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SUMMARY

Abalone, a broadcast spawning marine mollusk, is an important model for molecular interactions

and positive selection in fertilization, but the focus has previously been on only two sperm

proteins, lysin and sp18.We used genomic and proteomic techniques to bring new insights to this

model by characterizing the testis transcriptome and sperm proteome of the Red abalone Haliotis

rufescens. One pair of homologous, testis-specific proteins contains a secretion signal and is small,

abundant, and associated with the acrosome. Comparative analysis revealed that homologs are

extremely divergent between species, and show strong evidence for positive selection. The

acrosomal localization and rapid evolution of these proteins indicates that they play an important

role in fertilization, and could be involved in the species-specificity of sperm-egg interactions in

abalone. Our genomic and proteomic characterization of abalone fertilization resulted in the

identification of interesting, novel peptides that have eluded detection in this important model

system for 20 years.

INTRODUCTION

Fertilization is a cascade of events for which surprisingly few molecular interactions are

known. A detailed molecular understanding of its mechanisms and evolution begins with the

identification of sperm and egg proteins, because sperm-egg interaction is a major source of

diversity in sperm proteins. Broadcast spawning marine invertebrates provide an excellent

system to study how selective pressures influence the evolution of reproductive proteins.

Rapid evolution in sperm proteins has been found in sea urchins (Strongylocentrotus), top

snails (Tegula), ascidian (Ciona), and abalone (Haliotis). In Strongylocentrotus species, the

sperm protein bindin, which is involved in sperm-egg recognition and binding, is under

positive selection (Pujolar and Pogson, 2011). In the top snail Tegula, a protein with no

homology to bindin or lysin, TMAP, is the major acrosomal protein under positive selection

(Hellberg et al., 2000). In addition, three potential gamete recognition proteins from the

sperm of ascidian Ciona intestinalis are under positive selection between two closely related

lineages (Nydam and Harrison, 2011).
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Abalone has a long history as a model system for the biochemical events of fertilization

(Swanson and Vacquier, 2002), and provides an excellent opportunity for further study.

California abalone exhibit species specificity in fertilization as a result of sequence diversity

in sperm-egg interacting proteins (Swanson and Vacquier, 1998). Abalone sperm have an

unusually large acrosome granule (Lewis et al., 1980), which allowed the early purification

of the proteins lysin and sp18. Sp18is implicated in sperm-egg fusion (Swanson and

Vacquier, 1995) whereas lysin dimers create a hole in the egg vitelline envelope, allowing

sperm to swim through, by interacting with the vitelline envelope receptor for lysin (VERL)

(Lewis et al., 1982; Kresge et al., 2001). The species-specificity of vitelline envelope

dissolution by lysin is mediated by two highly variable regions in the amino acid sequence

(Lyon and Vacquier, 1999). The rapid evolution of lysin and VERL may be driven by

coevolution between the two proteins (Clark et al., 2009). Lysin in particular has become a

textbook example of rapidly evolving fertilization proteins (Kresge et al., 2001), and was an

early focus of study due to its abundance and acrosomal localization. Surprisingly, it is not

the most abundant acrosomal protein.

The discovery of new abalone sperm-egg interaction proteins is of interest for studying

positive selection and is important to the elucidation of general mechanisms of fertilization.

Most animal egg coats are made of glycosylated zona pellucida (ZP)-domain proteins

(Jovine et al., 2005). Thirty ZP-domain proteins have been identified as components of the

abalone egg vitelline envelope in addition to VERL, several of which show evidence of

positive selection (Aagaard et al., 2006, 2010). Despite rapid evolution in sperm-egg

interaction proteins, there is shared ancestry in the structural homology between distant

species. For example, abalone VERL repeats are structurally homologous to the ZP-N

domain of human egg ZP3 (Swanson et al., 2011). ZP3, like VERL, is under positive

selection in mammals (Swanson et al., 2001) and is thought to be involved in sperm-egg

coat interactions. Interestingly, the sites subject to positive selection in both molecules fall

on the same face, in a region implicated in species-specificity, suggesting that selection is

related to sperm-egg interaction. Lysin and VERL’s interactions and evolution are well

studied, but there are many other steps in the fertilization cascade that are not characterized

at the molecular level. For example, chemoattraction is also species specific between the

closely related Red and Green abalone (respectively, Haliotis rufescens and H. fulgens), but

no sperm receptor is known (Riffell et al., 2004).

We are interested in finding new abalone sperm proteins and candidate sperm-egg

interaction proteins. Of particular interest to us are proteins that are abundant, and have a

transmembrane domain, a signal sequence, or a carbohydrate- interaction domain. Proteins

with a transmembrane domain may be involved in the initial egg-recognition event or in

membrane fusion, like the gamete fusion protein HAP2-GCS1 (Wong and Johnson, 2010).

A signal sequence indicates that a protein is secreted, either outside the sperm cell or into the

acrosome; we are interested in identifying acrosome proteins other than lysin and sp18. Egg

coats are made up of glycoproteins, so a carbohydrate-interaction domain could be part of a

protein involved in binding to and recognition of the egg coat. In sea urchins, species-

specific induction of the acrosome reaction is mediated by sulfated polysaccharides in the

egg jelly (Vilela-Silva et al., 2008). Unknown proteins might also be of interest: if they are
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divergent, they may be evolving under positive selection. In this study we assembled a testis

RNA-seq library with no reference sequence, and identified hundreds of sperm proteins with

mass spectrometry in the Red abalone H. rufescens. The most interesting result was the

discovery of a small, abundant, rapidly evolving pair of homologous proteins. Abalone

sperm proteins have been studied for over 20 years, but we have observed these important

proteins for the first time by applying new genomic and proteomic technologies to a non-

traditional model system.

RESULTS AND DISCUSSION

We identified 975 sperm proteins in H. rufescens by shotgun mass spectrometry. The most

striking result was the discovery of a pair of homologous proteins that appear to be as or

more abundant than the major abalone acrosomal proteins lysin and sp18. We can

approximate the relative transcript abundance with read coverage of RNA-seq data and

protein abundance with the normalized spectral abundance factor (NSAF) (Zybailov et al.,

2006) from the proteomic mass spectrometry data. As expected, lysin and sp18 had high

coverage in both RNA-seq and mass spectrometry, but the combined coverage of the two

novel proteins was higher. One form is approximately 6 kDa, so we call the protein sperm

protein 6, or sp6. Among the differences between these two forms is the length of an

aspartic acid stretch, so we refer to those as sp6_4D and sp6_8D for the 4 or 8 aspartic acids,

respectively. Both sequences have an N-terminal signal peptide, which is predicted by

SignalP and is supported by mass spectra coverage starting at amino acid 20. Mature

sp6_8D has a predicted pI of 4.13 and molecular weight of 6.86 kDa while mature sp6_4D

has a predicted pI of 3.93 and molecular weight of 6.28 kDa. The highly acidic nature of

these novel peptides is in stark contrast to the strongly basic nature of lysin and sp18.

We purified sp6_4D and sp6_8D, which had previously not been observed by SDS protein

gel electrophoresis. As they are very small proteins, sp6_4D and sp6_8D typically migrate

out of standard single-percentage gels. In addition, they do not stain well with Coomassie

due to their acidic nature (Tal et al., 1985). When sperm or testis proteins were separated by

SDS-PAGE using 15% acrylamide and silver stained, a dark band appeared around the

predicted sizes of the two sp6 proteins (Fig. 1A; the first lane shows acrosome-enriched

testis proteins, the second acrosome-depleted, and the third ovary proteins). To confirm that

the band contains sp6 proteins, we excised the gel bands and performed mass spectrometry

and found that sp6_8D is the dominant protein. We purified sp6 proteins from sperm-protein

extracts with an anion exchange column for further characterization, and used the product to

develop an antibody. Purification and antibody generation were done with a fraction that

includes both sp6 proteins, so subsequent antibody work refers to sp6 in the broad sense. By

Western blot and sperm immunofluorescence, sp6 is not present in ovary protein extracts,

but is associated with the acrosome of abalone sperm (Fig. 1). The high abundance and

acrosomal localization strongly suggests sp6 plays an important role in fertilization.

We identified sp6 forms expressed in the testis of four other Haliotis species by PCR using

primers from the known H. rufescens sequences (Fig. 2). We also looked for sp6 in two

available Haliotis whole-body expressed sequence tag (EST) databases using BLAST, with

our sequenced sp6 sequences as queries. We found one homolog in the H. diversicolor
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database (Jiang et al., 2011), but not in the South African abalone H. midae. For H.

rufescens, H. discus, and H. kamtchaskana, agarose gels of PCR products showed bands at

multiple sizes, which correspond to multiple forms based on sequencing results of these

clones. In contrast, we only amplified one form of sp6 for H. cracherodii and H. discus. In

total, sp6 sequences are highly divergent, between forms and between closely related

species. BLAST searches against the National Center for Biotechnology Information

(NCBI) protein database and the gastropod mollusk L. gigantea EST database revealed no

homologous proteins. Sp6 proteins vary in length, which is largely determined by a region

of variable-length aspartic acid repeats. We do not know the mechanism and consequences

of this variation, but it is interesting to note that these features (tandem repeats and sequence

variability) are present in other rapidly evolving sperm proteins. For example, oyster

bindin’s F-lectin domain repeats are both polymorphic between individuals and variable

within individuals, as a result of alternative splicing and recombination (Moy et al., 2008).

In addition, insertion–deletion variation appears to be prevalent in Drosophila accessory

gland proteins, which are delivered to the female upon mating (Schully and Hellberg, 2006).

The high level of sequence diversity made it difficult to align sp6 sequences. High

confidence alignments are necessary to analyze substitution rates to detect positive selection,

so we created two separate alignments for subsets of sp6_4D and sp6_8D, removing the

signal sequence and any gaps, and calculated dN/dS with codeml. Both forms of sp6 show

evidence of positive selection among species (Table 1). In fact, sp6 appears to evolve more

rapidly than either lysin or sp18, suggesting it may play a role in species-specificity.

Sp6 is abundant, evolves rapidly, and may be abalone-specific, based on BLAST queries of

other species databases. Given its location and rapid evolution, one possibility is that sp6

interacts with lysin and/or sp18. Lysin and sp18 are both positively charged, so sp6 may

help them remain soluble while tightly packed in the acrosome. Or it may interact with an

egg protein to facilitate species-specific fertilization. Alternatively, akin to the anti-bacterial

peptides previously isolated from whole abalone (Park et al., 2012), sp6 may act as an anti-

microbicide, protecting the fertilized egg or the developing embryo from pathogens.

While sp6 is the most striking example of rapid evolution in the list of identified sperm

proteins, we also found other proteins that are under positive selection (Table 1). We used

RNA-seq to generate a transcriptome assembly for H. rufescens testis, whose de novo

assembly yielded 41,300 contigs. We added capillary-sequenced cDNA clones from a testis

library to the assembly file for a final contig number of 41,576. We identified 975 total

sperm proteins with shotgun mass spectrometry of whole sperm, acrosome enriched

fractions, and extracellular digestions. The final assembly and the protein list are available at

http://depts.washington.edu/swansonw/Swanson_Lab/Data.html. In a BLAST search against

the NCBI non-redundant protein database, 676 of the proteins have a significant match. Our

sperm protein numbers are similar to those found in mouse: 858 (Baker et al., 2008), fruit

fly: 1108 (Wasbrough et al., 2010), and human: 1056 (Baker, 2007), but greater than seen so

far in ascidian: 304 (Nakachi et al., 2011).

Sp6 was not discovered until we used new genomic and proteomic technologies for protein

discovery to learn more about abalone fertilization. The combined use of testis transcriptome

Palmer et al. Page 4

Mol Reprod Dev. Author manuscript; available in PMC 2014 June 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://depts.washington.edu/swansonw/Swanson_Lab/Data.html


and sperm proteome gives us an excellent list of candidate fertilization proteins, in addition

to sp6. This is particularly useful for abalone, because it contributes more information to an

already well-studied system. We will perform more detailed studies of the functions of sp6

and other proteins that may play an important role in abalone fertilization, and combine this

information with what we know about the egg coat proteome (Aagaard et al., 2010). This

will advance our understanding of the entire fertilization cascade in a model system, which

also provides the opportunity to study how selection can affect evolutionary rates at different

steps of fertilization.

MATERIAL AND METHODS

Strand-specific cDNA was prepared from RNA from the testes of 5 H. rufescens individuals.

Sequencing was performed on an Illumina Genome Analyzer with 76-base pair paired-end

reads. Raw reads are available at the NCBI Sequence Read Archive, accession number

SRR770266. The paired reads were filtered with a phred quality cutoff of 5. Assembly was

performed with the Trinity package (Grabherr et al., 2011), then contigs were added from

Sanger sequencing of a cDNA library for a total of 41,576 predicted transcripts. Read

coverage of contigs was estimated with the BWA and Samtools packages.

Spawning was induced in H. rufescens males in 0.2-µm filtered seawater with the Tris/H2O2

protocol (Morse et al., 1977). Intact sperm were treated with trypsin or elastase (Promega,

Madison, WI) to extract extracellular proteins, or induced to acrosome react by addition of a

calcium ionophore (Sigma A23187, St. Louis, MO) to a final concentration of 0.2 mg/ml,

and incubation on ice until most sperm were acrosome-reacted in a subsample viewed with a

microscope, or spun down and homogenized intact. All protein preparations were digested

with trypsin or elastase. Peptides were eluted over a 4-hour gradient through an in-line

HPLC column and into an LTQ ion-trap mass spectrometer (Thermo) for tandem mass

spectrometry. Mass spectra were searched against a six-frame translation of the

transcriptome assembly for protein identification, with a decoy database of reversed

sequences to determine the false discovery rate, using Sequest (Eng et al., 1994). Data were

visualized and summarized with the University of Washington’s Yeast Resource Center’s

Mass Spectrometry Data Platform: MSDaPl (Sharma et al., 2012). Relative abundance of

proteins in a sample was estimated by the normalized spectral abundance factor (NSAF)

(Paoletti et al., 2006).

To determine homology to known proteins, Blast2GO (Götz et al., 2008) was run against the

non-human, nonmouse EST database, and the non-redundant protein database in NCBI. The

protein and transcript sequences were also searched for transmembrane domains and signal

sequences, using HMM (THMM Server v. 2.0, CGS Technical University of Denmark) and

SignalP (Petersen et al., 2011). Protein molecular weights and charges were estimated with

tools on the ExPASy Bioinformatics Resource Portal. From H. rufescens candidate

sequences, primer sequences were designed to PCR amplify the transcripts from testis

cDNA of other species. dN/dS analyses were done with the codeml package in PAML

(Yang, 1997). These sequences were deposited in GenBank (accession numbers

KC752594_KC752618).
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Sp6 was purified with anion-exchange chromatography and confirmed with SDS-PAGE.

Polyclonal antibodies were raised against purified sp6 from H. rufescens testis in rabbits by

R&R Research, LLC (Stanwood, WA), and diluted serum was used for Western blots and

sperm immunofluorescence.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sp6 resides in the acrosome. In (A) and (B), sp6 is indicated with an arrow. In (C) and (D),

the acrosome is indicated with a triangle. A: Silver-stained 15% SDS-PAGE, with sizes

marked on far left. Lane 1: acrosome-enriched testis proteins, 2: acrosome-depleted testis

proteins, 3: ovary proteins. B: Western blot of the same proteins probed with sp6 serum. C:

Sperm stained with sp6 serum and a rhodamine-conjugated secondary antibody show

fluorescence in the acrosome. D: No acrosome staining is seen in sperm incubated with pre-

immune serum.
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Figure 2.
Amino acid sequences of sp6 from Haliotis species. The gray bar shows sequence that is

covered by peptide sequences resulting from shotgun mass spectrometry. The black bar

indicates the signal sequence, both as predicted by SignalP and supported by the absence of

mass spectra coverage.
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