail
1,886 Mean length of full-length non-concatemer reads (FLNC)
30,579 Number of predicted gene clusters

19,967 Number of non-singleton gene clusters

Table 3.1: Summary of the reads obtained from the transcriptome of Haliotis rufescens.




Gene Name Used | Closest Abalone Cluster Rank TPM (Transcripts per
Homolog million)
ZPSL1 ZPS 12 5759.0
VERL VERL 18 5154.6
VEZPS8 VEZP8 20 4600.2
ZPFL1 ZPF 42 2157.8
ZPWL1 ZPW 46 2069.0
VEZP2 VEZP2 53 1866.6
VEZP4 VEZP4 55 1837.7
ZPFL2 ZPF 69 1588.7
ZPXL1 ZPX 95 1326.9

Table 3.2: Nine most abundantly expressed putative abalone ZPs. ZP identity was based on
homology searches. Some of these homologs are pseudogenes (ZPS, ZPF, ZPW, ZPX), and
our transcripts are putative coding paralogs that follow the naming convention (ZPF-like 1).
Genes whose closest abalone homologs are pseudogenes are shown in bold, to indicate that
these are likely newly identified protein coding genes.
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Close Transcript M8a M8 -2AlogL | p value p value
Abalone Rank
Homolog corrected
Nucleolar Po=0.846, p1=0.154, | po=0.997, p:=0.003, 17.7 1.28E-05 | 1.17E-03
protein 14-like p=0.005, gq=87.3, p=0.005, =99,
218 w=1 w=306
Phospholipid Po=0.83, p1=0.17, Po=0.997, p1=0.003, 19.2 5.85E-06 | 3.22E-03
scramblase 2- p=0.005, q=76.1, p=0.005, g=99,
like 12466 w=1 w=636
ATP-dependent po=1, p1=0, Po=0.998, p1=0.002, 14.9 5.68E-05 | 3.91E-03
RNA helicase p=0.005, g=99, w=1 p=0.005, q=2.27,
DDX55-like 1104 w=158
- Po=0.534, p1=0.466, | pPo=0.967, p1=0.033, 14.3 7.68E-05 | 4.70E-03
p=0.005, q=51.3, p=99, q=0.005,
10373 w=1 w=999
Palmitoyl protein Po=0.819, p:1=0.181, | po=0.969, p,=0.031, 12.4 2.19E-04 0.012
thioesterase 1- p=0.005, g=92.1, p=0.005, gq=7.04,
like 686 w=1 w=14.5
Low density Po=0.702, p1=0.298, | po=0.985, p:=0.015, 11.2 4.07E-04 0.016
lipoprotein p=0.005, q=3.43, p=0.005, g=11.9,
receptor-like 1707 w=1 w=59.4
mitotic P0=0.910, p1=0.09, | pPo=0.994, p;=0.006, 115 3.46E-04 0.017
checkpoint p=0.005, g=99, w=1 p=0.005, g=99,
serine/threonine- w=52.6
protein kinase
BUB1-like 1010
Lupus la-like Po=0.974, p1=0.026, | po=0.997, p,=0.003, 10.6 5.67E-04 0.021
protein p=0.005, g=0.032, p=0.005, q=4.06,
109 w=1 w=999
uncharacterized P0=0.920, p1=0.08, | po=0.994, p1=0.006, 10.4 6.25E-04 0.022
protein p=0.005, g=99, w=1 p=0.005, q=29.6,
LOC124111153 10313 w=38.5
Ceramide Po=0.818, p:1=0.182, | po=0.997, p,=0.003, 10.2 7.08E-04 0.022
synthase 2-like p=0.005, g=1.73, p =0.005, g=5.25,
10067 w=1 w=999

Table 3.3: Top results for rapidly evolving predicted fertilization proteins. Predicted proteins from
the red abalone transcriptome are predicted as sperm accessible if they have a signal peptide
or transmembrane domain. Positive selection was determined through site-based dN/dS
analysis, with likelihood ratio tests based on comparisons between a neutral model (M8a) and
one that allows for positive selection (M8). The top 10 results are shown, ranked according to

Benjamini-Hochberg corrected p-values. Closest abalone predicted homologs are listed

according to BLASTP homology searches. These BLAST protein designations are based on
sequence homology and may not reflect the true function.
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Figure 3.1: Phylogenetic context of red abalone transcriptome ZPs. A) Abundance was
measured by transcripts per million for the top 100 most gene clusters in the transcriptome.
BLAST homology searches indicated 9 of these top 100 clusters as coding for ZP containing
proteins. B) A maximum likelihood phylogeny included all ZP module sequences from
vertebrates and predicted abalone ZP proteins. Red abalone transcripts form two clades that
are shown in the red box. The 9 most abundant ZPs are labelled on the phylogeny.
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Figure 3.2: Predicted tertiary structure of ZPF-like protein 1. This putative ZP protein is referred
to as ZPF-like protein 1 (ZPFL1). An AlphaFold2 predicted tertiary structure of ZPFL1 contains a
free duplicated ZP-N domain as well as a complete ZP module (ZP-C paired with ZP-N), while
lacking a predicted transmembrane domain, which is typical of VEZPs.
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A AOTFP1 AQOTFP5
AOTFP3
SPACA4
(Human, Chimp)
SPACA4 AOTFP2
(Stickleback,
Zebrafish)
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Figure 3.3: Evolution and predicted disulfide bonding patterns of AOTFP1. A) Phylogeny of five
identified abalone ovary TFPs (AOTFPs), along with SPACA4 sequences from apes and fish.
They are numbered one to five based on their relative transcript abundance (AOTFP1 having
the most reads supporting it). B) Potential 12-cysteine disulfide bonding pattern in AOTFPL1. the
canonical 2D-TFP disulfide bonding pattern was predicted by AlphaFold2, along with a
hypothetical additional disulfide bond shown in a dotted bracket.
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Figure 3.4: Predicted tertiary of rapidly evolving ovary protein (LDLR-like). The AlphaFold2
predicted structure for a putative homolog of a low-density lipoprotein receptor (LDLR-like). The
function of this protein could differ from that of its predicted receptor homolog. Red sites are
those predicted to be rapidly evolving by PAML dN/dS analysis Structural predicted quality
varies along the protein structure, as the long unstructured c-terminal end has less sequence

data informing its structural prediction.
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Chapter 4: Future Directions and Conclusions

4.1 Extensions of Previous Research

There are multiple avenues of research that naturally arise from the ZP-N evolutionary
characterization and transcriptomic analysis of abalone ovaries. Additional positive selection
analysis can be performed, especially by relaxing our constraints on searching only the most
abundant proteins. We initially performed positive selection analyses on gene clusters with more
than one read supporting them. While transcript abundance was used as a heuristic to identify
likely functional proteins, there RNA expression levels do not necessarily predict protein
abundance (Schrimpf et al. 2009). Certain essential fertilization proteins may have relatively
low abundance. Expansion of our positive selection analysis to less abundantly expressed
products would allow for a more comprehensive assessment of ovary proteins. There is also the
example of five predicted AOTFPs, which are not particularly abundant at the transcript level,
but they could be more highly expressed at the protein level. Expression patterns between
MRNAs and proteins could differ substantially due various post-transcriptional and translational
mechanisms (Greenbaum et al. 2003; de Sousa Abreu et al. 2009; Vogel and Marcotte 2012).
This encourages the relaxation of transcript abundance constraints in future positive selection
analyses. We can perform positive selection analysis on all gene clusters, including low

abundance transcripts, like our tentative TFP sequences.

The transcriptomic analysis identified candidates for functional egg coat genes, but
validation of protein expression can be performed on existing proteomic datasets. We previously
performed DDA (data dependent acquisition) tandem mass spectrometry (MS/MS) on a red
abalone sample of isolated egg coats. DDA performs the MS/MS acquisition on the most
abundant peptides from the first round of mass spectrometry (Canterbury et al. 2014). In
contrast, DIA (data independent acquisition) based mass spectrometry systematically scans the

entire initial mass spectra, with each set of peptides falling within a mass-to-charge (m/z)
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window being processed for MS/MS (Canterbury et al. 2014). Because it does not rely on
precursor ion abundance, DIA could be more sensitive for detecting lower abundance proteins.
Proteins that show evidence of egg coat expression could be prioritized as candidates for future
functional characterization. We could further characterize these proteins by fractionating egg
into egg coats and cell membrane fractions, allowing for potential functional insights. For
example, an egg receptor for fusion, such as Juno (Bianchi and Wright 2014; Bianchi and
Wright 2015), might be present in a cell membrane fraction. Expression of essential egg genes
can also vary over time, such as Juno expression increases in oocyte cell membranes during
their maturation (Jean et al. 2019). Taking into consideration such developmental effects when

analyzing abalone ovaries can further elucidate the molecular mechanisms of fertilization.

So far, the transcriptomic research outlined here has focused on identifying individual
candidate proteins. However, co-evolution between interacting proteins is critical to
understanding the molecular mechanisms of fertilization. Co-evolutionary analyses between
transcripts present in abalone ovaries and sperm could provide evidence of fertilization
functions in particular protein pairs. Evolutionary rate covariation (ERC) (Findlay et al. 2014) is a
useful tool for identifying co-evolving sperm and egg proteins. ERC analyses compare multiple
species trees constructed with different protein sequences. If branch lengths correlate between
two different trees, it indicates that those corresponding proteins are co-evolving (Clark et al.
2012). A signature of co-evolution could reflect a direct biochemical interaction between two
gametic proteins, or it could be evidence of factors such as indirect sexual selection (Wilburn et
al. 2019). One of the benefits of computational prediction of interactors by ERC is that it
provides explicit hypotheses to test experimentally. For instance, predicted co-evolving ovary
and sperm proteins can be further characterized functionally. Identified gametic proteins can be
further investigated with biochemical binding assays such as immunoprecipitation, affinity

chromatography or direct biophysical measurements of interaction such as SPR (Douzi 2017).
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There are also more complicated possible evolutionary dynamics. Under indirect sexual
selection, an abalone protein might not directly interact with sperm, but it could be co-evolving
with a different egg coat protein that does engage in such gametic interactions. This could
similarly be characterized if two co-evolving proteins both display binding affinity with a third

protein.

4.2 New Research Directions

The research described here focused primarily on the evolution of fertilization proteins,
such as those in the ZP family, with the goal of addressing the limits to our understanding of ZP-
N evolution. Much of our research also required developing and applying machine learning
algorithms to analyze the evolution of large sets of genomic data. A project that has naturally
arisen from the work described in this dissertation, has been to develop a ZP-N detection
algorithm. Much of my research into ZP-N domain evolution, has been motivated by the lack of
information about ZP-N domain sequence and structure. Current protein databases such as
pfam (Mistry et al. 2021), only include full ZP modules and exclude free ZP-N domains such as
those in ZP2. Our previous ZP-N phylogenetics work collected over 2000 ZP-N domain
sequences from Ensembl (Howe et al. 2021), which can be used to construct a training dataset
for ZP-N model detection. This training data can also be supplemented with several invertebrate
ZP-N sequences such as cuticlin from beetles or dumpy from Drosophila in order to provide
greater sensitivity to detect functionally diverse ZP-N sequences (Bork and Sander 1992). This
training dataset can be expanded to include even more diverse sequences, such as the fungal
saglp (Wilburn and Swanson 2016), which contains a domain that is structurally homologous to

ZP-N domain and is part of the yeast agglutination system. A model trained on only vertebrate
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sequences could prove sufficient, but adding various invertebrate or fungi sequences could

improve our sensitivity to detect ZP-Ns in other species.

We are constructing our ZP-N domain detection algorithm using a residual neural
network (He et al. 2016). Residual neural networks are often used for complicated pattern
recognition problems (Hanif and Bilal 2020), which make them appropriate for the recognition of
patterns underlying these hypervariable ZP-N domains. This model was trained using unaligned
ZP-N sequences from previously published phylogenetic and machine learning research (Rivera
et al. 2022). The goal of this algorithm is to identify the probability a given sequence contains a
ZP-N domain followed by the location of the domain within a sequence. A sliding window
approach could allow us to provide specific coordinates for the ZP-N domain. Because the
model needs to provide ZP-N coordinates on any individual sequence rather than an alignment,

it is important that we train on unaligned sequences.

Preliminary targeted analysis with human protein predicted that mammalian OOSP2
(oocyte secreted protein 2) contains a previously undetected ZP-N domain. This is consistent
with the cysteine patterning in OOSP2 and its AlphaFold2 predicted structures (Jumper et al.
2021; Mirdita et al. 2022). OOSP2 has female reproductive system expression in mice (Abbasi
et al. 2020), as well as evidence of testis expression in humans (Fagerberg et al. 2014). This
could provide an example for ZP-N domains switching to the sperm side of reproduction. Such
co-option of reproductive proteins by the opposite gamete has been proposed for

bouncer/SPACAA4 (Fujihara et al. 2021).

These preliminary results illustrate the power of the ZP-N detection algorithm. We can
continue to add invertebrate sequences to the training data to improve our specificity and further
optimize the hyperparameters of our residual neural network. This algorithm could detect new
human ZPs, which would warrant further functional research. ldentifying more functional

mammalian ZPs could greatly advance our understanding of fertilization overall, and could
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provide targets for research into contraception or infertility. The identification of ZP-N domains in
the genomes of other model or non-model organisms could would elucidate their evolutionary
history. For instance, detecting a ZP in plants, would make the ZP-N domain substantially more
ancient than previously proposed (Wilburn and Swanson 2016). Applying a ZP-N detection

algorithm to existing genomes will be a fruitful source of biological inquiry.

Other future projects include investigations into VERL, an abalone egg coat gene with 23
ZP-N domains. Analyzing these duplicated sequences and performing comparative genomics
may be helpful for understanding the importance of this large repeat array. The large number of
highly duplicated domains make VERL a particularly difficult to sequence, but long read
sequencing advancements such as telomere-to-telomere sequencing of human chromosomes
(Nurk et al. 2022) have made this goal appear more feasible. Several attempts at sequencing
VERL have only obtained partial VERL sequences. One approach utilized PCR amplification
followed by PacBio long-read sequencing, but PCR produced multiple repeat related artifacts.
Direct RNA sequencing of VERL with Oxford Nanopore MinlON was also preformed, with the
hope of skipping PCR would reduce artifacts. However, only incomplete VERL sequences were
obtained, likely due to issues processing the entire molecule through the sequencing pore,
potentially due to RNA secondary structure (Mathews et al. 2004; Gruber et al. 2008; Lorenz et
al. 2011). Long read sequencing methods of native DNA without amplification present a
powerful alternative for obtaining full length VERL. There are PacBio no-amplification
sequencing methods that rely on targeted CRISPR/Cas9 digestion to enrich for a genomic
region without PCR amplification (Hafford-Tear et al. 2019). Targeted digestion of a gene
followed by a pull-down allows for enrichment of specific genomic regions for long-range
sequencing. Whole genome sequencing can also be a powerfully alternative for obtaining full

length VERL sequences, especially given recent advancements (Nurk et al. 2022). However,
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more targeted sequencing approaches could be more scalable for large population genetic

analyses across multiple species of abalone.

Once a sequencing methodology is established, VERL can be sequenced in multiple
species of Pacific abalone so that the evolutionary history of these dramatic domain expansions
can be investigated. This could entail VERL sequencing at the population level in multiple
Pacific abalone species. Is the repeat number conserved within or between species? If it is
conserved within species, but not between species it could represent the importance of VERL in
particular reproductive isolation and speciation events. Alternatively, mechanisms such as non-
homologous recombination could make repeat number hypervariable both within and between
species, as observed in oyster bindin (Moy et al. 2008). If VERL ZP-N domain expansions exist
to increase species-specific fertilization preference by demanding more successful binding
events between ZP-N domains and lysin, having a large number of ZP-Ns could improve
specificity. Comparative genomics between different abalone species, could help identify
specific rapidly evolving ZP-N residues that are functionally important. Given the importance of
VERL in mediating species-specificity, population genetics on VERL may help us understand

the evolution of essential fertilization proteins.

4.3 Concluding Remarks

The work outlined here provides a foundation for further research into fertilization as well
as other biological systems. We have primarily discussed the evolution of protein domains in
terms of neofunctionalization of distantly related genes, but subfunctionalization may have
played an important role in the evolutionary history of highly duplicated gene families. Future
research can focus on addressing the differentiation of neofunctionalization and
subfunctionalization. Analysis of differential RNA expression profiles has been used to classify

recently duplicated Drosophila genes as neofunctionalized or subfunctionalized (Assis and
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Bachtrog 2013). This approach considers how differential expression in time and space is
modelled as way genes can subfunctionalize (Force et al. 1999). When studying duplicated
gene families there are ways to form hypotheses regarding neofunctionalization or
subfunctionalization. For instance, the gain or loss of a particular binding domain could suggest
a change in function. Functions for proteins of interest can be investigated through binding
assays and analysis of co-evolution. Observed and predicted protein structures for existing
proteins, and predicted protein structures of ancestral proteins could also provide clues
regarding functional evolution of duplicated proteins. Identifying possible subfunctionalization or
neofunctionalization events in a phylogenetic context can elucidate the evolution of essential

protein families.

However, the exact distinction between neofunctionalization and subfunctionalization is
a complicated question in biology. At what point does a differentially expressed
subfunctionalized gene become divergent enough to be considered as having a novel function?
Is such divergence inevitable at longer timescales as differentially expressed genes face
different selective pressures? Some have described subfunctionalization as a transitory state to
neofunctionalization (Rastogi and Liberles 2005). An alternative hypothesis is that strong
evolutionary conservation could allow for preservation of subfunctionalized gene copies across
greater evolutionary timescales. The greater availability of genomic data and advancements in
sequencing technology could make these difficult questions more tractable. Combining different
methodologies such as RNA single cell sequencing (Hwang et al. 2018), phylogenomics, co-
evolutionary analyses, and protein structural modelling could provide valuable insight into

distinctions between neofunctionalization and subfunctionalization.
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Our integration of phylogenetics, machine learning and protein structural analysis can be
applied to other essential protein families. It is also worth considering how this approach can be
modified. In order to align large numbers of diverse ZP-N domains (Wilburn and Swanson 2016)
we used a two-stage structurally informed alignment (Pei et al. 2008). A simpler alignment
strategy could be less likely to introduce computational artifacts, especially for less diverged
sets of protein sequences. The conclusions we draw regarding ZP-N evolution (Rivera et al.
2022) are based on our multiple sequence alignments of vertebrate sequence data obtained
from Ensembl (Howe et al. 2021). We are also able to model ancient divides in ZP evolution
using vertebrate and abalone transcriptome sequences. The inclusion of outgroups for
phylogenetic rooting can also be an important tool for making inferences about evolutionary

history.

Different inferences can be drawn from analyzing protein sequence data at varying
taxonomic depths. Our analyses of positive selection in ZP-N domains was limited to
boreoeutherian mammals (Rivera et al. 2022), to avoid the saturation of mutations in rapidly
evolving sequences (Anisimova and Liberles 2012). However, analyzing positive selection at
differing taxonomic scales has produced different conclusions regarding ZP-N evolution (Turner
and Hoekstra 2006). Whether you investigate ZP-N domains or other protein families, these
considerations of alignment size, number of sequences, and diversity can affect your

understanding of evolutionary history.

We outlined our strategy for using machine learning classifier on phylogenetically
defined ZP-N clades, but this approach can be also be modified in many ways. In our
supplemental materials, we briefly discuss a three-way alternative classification scheme that
warrants further investigation (Rivera et al. 2022). If this analysis were applied to phylogenies of
other protein families, different numbers of classes can be considered. Binary classifications can

be more useful for understanding more ancient evolutionary events. However, defining multiple



74

classes of protein domain sequences could allow for the targeted investigation of specific
clades, such as groups of orthologous sequences. Results from models obtained with different

number of classes can also be combined to understand evolution at varying timescales.

We used a supervised logistic regression classifier (Bewick et al. 2005) in our analysis of
ZP-N domains, because outputs can be interpreted as classification probabilities, and the
parameters can be interpreted as probabilistic weights associated with particular residues as
particular sites. This focus on biological interpretability proved useful, but other machine
learning can be explored when investigating protein domain evolution. Alternative methods for
classifying sequence data include support vector machines (SVMs) and random tree algorithms.
SVMs are capable of complex biological classification problems and can provide highly
parsimonious solutions, but interpretations of the models can prove complex (Devos et al.
2009). However, methods exist to select for SVMs that rely on relatively few datapoints for
classification (Devos et al. 2009). Defining a small set of sequences that define a biological
classification (such as free vs modular ZP-Ns), could lead to meaningful biological inquiries.
Identifying the position of these sequences within a phylogeny could highlight important

evolutionary divides and mutations throughout history.

Random tree algorithms are often used for biological classification problems such as
gene prediction (Diaz-Uriarte and Alvarez de Andrés 2006). Model optimization methods exist to
reduce the number of features in random tree algorithms (Kursa 2014), which could be useful
for obtaining sparser solutions where the relevant biological features can be investigated. As
outlined in the future direction section of this chapter, other machine learning applications exist
such as the identification of protein domains of interest from genomic data, using residual neural
networks (Hanif and Bilal 2020). Neural networks are exceptional at complex pattern
recognition, but the interconnectivity between nodes and layers within a model complicates

biological interpretations of parameters (Schmidhuber 2015). While the parameters would be
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less easily interpretable than the values from a logistic regression model, a convolutional neural
network (Gu et al. 2018) could capture epistatic effects between neighboring sites. The
combination of different machine learning classification systems could enrich our understanding

of protein domain evolution.

There can be more positively selected proteins in our transcriptome that warrant co-
evolutionary analyses and subsequent functional characterization. Sequencing an essential ZP
protein with multiple duplicated domains can help us better understand the evolutionary
dynamics underlying their repeat expansions. ZP-N detection algorithms could help identify
novel functional ZPs in numerous genomes, which could reveal a more complicated history of
ZP-N domain duplication. Integrating some of these future projects with our existing research
could help elucidate the intersection of genomic duplication events, neofunctionalization, and

reproductive biology.
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