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Abstract 
The sperm membrane protein zonadhesin (ZAN) has been characterized in 

mammals and has been implicated in species-specific egg-sperm binding interactions. 

Zonadhesin is the only protein that contains MAM, mucin and von Willebrand D 

domains. A zonadhesin-like transcript was obtained fi-om an Atlantic salmon gut tissue 

cDNA library. This transcript and the corresponding genomic locus were sequenced. A 

zonadhesin-like gene (ZLG) with a predicted open reading fi-ame of 4,5 18 nucleotides 

that encodes MAM, mucin and VWD domains was characterized. Although the 

predicted protein contains the same major domains as zonadhesin, the domain order is 

altered. ZLG is expressed in the liver and the gut but not in the testis as a typical 

zonadhesin. This gene is unlikely to be directly involved in reproduction, because it has 

a unique domain structure and expression, but is likely to have a novel function. In 

contrast, zonadhesin-like genes with the same domain content and order as mammalian 

zonadhesins can be deduced from puffer fish and zebrafish genomic sequencing projects. 

Zonadhesin-like genes from these three fish species are compared and evolutionary 

relationships are explored. 

Efaminers: // 
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Introduction 

1 .  Overview 

The Genome Research on Atlantic Salmon Project (GRASP) was initiated to 

better understand the genome of this economically important fish and apply this 

knowledge to other closely related salmonid species. Study of the Atlantic salmon 

(Salmo salar) is important not only to maximize their economic value as farmed fish but 

to evaluate their ecological effect on wild stocks. The interaction between farmed and 

wild Atlantic salmon has been hotly debated, and genetic techniques have been used in 

attempts to clarify the effects the salmon farming industry has on wild stocks. Population 

analysis using genetic data has, with some success, quantified genetic flow between wild 

and farmed salmon of the same species (Clifford, McGinnity et al. 1998; O'Reilly, 

Hamilton et al. 1996). Understanding the genetic elements that control the interaction 

between gametes, for example genes coding for gamete adhesion and recognition 

proteins, will advance our knowledge of how populations, wild or farmed, interact. It is 

these genes that ultimately dictate the flow of genetic information. 

GRASP has reported the sequencing of 80,388 salmonid ESTs (Rise, von 

Schalburg et al. 2004), one of which was identified as having similarity to a gene 

involved in reproduction in mammals. The purpose of this study was to characterize this 

potential zonadhesin gene in Atlantic salmon. Although this gene was found to have 

domain content similar to mammalian zonadhesins, it had a different tissue expression 

pattern. In an attempt to clarify the evolutionary origin of this zonadhesin-like gene 

(ZLG) it was compared to zonadhesins of mammals and putative zonadhesin genes of 



puffer fish (Takifugu rubripes) and zebrafish (Danio rerio). Other evolutionary origins 

were explored, including a possible link to the mucin gene family. 

1.2 Zonadhesin 

Zonadhesin (ZAN) is a multi-domain sperm protein that plays a role in the 

species-specific binding of egg and sperm. Porcine (Sus scrofa) ZAN was first described 

by Hardy et al. (1 995) as a protein expressed by developing sperm that would bind to the 

zona pellucida of the egg. Since its initial discovery, the ZAN protein has been identified 

in several other mammals, including mouse, human (Gao and Garbers 1998) and rabbit 

(Lea, Sivashanmugarn et al. 2001). Zonadhesin is important in the interaction between 

egg and sperm and might be responsible for species specificity in the binding of egg and 

sperm in mammals (Hardy and Garbers 1995). Recent data suggests the processed 

zonadhesin localizes to the acrosomal matrix and binds the zona pellucida during the 

acrosome reaction (Olson, Winfiey et al. 2004). 

Zonadhesins typically contain multiple mepridA5 antigedmu receptor tyrosine 

phosphatase (MAM) and von Willebrand D (VWD) cell adhesion domains (Figure 1). 

This gene also has a mucin domain, an epidermal growth factor (EGF) domain, a 

transmembrane domain and a short intracellular domain at the carboxy terminus (Lea, 

Sivashanmugam et al. 2001). The domain order is the same in all mammals studied, 

with the main difference being the number of MAM and VWD domains. Human 

zonadhesin has three MAM domains and four VWD domains with a total length of 2,8 12 

amino acids. The mouse (Mus musculus) ZAN protein has three MAM domains, four 

complete VWD domains and 20 partial VWD domains resulting from a duplication of a 



VWD3 fragment. This duplication resulted in a total length of 5,376 amino acids (Gao 

and Garbers 1998). Porcine ZAN has only one complete and one partial MAM domain 

and four complete VWD domains, with a total length of just over 2,400 amino acids 

(Hickox, Bi et al. 2001). 

The 170 amino acid meprin, A5 protein receptor protein-tyrosine phosphatase g 

or MAM domain has been found in proteins with an adhesive function. Other than 

zonadhesin, MAM domains are also found in protein-tyrosine phosphatases (PTPs), 

neuropilins and meprins. Meprins are metalloendopeptidases that have been found in the 

intestinal brush border and renal membranes of mammals (Bond and Beynon 1985). 

Many proteins are hydrolyzed by meprins. These include bradykinin, angiotensins, 

glucagon, gonadotropin-releasing hormone, parathyroid hormone and melanocyte- 

stimulating hormone (Marchand, Volkmann et al. 1996). 

The MAM domain is also thought to be involved in signal transduction through 

the opposing action of protein-tyrosine kinases (PTKs) and protein-tyrosine phosphatases 

(Cismasiu, Denes et al. 2004). The MAM-containing PTPp is strongly expressed in the 

endothelial cell layer of the arteries and continuous capillaries, as well as in the cardiac 

muscle, bronchial and lung epithelia, retina and several brain areas. Other MAM- 

containing proteins, the neuropilins, function as coreceptors involved in axon guidance 

(Yu and Bargmann 2001). 



Mouse ZAN 

EGF TM CD 

Zebrafish ZAN2 

Human M W  

Prepm von Williebrand Factor 

Figure 1. Domain structures of zonadhesins and related proteins. Mouse (accession #: 
NPO3587 1. I), pig (accession #: Q28983), human (accession #: Q9Y493), puffer fish, 
zebrafish ZANl and ZAN2, and the salmon ZLG proteins are represented along with 
human MUC2 (accession #k I2 1998. I), human prepro von Willebrand factor (accession 
#: P04275) and rat (Rattus nowegicus) MUG2 (accession #k Q62635) proteins. All 
proteins except puffer fish and zebrafish ZANl have a signal peptide indicated by SP in 
white on the mouse diagram. All the zonadhesins have an epidermal growth factor 
(EGF) domain indicated in red, a transmembrane (TM) domain indicated in yellow and a 
cytoplasmic domain (CD) indicated in green on the mouse diagram. The MAM and 
mucin domains are shown. The VWD domains are represented by 'D'. The partial D3 
domains of the mouse are represented by D3p 1-20. Other partial VWD domains are 
denoted DO or D' as per the current literature. 



Although the tertiary structure of the MAM domain is unknown, Marchand et al. 

(1 996) identified conserved cysteines that are responsible for the covalent disulfide 

interactions between MAM domains. These conserved cysteines are critical for the 

structure and function of proteins containing these domains. Zonadhesin undergoes a 

series of proteolytic cleavages and intermolecular disulphide bridging to produce the 

mature protein (Hickox, Bi et al. 2001). During maturation the MAM domains are 

cleaved off, leaving the VWD domains to bind to the ZP proteins of the oocyte, thereby 

assisting in the acrosome reaction, a type of cellular exocytosis. 

The repeated von Willebrand factor D domain comprises a major part of the 

zonadhesin molecule. Current literature uses the acronym VWD for both the von 

Willebrand factor D domain and von Willebrand disease that is caused by a deficiency of 

the hemostatic von Willebrand factor. In this paper VWD refers to the protein domain 

that is important for multimerization, optimal secretion and, in the case of von 

Willebrand factor, the binding of blood-clotting factor VIII (Jorieux, Fressinaud et al. 

2000). The VWD domain occurs in a family of immediate-early genes that are growth 

regulators, in a variety of mosaic proteins, including von Willebrand factor (Sadler 1998), 

apolipoprotein B, vitellogenins, microsomal triglyceride transfer protein (MTP) (Babin, 

Bogerd et al. 1999) and mucins (Eckhardt, Timpte et al. 1997). Zonadhesin is the only 

protein identified to date that contains both MAM and VWD domains. 

The mucin domain of zonadhesin is related to the extracellular component of 

mucin proteins, where a tandem repeat makes up the core of the protein (described 
\ 

below) (Meseguer, Pellicer et al. 1998). The mucin domains of zonadhesins are variable. 

The pig mucin domain contains 53 imperfect heptapeptide repeats with the consensus 



sequence PTE(KlR)(P/T)T(V/I) (Hardy and Garbers 1995). The rabbit zonadhesin mucin 

domain has 20 imperfect heptapeptide repeats with the consensus sequence 

(P/T)TVP(P/T)E(P/E). Gao and Garbers (1998) suggested that the function of the mucin 

domain in zonadhesin is to lift the MAM domains above the glycocalax of the developing 

sperm allowing the MAM domains to interact with the Sertoli cells. 

The mammalian zonadhesin gene is found in a gene dense region, in humans at 

7q22 and on mouse chromosome 5 (Wilson, Riemer et al. 2001). This region has 

conserved synteny within these species. Wilson, Riemer et al. (2001) showed that ZAN 

is flanked by erythropoietin (EPO) and by ephrin receptor B4 (EPHB4) and is also within 

100 Kb of arsenite resistance 2 (ASR2) and acetylcholine esterase (ACHE). 

Other sperm adhesion molecules contribute to the fusion of egg and sperm. 

During the primary binding of gametes, to which zonadhesin contributes, protein P47, 

galactoyltransferase, McABs and a 95 Kd protein work together to bind the zona 

pellucida (Jansen, Ekhlasi-Hundrieser et al. 2001). These interactions trigger the 

acrosome reaction, allowing the molecule proacrosin and the PH-20 antigen to mediate 

secondary binding. The interaction of the zona pellucida with the sperm proteins 

generally only permits species-specific binding of gametes and prevents fertilization by 

more than one sperm (polyspermy) (Wassarman 2002). 

1.3 Mucins 

Mucins, a diverse group of heavily glycosylated proteins that are the major 

component of mucus, lubricate surfaces and are the first line of defense against pathogens 

(Moncada, Kammanadiminti et al. 2003). These proteins, coded for by the MUC genes, 



have been grouped based on their biochemical properties rather than their peptide 

sequences; an issue that has caused some debate (Dekker, Rossen et al. 2002). The 

mucin family has both membrane-bound and secreted members. In total there are 16 

different types of mucins in humans (Byrd and Bresalier 2004). Most secreted members 

contain VWD and mucin tandem repeat domains (Figure 1). There are two repetitive 

mucin domains, one that is similar to that found in zonadhesin and is made up of short 

serine-, threonine- and proline-rich tandem repeats. These residues may serve as 

potential 0-glycosylation sites (Moniaux, Escande et al. 2001). This mucin domain is 

encoded by a single exon (Bobek, Liu et al. 1996). The other mucin domain is a longer 

tandem repeat domain with variable repeat length and number. MUC genes have been 

well studied in the context of cancer because mucins frequently have altered expression 

levels during carcinogenesis and in the metaplastic state (Baldus, Engelmann et al. 2004; 

Feng, Ghazizadeh et al. 2002). Although most data on mucin genes has been derived 

from humans, other species as distant as trypanosomes have been shown to contain a 

large diversity of these genes (Di Noia, Pollevick et al. 1996). 

1.4 Repeat elements 

The Atlantic salmon genome has been extensively analyzed for repeat sequences 

in order to acquire a set of genetic markers with which to study population structure. 

Because Atlantic salmon are used in aquaculture worldwide, it is important to understand 

the effect these farmed fish have on wild stocks. Minisatellite and microsatellite loci are 

often used to study the genetic distribution of this salmonid species (Goodier and 

Davidson 1998; O'Reilly, Hamilton et al. 1996). 



The S. salar genome also contains many larger repeat elements. For example, the 

923 bp BglI repeat makes up 2.3% of the Atlantic salmon genome (Goodier and 

Davidson 1993). Another common repeat in the Salmo genome, making up 1.2% of the 

total genomic DNA, is a 380 bp element flanked by NheI restriction sites (Goodier and 

Davidson 1994a). Through BLAST analysis between this NheI element and Genbank 

sequences, Goodier and Davidson (1994a) also found that this element can exist as part 

of a larger 1,424 bp repeated segment. Within this larger element they found that there is 

one complete copy of the 380bp NheI repeat and a second copy with 67% identity over 

the first 150 bp. This 1,424 bp element was found inserted immediately downstream of 

Tcl transposon-like sequences. This prompted these researchers to propose that this 

element was spread by a once-active transposable element. 

The Atlantic salmon genome may contain as many as 15,000 copies of Tcl 

transposon-like sequences (Goodier and Davidson 1994b). Tcl transposons are not only 

widespread in teleost fish but also found in other animals such as nematodes, arthropods, 

frogs and humans and in more evolutionarily distantly related organisms, such as fungi, 

plants and ciliates (Plasterk, Izsvak et al. 1999; Radice, Bugaj et al. 1994). Alignments 

between Tcl sequences from nematodes, insects, fish and planarians, show many 

conserved amino acids (Robertson 1995). This diversity in host species, together with 

the fact that many species related to the above-mentioned hosts lack these elements, has 

raised the possibility that these sequences have spread by horizontal as well as vertical 

transmission (Plasterk, Izsvak et al. 1999). This theory is supported by the fact that the 

only protein that Tcl transposons require for mobility is the transposase that it encodes 

(Vos, De Baere et al. 1996). For example, the Mariner transposon, a member of the same 



superfamily as Tcl, is mobile in vitro when only the purified transposase is supplied 

(Lampe, Churchill et al. 1996). Most other types of transposable elements require host 

proteins to be mobile, thus limiting their host range. 

Tc 1 elements generally have a conserved structure. Tc 1 elements from the 

genomes of salmon have been used as models for structural analysis (Ivics, Izsvak et al. 

1996). Although all vertebrate Tcl elements characterized to date are inactive remnants 

of once-mobile transposons, the functional properties have been elucidated by 

comparison to other functional transposons and reconstruction of a functional transposon 

from mutated, non-functional Tcl elements by site-directed mutagenesis and swapping of 

DNA fragments (Ivics, Hackett et al. 1997; Plasterk, Izsvak et al. 1999). Tcl, a class I1 

transposable element, moves through a DNA intermediate (Leaver 2001). These 

elements range from 1,300-2,400 bp in length and have a single open reading frame 

(OW) that is flanked by inverted repeats. The transposase encoded by the single gene 

has a conserved C-terminal region that contains a divalent metal ion binding site (DDE 

box) catalytic center (Doak, Doerder et al. 1994; Junop and Haniford 1997). The DDE 

domain mediates DNA cleavage and ligation of the transposon (Plasterk, Izsvak et al. 

1999). The N-terminal end of the transposase contains the DNA binding domains and the 

nuclear localization signal (Ivics, Izsvak et al. 1996). 

In contrast to these DNA transposable elements that excise themselves and move 

to a new genomic location via a DNA intermediate, retrotransposable elements are spread 

by an RNA intermediate before being reverse transcribed and reinserted into the genome. 

The salmon genome contains both long and short interspersed nuclear elements (LINES 

and SINES) that spread through retrotransposition. 



The best-characterized long interspersed nuclear element, LINE- 1 (Ll), is 

approximately 6-7 kb in length and includes direct repeats at each end and two ORFs. 

The first ORF encodes a protein that likely acts as a nucleic acid chaperone during L1 

retrotransposition (Martin, Branciforte et al. 2003). The second ORF encodes a protein 

with endonuclease and reverse transcriptase domains (Kazazian and Moran 1998). It is 

proposed (Luan and Eickbush 1996) that LINE elements move via an RNA intermediate 

by reverse transcribing their RNA directly into nicked target DNA. This mechanism, 

termed target primed reverse transcription (TPRT), uses the 3'-hydroxyl of the nicked 

DNA to prime the reverse transcription. LINE 1 elements constitute about 17% of the 

human genome (Smit 1996) and are also found in the genomes of fish. Fish genomes 

have a very different diversity of L1 elements than the human genome. Furano et a1 

(2004) showed that humans have only one evolutionary lineage of these elements. By 

contrast, zebrafish have over 30 lineages of L1 elements. Although zebrafish have a far 

more diverse collection of LINES, the actual DNA that encodes them makes up a much 

smaller fraction of their genomes. 

SINE elements are also present in the genomes of fish. Except for the human Alu 

family and the rodent type 1, all SINEs are derived from tRNA. These elements have 

three distinct regions in a length of 80-400 bp. The 5'-end contains a sequence similar to 

a tRNA that includes an RNA polymerase I11 promoter sequence. This region is followed 

by a tRNA-unrelated region and an A- or AT- rich region at the 3'-end (Ohshima, 

Hamada et al. 1996). Direct repeats are often found flanking SINE elements. As SINEs 

do not contain reverse transcriptase genes, these elements require a reverse transcriptase 

from another source. LINE elements have been shown to have the ability to provide the 



necessary reverse transcriptase for SINE retrotransposition (Kajikawa and Okada 2002). 

The fact that SINE elements appear to be inserted into genomic DNA irreversibly has 

made these elements useful as molecular phylogenetic markers (Murata, Takasaki et al. 

1993; Shedlock and Okada 2000). The HpaI family of SINES is only found in 

Salmonidae and has offered strong evidence for some of the taxonomic divisions within 

this family (Murata, Takasaki et al. 1996). 

SINE elements have been shown to facilitate unequal crossing-over events 

resulting in the duplication or deletion of genomic regions. Stoppa-Lyonnet et al. (1990) 

showed that the human Alu element caused rearrangements in the complement 

component C1 inhibitor gene. They found that a cluster of 10 Alu elements distributed 

over two consecutive introns of this gene constituted a genetic alteration "hot spot," 

resulting in duplication on one strand and deletion on the other strand of the repeat- 

surrounded exon. Larger regions of genomic DNA may also be rearranged using SINEs. 

Babcock et al. (2003) showed that the 22q11 region in humans is unstable and that the 

segmental duplications that occur in this area were mediated by A h  repeats. Instability in 

this region is one cause of the genetic disease hereditary angioedema (HAE) (Ariga, 

Carter et al. 1 990). Although the genomes of fish do not contain Alu elements, they do 

contain many LINE and SINE elements. Many of these have dispersed in recent 

evolutionary history and therefore still maintain high sequence identity that can facilitate 

unequal crossing-over. The ability of these elements to alter the genomes in which they 

reside has made LINES and SINEs important contributors to the evolution of genomes, as 

well as informative markers with which to follow the dynamic nature of eukaryotic 

genomes. 



1.5 Phylogeny of the teleost fish 

A basic knowledge of the evolutionary relatedness among species is necessary in 

order to understand gene production within a species. The phylogeny of teleost fish has 

been controversial for some time. Recent mitochondria1 genome evidence has produced 

a phylogeny placing Salmoniformes with Esociformes (pike and pickerel) rather than 

Osmeroidei (smelts) with which they had previously been paired (Figure 2) (Ishiguro, 

Miya et al. 2003; Ramsden, Brinkmann et al. 2003). The tree supported by these 

researchers has one clade that includes Ostariophysi (zebrafish) with Clupeomorpha and 

Alepocepheloidea. The other species are then divided into two clades, one containing the 

Neoteleostei (that include puffer fish), Osmeroidei and Arentinoidea and one containing 

the Salmoniformes and Esociformes. Within Salmoniformes, Coregoninae (whitefish) 

branches first, followed by the Thymallinae (grayling) (Figure 2). Branchymystax and 

Hucho branch before the Salmo, and Parahucho clade diverge from the Salvelinus (charr) 

and Oncorhynchus (Pacific salmon) clade (Oakley and Phillips 1999; Ramsden, 

Brinkmann et al. 2003). More genome sequence is becoming available for some species 

within these groups. This information will lead to further clarification of these 

relationships, in turn, allowing for a better understanding of how genes within these 

species have evolved. 
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Figure 2. Phylogenetic trees of teleosts and salmonids. A) The phylogenetic tree of 
teleost fish as presented by Ishiguro et al. (Ishiguro, Miya et al. 2003). Salmoniformes 
has Esociformes (pike and pickerel) as its sister taxa, as opposed to previous topologies 
that had Osmeroidei (smelts) as the sister taxa. Puffer fish is found in Neoteleosei, and 
zebrafish is a member of Ostariophysi. B) Salmoniformes is shown with its sister taxa 
the Esociformes. Coregoninae (whitefish) branch first, followed by the Thyrnallinae 
(grayling). Atlantic salmon are members of Salmo and the Pacific salmon (Chinook and 
rainbow trout) are members of Oncorhynchus (Ramsden, Brinkmann et al. 2003). 

1.6 Genome evolution of salmon 

The salmonid genome is complex because it has undergone two genome 

duplication events since the divergence from tetrapods approximately 450 million years 

ago (MYA). Furthermore, salmon are still in the process of diploidization from the most 

recent duplication event (Phillips and Rab 2001). The first genome duplication event in 

the fish lineage occurred during the early evolution of teleost fish (Taylor, Van de Peer et 

al. 2001; Venkatesh 2003) and may have been the cause of a large species radiation 

(Taylor, Van de Peer et al. 2001). Although the exact date of this event is unclear, recent 

data utilizing large molecular data sets indicates that it occurred between 225 and 425 



MYA (Vandepoele, De Vos et al. 2004), concurring with fossil data (Wiley and Schultze 

1984) that suggests a species radiation happened between 245 and 286 MYA. 

A second salmonid genome duplication event, or tetraploidization, has occurred 

between 25 and 100 MYA (Allendorf and Thorgaard 1984). Other fish have also been 

shown to have recently duplicated their genomes, including the common carp (Cyprinus 

carpio) as recently as 12 MYA (David, Blum et al. 2003) and the suckers (Catostomids) 

an estimated 50 MYA (Uyeno and Smith 1972). 

Following genome duplication events, dramatic gene loss often occurs (Becak and 

Kobashi 2004). Salmonids appear to be slowly returning to the diploid state. An 

estimated 50% of loci still have four alleles, while a large number of loci have lost two 

alleles and now have only two. Interesting computer simulations have suggested that 

unlinked duplicate loci are maintained in a functional state longer than syntenic 

duplicates (Bailey, Poulter et al. 1978), allowing more time for genes to evolve new 

functions. 

Genome duplication quickly provides evolution with a vast amount of material to 

tinker with. This event allows not only the production of single new genes, but also the 

duplication of complete pathways that may then be modified (Wolfe 2001). Ohno (1970) 

proposed that the vertebrate genome was the product of two or three genome 

duplications. Further duplications may have been prevented by the sex-determining 

mechanisms (XN chromosomes) that have prohibited further polyploidizations in 

reptiles, birds and mammals. Vertebrates that are less constrained by such sex- 

determining mechanisms as Xenopus laevis and some fish including cyprinids, castomids, 



cobitids and salmonids have undergone recent genome duplications demonstrating that 

they were still capable of functioning with an increased ploidy number. 

The tetraploidization of the ancestral salmonid genome likely occurred by 

hybridization of two identical genomes known as autotetraploidy (Hordvik 1998). Since 

then the Atlantic salmon genome has undergone an extensive decrease in the number of 

chromosomes and has fewer chromosomes than most salmonids with 2n=54-56 and the 

number of chromosome arms (NF) =72-74 (Phillips and Rab 2001). Most salmonids 

have NF=100 and either 60 or 80 chromosomes in the diploid state. It is unclear how this 

decrease in chromosome number affects the actual DNA content as chromosome 

numbers have decreased partially due to centric fusions of chromosome arms. A 

decrease in chromosome number is seen as support for the autotetraploidy mechanism, 

since allotetrapoidization (cross-species fusion of genomes) is hypothesized to result in 

fewer chromosome losses, as duplicate genes are already quite different at the time of 

tetraploidization and thus are lost more slowly (Larhammar and Risinger 1994). 

Genes may arise from full genome duplications or by smaller duplications of 

single genes or groups of genes (Ohno 1970). Whatever the mechanism of duplication, 

the resulting genes can have many different fates. The duplicates may be lost, as salmon 

are in the process of diploidization. They may be maintained as functional duplicates or 

near duplicates in gene families, as in ribosomal RNAs (reviewed by (Ohta 1989)). 

Duplicated genes may also evolve new functions through mutation (Ohno, Wolf et al. 

1968). Changes in genetic material can occur as single base mutations or as larger 

alterations such as duplications, deletions and rearrangements. Frequently, these changes 

involve whole exons or groups of exons. 



1.7 Exon shuffling 

Exon shuffling, the process by which exons are copied or moved from one gene to 

another or to a new location within a gene, produces genes with new combinations of 

exons resulting in altered function (Gilbert 1978; Gilbert 1987). Since the introduction of 

this theory, many genes have been shown to have arisen by this mechanism. Estimates 

indicate that more than 20% of eukaryotic exons were created by this process (Long, 

Rosenberg et al. 1995). 

The human mosaic low-density lipoprotein (LDL) receptor is one example of a 

protein that has evolved by exon shuffling (Sudhof, Goldstein et al. 1985). The LDL 

receptor gene shares eight exons with the epidermal growth factor gene (Sudhof, Russell 

et al. 1985). A comparison at the amino acid level indicates 33% identity over 400 

residues, and five of the nine introns are shared. The LDL receptor gene also contains 

sequence that is homologous to the complement C9 region (Sudhof, Goldstein et al. 

1985). A 40 amino acid, cysteine-rich sequence, similar to a region of complement C9, is 

repeated several times in the LDL protein and is responsible for binding apoproteins B 

and E of LDL. This sharing of structural units between genes is one way of evolving new 

genes with new functions. 

Exon shuffling may occur by various mechanisms. One mechanism, illustrated in 

Arabidopsis, is unequal crossing-over (Jelesko, Harper et al. 1999). This plant was used 

to screen for rare germinal unequal crossing-over events that occurred within a synthetic 

RBCS (the gene encoding Rubisco small subunit) gene family construct. New 

combinations of exons were created by strand exchange within regions of high similarity. 



This model was able to show that novel gene structures can be created by unequal 

crossing-over in one generation. 

Another mechanism of exon shuffling is long interspersed nuclear element 

(LINE-1 or Ll)  retrotransposition. This mechanism may occur in cis or in trans. The 

first and best documented cis mobilization of exons results when an L1 element inserts 

into a transcribed gene and mobilizes the portion of the gene that is downstream to the L1 

insertion by read-through of the Ll's stop codon (Moran, DeBerardinis et al. 1999). 

Moran, DeBerardinis et a1 (1999) concluded that L1 elements can readily move 3'- 

flanking DNA to new locations in a genome and that these transduced DNA fragments 

can create new genes. The L1 machinery is also capable of reverse transcribing and 

integrating RNA molecules that do not include an L1 element (Ejima and Yang 2003; 

Wei, Gilbert et al. 2001). L1 retrotransposition can produce processed pseudogenes if a 

spliced mRNA is reverse transcribed and integrated into a new genomic location or 

produce duplicate exons with flanking introns when an antisense transcript is reverse 

transcribed and integrated. 

The efficiency by which exons undergo shuffling is affected by intron phases 

(Sharp 198 1) that are determined by the position of an intron in a codon. An intron 

positioned between two codons is termed a "phase 0" intron, an intron following the first 

base of a codon is termed a "phase 1" intron and an intron positioned between the last 

two bases in a codon is called a "phase 2" intron. Exons can thus be classified into nine 

groups depending on the phases of the flanking introns. Three are symmetrical exons O- 

0, 1 - 1 and 2-2, and six are asymmetrical 0- 1,O-2, 1-0, 1-2,2-0 and 2- 1. Symmetrical 

exons can be inserted into, duplicated or deleted from introns of the same phase without 



affecting the reading frame of the gene (Graur and Li 2000). Analysis of exon symmetry 

has shown a larger than expected proportion of symmetrical exons, indicating at least 

19% of all exons were involved in exon shuffling events during evolution (Long, 

Rosenberg et al. 1995). In support of the exon shuffling, introns are found between 

codons more frequently than expected (Fedorov, Suboch et al. 1992; Tomita, Shimizu et 

al. 1996). As it is symmetrical exons that are often shuffled, placing a new symmetrical 

exon(s) between codons would not disrupt the reading frame of the protein. 

Exon shuffling likely became an important force during the metazoan radiation 

when multicellular animals appeared (Patthy 1999). It was this divergence of small 

compact genomes of eubacteria and archaea from larger, more diffuse genomes of 

eukaryotes that, in part, allowed exon shuffling to become a major contributor to the 

multicellular genome's evolution. In fact, decreasing genome compactness, by 

increasing the size and number of introns, increases the probability of both homologous 

and non-homologous recombination. This rise in genetic recombination accelerated the 

rate at which exon shuffling events occur (Fedorova and Fedorov 2003). 

1.8 Current research 

In this study a zonadhesin-like gene was detected in Atlantic salmon; however, 

this gene is expressed in the liver and the gut, unlike in mammals. To investigate how 

this gene may have evolved, putative puffer fish and zebrafish genes were identified in 

silico. Comparisons between the zonadhesin-like genes of these fish species and the 

zonadhesins of mammals should clarify the evolutionary changes that have occurred in 

these mosaic genes. 



Materials and Methods 

2.1 Identification of bacterial artificial chromosomes (BACs) 

containing ZAN-like genes 

Primers were designed against the zonadhesin-like gene (ZLG) EST (ssal.mgf- 

005.096 in the GRASP database), the acetylcholine esterase (ACHE) EST (ssal.rgb- 

509.204) and the arsenite resistance 2 (ASR2) EST (ssal.nwh-010.006) that were 

previously identified (Rise, von Schalburg et al. 2004). Primer sequences for ZLG 

(probel), ACHE and ASR2 are given in Table 1. PCR products used as probes were 

generated (Invitrogen) using a modified manufacturer's protocol as follows. A 25 yL 

reaction included 0.5 yL of 200 ng/yL plasmid, 0.125 yL of recombinant taq polymerase, 

1.2 y L of 1 0 mM forward and reverse primers, 0.5 y L of 10 mM dNTPs (Arnersham) and 

the supplied Invitrogen buffers. PCR reaction cycle parameters are given in Table 2. 

The probes were gel purified in a 1 % agarose gel and extracted with a quick spin gel 

extraction kit (Qiagen). Probes were end-labeled with gamma 3 2 ~ - ~ ~ ~  (Amersham) by 

T4 polynucleotide kinase (NEB) following manufacturer's instructions. Probes were 

cleaned with mini quick spin oligo columns (Roche) and denatured by boiling before 

being added to the hybridization chamber. 



Table 1. Primer sequences. Names of each primer set are shown with their sequence. 
Sequences are given 5' to 3'. 
Primer name Sequence 
ZLG set 1 - F GTGCCCATTGTAGGAAGGAA 
ZLG set 1 - R GGGGTTGAGGATTCTGGAG 
ZAN set 2 - F TACTGTGGGTCCCTGGTCTC 
ZAN set 2 - R TGGCTGTTCACTCCACACATC 
ACHE - F AGGAGAACATTGAGGCGTTC 
ACHE - R GCCGTGAACGTGGAAGTAAA 
ARS2 - F TCCATTTCTCACACTGCATGA 
ARS2 - R CCTGTGATGACCAGGTGTTTT 
Ubiquitin - F ATGTCAAGGCCAAGATCCAG 
Ubiquitin - R TAATGCCTCCACGAAGACG 
M13-F GTAAAACGACGGCCAGT 
M13 - R AACAGCTATGACCATG 
Gap fill - Left GCCTGGGCAAGTCACATTAT 
Gap fill - Right AGATAGCCCGGTTAGCCAAT 



Table 2. PCR reaction cycle parameters. 

A) Probe generation parameters used in production of probes for genome filter, Southern 
and Northern hybridizations. 
Ramp 1 "CIS to 95•‹C 
Hold 
Ramp 
Hold 
Ramp 

95•‹C for 30 s 
1•‹C/s to 60•‹C 
60•‹C for 1 min. 
1•‹C/s to 72•‹C 

Hold 72•‹C for 1 min. 
Total cvcles 3 0 

B) Sequencing reaction cycle parameters. The 722P 12 BAC library cloned into pUC 19, 
and the TA-cloned gap fill and cDNA fragments were amplified linearly with M13 
forward and reverse primers. 
Ramp 1•‹C/s to 96•‹C 
Hold 96•‹C for 10 s 
Ramp 1 "CIS to 50•‹C 
Hold 50•‹C for 5 s 
Ramp 1•‹C/s to 60•‹C 
Hold 60•‹C for 3 min. 
Total cycles 3 0 

Atlantic salmon genome filters (CHORI-2 14) were purchased from BACPAC 

Resources Children's Hospital Oakland Research Institute (CHORI). Five BAC library 

filters (1 3A-17A) were hybridized with all three probes together. Five filters represented 

91,776 BAC clones in a pTARBAC2.1 vector with an average size of 190 Kb. Each 

filter was estimated to represent the salmon genome once. 

Filter hybridizations were conducted as described by CHORI 

(http://bacpac.chori.org/highdensity.htm). Briefly, the labeled DNA probes were 

incubated for 16 h at 65•‹C in a rotating reaction tube. Membrane filters were rinsed once 

with 2X SSC, 0.1% SDS in the hybridization bottle followed by one 30-min wash with 

2X SSC, 0.1% SDS, three 30-min washes with 1X SSC, 0.1% SDS and one 15-min wash 

with O.1X SSC, 0.1% SDS. All washes were done at room temperature. Blots were 



visualized on a Storm phosphoimaging machine. Positive BACs were grown up from 

glycerol stocks in LB with 12.5 pg/mL chloramphenicol at 37OC for 16 h and rearrayed. 

Cultures were spotted on filter paper and allowed to dry. Each of the three probes was 

hybridized separately under the same conditions as above. 

2.2.1 BAC characterization: BAC DNA isolation 

BAC DNA was isolated by alkaline lysis procedure using Nucleobond columns 

(Clontech). Two flasks containing 250 mL of LB with 12.5 pg/mL chloramphenicol 

were inoculated with a single colony of DH1 OB E. coli cells containing the 722P 12 clone 

identified above and incubated for 16 h. at 37OC. The cultures were transferred to sterile 

500 mL centrifuge flasks and spun for 15 min at 6000 rpm in a Sorval RC5C centrifuge 

with a GS-3 rotor. Media was decanted and 24 mL of resuspension buffer (50 mM Tris- 

HCl, 10 mM EDTA, 100 pg/mL RNase A) was used to resuspend the pellet. Cells were 

lysed with 24 mL of lysis buffer (200 mM NaOH, 1% SDS) that was added slowly and 

mixed gently by inversion, then incubated at room temperature for 3 min. Cellular debris 

was precipitated by the addition of 24 mL of precipitation buffer (2.8 M KOAc, pH 5.1) 

followed by a 5-min incubation on ice. Cellular debris was removed by centrifugation at 

8500 rpm for 40 minutes at 4OC and two rounds of filtration. The resulting liquid was 

applied to Nucleobond columns equilibrated with 5 mL each of equilibration buffer 

(1 00mM Tris, 15% EtOH, 900 mM KCL, adjusted to pH 6.3 with H3PO4). The columns 

were washed three times with 12 mL of wash buffer (1 00 mM Tris, 15% EtOH, 1.15 M 

KCL, adjusted to pH 6.3 with H3PO4) before elution with 14 mL elution buffer (1OOmM 

Tris, 15% EtOH, 1M KCL, adjusted to pH 8.5 with H3PO4). Ten mL of isopropanol was 



added to the elutant to precipitate the DNA. This mixture was aliquoted into 16 1.5 mL 

microfuge tubes per column and centrifuged at 16,000 rpm for 30 min. Pellets were 

washed with 70% EtOH and air-dried. Each pellet was resuspended in 1.0 mL of 

nuclease-free water (Gibco) per 16 tubes. 

Restriction digests of the isolated BAC were performed for comparison to in 

silico digests for assembly conformation. Four digests of 722P12 were done, each with a 

different enzyme. Ten units of EcoRI, HindIII, SmaI or BglII (NEB) were incubated at 

37•‹C with 1.0 yg of BAC DNA and the appropriate supplied buffer for 2 hours. The 

resulting fragments were electrophoresed in a 0.7% agarose gel containing 0.5 yg/mL 

ethidium bromide at 25 volts for 16 hours and visualized under UV light. 

2.2.2 BAC characterization: Insert preparation 

Sixty yg of 72213 12 BAC DNA, isolated as previously explained, were suspended 

in 2 mL of nebulization buffer (50 mM TrisHC1, pH 8.3, 15 mM MgC12, 10% glycerol) 

and placed in a nebulization chamber (Invitrogen) on ice. DNA was nebulized with 

nitrogen gas (N2) for 23 s at 30 psi. The nebulized DNA was then distributed among four 

1.5 mL Eppendorf microfuge tubes and precipitated with two volumes of 95% EtOH and 

1/10 volume of 3 M NaOAc. Precipitation occurred overnight at -20•‹C. Tubes were 

centrifuged at 16,000 rcf for 30 min, and the resulting pellet was washed with 500 pL of 

70% EtOH and allowed to air dry for 5-10 min. Pellet was resuspended in 89 yL of 

nuclease free water (Gibco). 

Nebulized DNA was blunt-ended using mung bean exonuclease (NEB). Ten yL 

of 1 OX mung bean nuclease buffer (50 mM NaAc, 30 mM NaC1, 1 mM ZnS04, pH 5 .O) 



was added to the 89 pL of nebulized BAC DNA followed by 1.0 pL of mung bean 

exonuclease. The reaction was incubated at 37OC for 30 min. DNA was extracted with 

100 pL of phenol (pH 8.0) and chloroform (1 : 1). The aqueous layer was precipitated in 

ethanol overnight as above. Finally the dried pellet was resuspended in 164 pL of 

nuclease-free water (Gibco). 

Blunted ends were cleaned using Klenow and T4 DNA polymerase. Twenty pL 

of 10X NEB buffer 2 (50 mM NaC1,lO mM Tris-HC1,lO mM MgC12, 1 mM DTT, pH 

7.9) and 10 pL of 2 mM dNTPs (Amersham) were added to 164 pL of mung bean 

nuclease-treated DNA followed by 5 pL of 3 units/pL T4 DNA polymerase. The 

reaction was incubated at room temperature for 10 min before 2.0 pL of 5 units/pL 

Klenow was added. This mixture was incubated for a further 2 h at 16OC in a Perkin 

Elmer PCR machine. The reaction was extracted with 200 pL of phenol: chloroform 

(1 : 1) and ethanol precipitated as above. The pellet was resuspended in 30 pL of nuclease- 

free water. 

The 30 pL of blunt-ended, repaired DNA was size fractioned by electrophoresis 

in a 1 % agarose gel containing 0.5 pg/mL ethidium bromide at 90 volts for 1 h. The gel 

was visualized under UV light, and the gel region corresponding to 1,200-3,000 bp was 

excised. DNA was extracted from the gel using a Qiagen gel extraction quick spin 

column. 

2.2.3 BAC characterization: Plasmid preparation and ligation 

The plasmid pUC19 was grown up in DH5a E. coli cells and isolated by alkaline 

lysis followed by quick spin column purification (Qiagen). The resulting plasmid was cut 



with the restriction endonuclease HincII (NEB) using the manufacturer's protocol. This 

was followed by dephosphorylation of the plasmid ends with calf intestinal phosphatase 

(NEB) according to the manufacturer's instructions. 

Size fractioned insert DNA was blunt-end ligated into pUCl9 cloning vector. 

One pL of 30 ng/pL pUC19 was added to an excess (5 or 7 pL of 30 ng/pL) of insert 

DNA and brought up to 8 pL with nuclease-free water (Gibco). One pL of T4 DNA 

ligase and the supplied buffer (NEB) were added. The reaction was incubated overnight 

at 14•‹C and then kept at -20•‹C until electroporation. 

2.2.4 BAC characterization: Electrocompetent cell preparation and 

transformation 

The E. coli strain DH5a (Invitrogen) was made electrocompetent for use in library 

clone propagation as follows. A 250 mL starter culture was produced by inoculation of 

LB containing 25 pg/mL kanamycin (Sigma) with a single colony of DH5a cells and 

incubating for 16 h at 37OC. Two mL of the starter culture was transferred to 2 flasks 

containing 250 mL LB and 25 pg/mL kanamycin. These subcultures were grown to an 

absorbance of 0.5 at 600 nm. Subcultures were transferred to 11 centrifuge flasks on ice 

and incubated for 20 min before centrifuging at 4,000 rpm for 15 min at 4OC in a Sorval 

RC5C centrifuge with a GS-3 rotor. Pellets were washed three times in 250, 125 and 5 

mL of 10% glycerol. The 5 mL of cell suspension was transferred to 50 mL conical tubes 

and centrifuged at 3,500 rpm for 15 min at 4OC and resuspended in 800 pL of 4OC 10% 

glycerol. This suspension was distributed into precooled 0.5 mL microfuge tubes in 40 

pL aliquots and frozen at -80•‹C. 



Electrocompetent E. coli cells were transformed with the 722P 12 BAC library. 

One yL of ligation reaction was added to a 40 yL aliquot of DH5a electrocompetent E. 

coli cells and electroporated using a Bio-Rad Gene Pulser system set at 1.8 volts, 

capacitance of 25 yFD and 200 Ohms. Cells were rescued with 500 yL of SOC media 

(2% bactotryptone, 0.5% yeast extract, 10 mM NaC1,2.5 mM KC1, 10 mM MgC12, 10 

mM MgS04, 20 mM glucose) and incubated at 37OC with agitation for 1 h. Cultures 

were plated on LB agar containing 50 yg/mL ampicillin, 25 ug1mL X-Gal and 100 mM 

IPTG to a density of 150 cfulplate. Plates were incubated overnight at 37OC. 

2.3.1 BAC sequencing: Template preparation 

Sequencing templates were prepared by picking white colonies followed by 

culture for 16 h in 1.1 mL LB with 50 yglmL ampicillin in 96-well format. Glycerol 

stocks were made using 100 yL of each culture and frozen at -80•‹C. The remaining 

cultures were centrifuged at 1,800 rcf for 10 minutes, and the media was removed. The 

bacterial pellets were resuspended in 100 y L of 50 mM Tris-HC1, 10 mM EDTA pH 7.5 

with 50 yg/mL RNase A (Invitrogen). Cell lysis was achieved by the addition of 100 yL 

of 0.2 N NaOH, 1% SDS. Cellular debris was precipitated with 100 yL of 3 M KOAc 

pH 5.5. Lysates were purified by passing through a 96-well clarification plate 

(Whatman) into a 96-well bindinglrecovery plate (Whatman) filled with 200 yL 

isopropanol in each well. The clarification plate was removed, and the bindinglrecovery 

plate was sealed and centrifuged for 30 min at 2,254 rcf and the resulting pellets were 

washed with 80% EtOH and air-dried. Dry pellets were resuspended in 5 mM Tris-HC1, 

50mM EDTA in nuclease-free water pH 8.5 and stored at 4OC. 



2.3.2 BAC sequencing: Sequencing reactions 

Sequencing reactions were performed in 96-well format. Each reaction contained 

1 pL of 200 ng/pL template, 3.2 pL of 1 pM of M13 forward or reverse primer (Table l), 

2 pL of Big Dye Ready Reaction mix (ABI) and 3.8 pL of ddH20. Reactions were 

cycled on a MJR tetrad PCR machine (Table 2). The reactions were precipitated with 

100 pL of isopropanol and centrifuged at 2,750 rfc for 50 min. Pellets were washed with 

100 pL of 70% EtOH. Residual EtOH was removed by brief inverted centrifugation, 

then the pellets were allowed to air dry. Pellets were resuspended in 10 pL of nuclease- 

free water and placed in the ABI 3700 DNA sequencer for sequencing. 

2.3.3 BAC sequencing: Sequence assembly and analysis 

Bases were called using PHRED (Ewing and Green 1998; Ewing, Hillier et al. 

1998). The resulting 3,000+ high-quality sequence reads were assembled using PHRAP 

(http://www.genome.washington.edu/UWGC) then viewed and edited using Consed 

(Gordon, Abajian et al. 1998). One gap of about 500 bp in the assembly was filled by 

designing primers to the contig ends (Table I), followed by amplification of this BAC 

region by PCR and subsequent TA cloning (Invitrogen) and sequencing this fragment. 

The final sequence was assembled using DNAStar (Burland 2000). Dotter (Sonnhammer 

and Durbin 1995) and Pipmaker (Schwartz, Zhang et al. 2000) were used to compare the 

BAC sequence to itself to identify duplicated and repeated regions. Duplicated regions 

within the zonadhesin gene were aligned using ClustalW (Chenna, Sugawara et al. 2003), 

and identity and similarity were calculated with a BLOSUM62 matrix (Henikoff and 

Henikoff 1992). Identification of other repeat elements was done with RepeatMasker 



(http://ftp.genome.washington.eddRM/RepeatMasker.hL) using repeat library 4.01 

from Repbase (Jurka 2000). Genscan (Burge and Karlin 1997; Burge and Karlin 1998) 

found only genes, other than the zonadhesin-like gene, that were associated with repeat 

elements. 

Open reading frame and protein predictions for Tcl and LINE repeat elements 

were done with Biology WorkBench (http://workbench.sdsc.edu) and Genscan. Putative 

proteins were identified by BLASTP (Altschul, Madden et al. 1997). Sequences were 

compared using ClustalW and ClustalX (Chenna, Sugawara et al. 2003). Similarity 

between repeat elements was measured using a BLOSUM62 matrix (Henikoff and 

Henikoff 1992). 

2.4 cDNA sequencing 

The ZLG cDNA was partially sequenced by first completing a series of primer 

walks from the 5'- and 3'-ends to complete this 4,388 bp EST clone (ssal.mgf-005.096). 

This was followed by design of primers to the predicted translation start site on the 

genomic DNA. These primers were used to amplify fragments spanning the 5'-end of the 

coding region using total gut cDNA as a template. Sim4 (Florea, Hartzell et al. 1998) and 

Dotter (Sonnhammer and Durbin 1995) were used to align the cDNA sequence with the 

genomic DNA to identify exonic and intronic regions. 

2.5 Tissue collection 

Tissues were kindly supplied by Dr. Simon Jones (Pacific Biological Station). 

One male and one female three-year-old Atlantic salmon were killed by exsanguination. 



Liver, brain, kidney, spleen, foregut, midgut, hindgut and gonads were taken from each 

fish. Tissues were immediately frozen on dry ice after dissection and kept at -80•‹C until 

needed. 

2.6 Genomic DNA isolation 

Genomic DNA from Atlantic salmon and rainbow trout liver was isolated using 

an Easy-DNA Kit (Invitrogen) using protocol #3. Briefly, 100 mg of frozen liver tissue 

was ground with mortar and pestle under liquid nitrogen and transferred to a cold 1.5 mL 

microfuge tube with 350 pL of solution A, resuspended and incubated at 65OC for 10 

min. This was followed by addition of 150 pL of solution B and vortexed until viscous. 

Five hundred pL of chloroform was added, and the sample was briefly vortexed. Phases 

were separated by centrifugation at 16,000 rcf for 10 min. The aqueous phase was 

removed and ethanol precipitated as in section 2.2.2 (BAC library construction: Insert 

preparation). 

2.7 Southern blot analysis 

Southern analysis was performed as described by Hames and Higgins (1 995). 

Atlantic salmon and rainbow trout liver genomic DNA was digested by restriction 

enzymes EcoRI, HindIII, BamHI and BglII (NEB). Each reaction contained 20 pg of 

DNA, 20 units of enzyme with its respective buffer, 50 pg/mL RNase A and 50 pmol 

spermidine in a 25 pL reaction volume. The reaction was incubated at 37OC for 2 h then 

another 20 units of enzyme was added to each reaction, followed by incubation for 1 h. 

The digested DNA was electrophoresed in a 7% agarose gel at 45 volts overnight. DNA 



was then transferred to Hy-bond, positively charged nylon membrane (Amersham) by 

capillary transfer as described by Hames and Higgins (1995). 

Two separate hybridizations were performed using the same membrane. The 

membrane was stripped between uses. Probes were prepared to the 5'- and 3'-ends of the 

cDNA sequence. Probe 1 included 206 nucleotides of the 3'-end of the ORF and 177 

nucleotides of the 3'-UTR, and probe 2 included 233 nucleotides of the VWD1 domain 

(Figure 4 for probe location, Table 1 for primer sequence). Both probes were amplified 

by PCR (Invitrogen) using cycle parameters as shown in Table 2B. Probes were gel 

purified using a gel extraction kit (Qiagen). 

Probes were denatured by boiling and added to a Rediprime I1 random labeling 

reaction tube (Amersham) with 5OyCi of 3 2 ~  (r labeled dCTP and incubated at 37OC for 2 

h. Probes were cleaned with mini quick spin oligo columns (Roche) and denatured by 

boiling before being added to the hybridization chamber. 

The membrane was wetted in 5X SSC and placed in a hybridization tube with 15 

mL of hybridization buffer (5X SSC, 5X Denhardt's solution and 1% SDS) at 68OC. 

Denatured human placental DNA (Sigma) was added to a final concentration of 100 

pg/mL as a blocking agent. Prehybridization proceeded for 4 h followed by replacement 

with fresh, preheated (68•‹C) hybridization buffer and the addition of the radiolabeled 

probe. Hybridization was allowed to proceed overnight. 

Following hybridization, the membrane was washed twice in the hybridization 

tube with 20 mL of 2X SSC, 0.1% SDS at room temperature for 15 min, followed by two 

15-min washes of 200 mL 0.2X SSC, 0.1 % SDS at 65OC in a shaking bath. The 

membrane was rinsed in 2X SSC before being sealed in plastic and placed on a phospho- 



imaging screen to develop. A Storm Phosphoimaging apparatus was used to visualize the 

phosphor screen. 

2.8 Northern blot analysis 

RNA was extracted using Trizol (Invitrogen) and frozen in isopropanol at -80•‹C 

overnight. The precipitated RNA pellets were washed in 70% EtOH and resuspended in 

10-60 yL of nuclease-free water (Gibco) depending on pellet size. Concentrations were 

assessed by spectroscopic analysis at 260 nrn. Northern blots were performed using the 

NorthernMax-Gly kit (Ambion). Ten pg of total RNA fi-om each tissue (except testes 

which only yielded 6yg acceptable RNA) was loaded on a 1 % agarose gel and run at 30 

volts for 1 h. The agarose gel was blotted on a Hybond positively charged nylon 

membrane (Amersham) according to the manufacturer's specifications. A DNA probe 

was produced with the same sequence as Southern probe 1 and labeled as described in 

section 2.7 (Southern blot analysis). Prehybridization with 15 mL of ULTRAhyb 

(Ambion) was allowed for 2 h followed by addition of 32~-labeled probe to a final 

concentration of 1 ~ ~ c ~ n d m ~ .  Hybridization proceeded overnight, and the membranes 

were washed as described in the user manual. The membrane was rinsed in 2X SSC 

before being sealed in plastic and placed on a phosphor-imaging screen to develop. A 

Storm Phosphoimaging apparatus was used to visualize the phosphor screen. 

2.9 Semiquantitative reverse transcription PCR 

RNA was extracted from Atlantic salmon tissues (liver, brain, spleen, kidney, 

midgut, hindgut, foregut and gonads) using Trizol (Invitrogen). RNA was reverse 



transcribed using Superscript I1 enzyme (Invitrogen) as described in the manufacturer's 

protocol. One pL of cDNA was amplified in a 25 pL reaction volume with either ZAN 

primer set 1 or ubiquitin primers (Table 1). The ZLG EST (ssal.mgf-005.096) and the 

722P12 BAC were included as positive controls with the ZAN primers. Both primer sets 

were run with negative controls (no-template). Amplified samples were electrophoresed 

in a 1 % agarose gel containing 1 pg/mL ethidium bromide and visualized on an Eagle Eye 

I1 UV transilluminator (Stratagene). 

2.10 Puffer fish and zebrafish zonadhesin prediction and analysis 

The puffer fish zonadhesin was found by BLASTN search of the Ensembl Fugu 

genome database with human and mouse ZAN nucleotide sequences (structures and 

accession numbers in Figure 1). Scaffold 2670 (Ensembl assembly 25.2~. 1) was found to 

be similar to zonadhesin and was subsequently analyzed by Genscan for coding 

sequences and peptide predictions. 

The zebrafish zonadhesin was found by BLASTP search of the Ensembl zebrafish 

peptide database (Ensembl assembly 25.4. I), using a fragment of Atlantic salmon 

predicted protein as the query sequence. The Atlantic salmon query fragment consisted 

of all the amino acids except those representing the MAM domains. The two genomic 

regions identified were analyzed by Genscan to find the putative coding and protein 

sequences. 

Domains were predicted using SMART and Interpro domain prediction tools, and 

the domains were removed from the parent nucleotide and protein sequences with Bioedit 

(http://www.mbio.ncsu.edu/BioEdit/bioedit.htmL). Alignments were done with 



ClustalW and ClustalX (Chenna, Sugawara et al. 2003) using default parameters (gap 

opening penalty of 10 and a gap extension penalty of 0.2). Identity and similarity of 

domains was measured using a BLOSUM62 matrix for amino acid substitutions. 

Phylogenetic trees of protein or nucleic acid fragments representing VWD and MAM 

domains were created using ClustalX alignments and visualized with TreeView 

(http://taxonomy.zoology.gla.ac.uk/rod/rod.htmL) and MEGA2 (Kumar, Tamura et al. 

2001). Poisson correction was used for MEGA2 amino acid phylogenetic tree distance 

calculations. 

Results 

3.1 BAC identification and primary sequence 

Probing of 9 1,776 clones on five Atlantic salmon genome bacterial artificial 

chromosome (BAC) library filters with three probes resulted in identification of 9 1 

positive BACs. The second round of screening with the ZLG probe 1 resulted in only 

one BAC that was positive for the zonadhesin-like gene. This BAC (722P 12) was 

subcloned and sequenced resulting in 3,000+ high-quality sequence reads that were 

assembled into a 138,345 base contiguous sequence (accession # AY785950). The 

assembly had more than 10-fold coverage in most regions, except for one gap of 500 bp 

that was filled by PCR followed by sequencing from both directions. The in silico digest 

matched the experimental digest. The zonadhesin gene was the only gene found on this 

BAC that was not associated with any repeat elements. Comparison of 722P 12 against 

itself using Dotter and Pipmaker did not reveal any recent domain expansions or 

duplications. 



Self-comparisons did show two regions within the zonadhesin gene that had 

similarity. For example, exon 7, which codes for the 3'-end of VWD2, and exon 22, 

which codes for the 3'-end of VWD3, showed 56% identity over 144 bp. Also, a region 

encoded by exons 1 1 and 12 that represented the 3 '-end of MAM1, showed 6 1 % identity 

over 358 bp with exons 15 and 16 which code for the 3'-end of MAM2. This region has 

a conserved exon junction; however, there was no significant identity in the intronic 

regions suggesting any duplication would have been ancient. 

Analysis was also conducted at the protein level. The repeated MAM domains 

showed 48% identity and 62% similarity between MAMl and MAM2. The VWD 

domains showed 27% identity and 47% similarity between VWDl and VWD2. Only 

18% identity and 39% similarity occurred between VWD 1 and VWD3, and 2 1 % identity 

and 38% similarity occurred between VWD2 and VWD3. 

3.2 Repeats 

Repeat elements were identified by RepeatMasker using a RepBase custom 

library. Elements over 100 bp are shown in Figure 3 and summarized in Table 3. The 

most common repeat elements were transposon-derived (1 2.1 % of BAC sequence) and 

LINE-derived (1 0.4%). Other repeats included NheI elements (3.2%), SINE-derived 

elements (1.9%), LTR-retrotransposons (1.6%), simple repeats (1.2%), RSGl sequences 

(0.7%) and low-complexity AT-rich regions (0.1 %). In total these elements made up 

3 1.2% of the total BAC DNA sequence. 



Table 3. Summary of repeat elements found on 722P12. Repeats were identified by 
RepeatMasker. Total sequence represented by each repeat type and percent of BAC 
sequence are indicated. Number of elements identified with a Smith-Wateman score of 
greater than 1000 is given. 
Repeat type Total seq. (bp) Percent of BAC SW score >I000 
Transposon-derived 16716 12.1% 17 
LINE-derived 14329 10.4% 5 
NheI 4399 3.2% 10 
SINE-derived 2669 1.9% 1 
LTR-retrotransposon 2263 1.6% 1 
Simple 1694 1.2% NA 
RSGl 1033 0.7% 3 
AT-rich 156 0.1% NA 
Total 43259 31.2% 37 

LINE 

SINE 

NheI I Tcl tmsposon 

I LTR-retrotransposw 

I RSGl 

Figure 3. Atlantic salmon ZLG exons and surrounding repeat elements. The 23 exons of 
ZLG are indicated in black. Exon data with domain locations is given in Table 4. Intron- 
exon junctions were located with Sim4. Repeats were identified using RepeatMasker 
with a custom library 4.01 available from RepBase. Repeat elements of greater that 100 
bp are shown. The 722P12 clone contains a total of 3 1.2% repeat DNA that is 
summarized in Table 3. 



This BAC contained many Tcl transposon fragments and three Tcl s that were 

1,578, 1,580 and 1,608 bp in length. These three elements were aligned with ClustalW, 

and similarity was measured using a BLOSUM62 matrix. The two shorter elements had 

97% identity overall. The 1,580 bp element had a 1,023 bp ORF encoding a predicted 

peptide of 34 1 amino acids that was identified as a transposase by BLAST search. The 

two smaller Tcl elements had 42% similarity to the larger element. All three of these 

elements had perfect 36-38 bp inverted repeats at each end. A Tcl transposon fragment 

of 1,112 bp occurred within intron 20 of the ZAN-like gene. Also included in this BAC 

are three LINEl, CR1 fragments of 1,508,2,393 and 2,845 bp. Except for 4 small 

LINEl -like sequence fragments (of less than 300 bp), all the LINE elements were located 

greater than 47 Kb upstream from the ZAN-like gene. MauiILINE2 element fragments of 

2,523 and 2,536 bp also occurred in the 5'-end of the BAC sequence. A sequence over 

2,000 bp in length with similarity to the LTR-retrotransposon, Ronin (of the gypsy 

superfamily), was also found in intron 20 of the ZAN-like gene on the anti-sense strand. 

RepeatMasker also identified 18 NheI repeats, of which 9 were over 347 bp. Self dot 

plots of this BAC revealed that these elements generally occurred as part of a larger 

repeat of about 1,425 bp. Eight SINE elements were identified with homology to a Bufo 

bufo cloned repeat sequence (accession # U05292). Five HpaI SINE repeats were found 

that had similarity with a Oncorhynchp masou HpaI sequence (accession # 

AB002416.1); however, the sequences were very short (between 57 and 84 bp), with the 

exception of one element of 195 bp This element was found in the last intron of the 

zonadhesin-like gene. Other SINE-like elements included 149 and 172 bp elements and 7 

fragments between 42 and 72 bp. Simple repeat sequences of di-, quatra- and penta- 



nucleotides were also identified throughout the BAC sequence. A total of 26 simple 

repeat elements were identified. Six AT-rich regions occurred in this BAC. They were 

all quite short with lengths ranging from 21 to 41 bp. RepeatMasker also found 4 repeat 

elements with homology to the S. gairdneri repeat sequence 1 (RSGI) (accession # 

M372 14). These sequences ranged from 122 to 530 bp in length. 

3.3 cDNA primary sequence and protein prediction 

The cDNA, isolated from the gut, was sequenced from the start codon to the 3' 

poly (A) tail (accession # AY785949). An alignment to the BAC found no other 

fragments that matched except for the 23 exons of the zonadhesin-like gene (Figure 3). 

Exon classes and sizes are shown in Table 4. The cDNA had a total length of 4,791 bp 

from the predicted start codon with a predicted ORF of 4,5 18 bases encoding a 1,506 

amino acid protein. The total length of the mRNA found by Northern blot was just over 

5 Kb (Figure 4). The additional length of the mRNA found by Northern blot is due to the 

5'-UTR nucleotides not included in the cDNA. The predicted protein starts with a 

methionine and has a putative signal peptide of 18 amino acids. A poly (A) signal of 

AATAAA was identified by Genscan (Burge and Karlin 1997; Burge and Karlin 1998) at 

4,770 bp from the start codon of the cDNA, 241bp downstream of the stop codon. 



Table 4. Atlantic salmon exon sizes and classes. Exon length in base pairs was 
determined by aligning the cDNA sequence with the genomic sequence with Sim4. 
Domain locations were identified by SMART. 

Exon Number Exon Length Exon Class Domain Included 

1 77 1 - 2  VWDl 

2 4 1 3 - 3  VWDl 

3 248 1 - 1  VWDl 

4 556 2 - 1  VWDl 

5 197 2 - 1  

6 381 2 - 2 VWD2 

7 302 3 - 3  VWD2 

8 266 1 - 3  

9 54 1 - 3  MAM 1 

10 138 1 - 1  MAM l 

11 263 2 - 3 MAM l 

12 85 1 - 3  MAM 1 

13 75 1 - 3  MAM2 

14 138 1 - 1  MAM2 

15 260 2 - 3  MAM2 

16 85 1 - 3  MAM2 

17 3 15 1 - 1  Mucin 

18 209 2 - 3 VWD3 

19 157 1 - 1  VWD3 

20 422 2 - 3  VWD3 

21 130 1 - 2  VWD3 

22 171 3 - Stop VWD3 



Male 

Figure 4. Expression of ZLG analyzed by Northern blot. Expression of the zonadhesin- 
like gene was analyzed in a variety of tissues. Ten micrograms of total RNA from liver, 
brain, spleen, kidney, midgut, hindgut, foregut and gonads fiom male and female Atlantic 
salmon was blotted on a positively charged nylon membrane and hybridized with the 
double-stranded DNA probe1 (Figure 5) designed to the 3'-end of the Atlantic salmon 
ZLG EST. 

The Simple Modular Architecture Research Tool (SMART) (Schultz, Milpetz et 

al. 1998) was used to identify conserved domains of the predicted protein (Figure 5). 

SMART found three VWD domains at amino acid positions 3 1 - l98,4 15-578 and 1,277- 

1,498, a VWC domain at position 365-425 and two MAM domains at position 708-870 

and 8951,056. This tool also located three low-complexity regions that correspond to 

the repetitive nature of the mucin domain. These occurred at positions 1,091 -1,099 and 

1,115- 1,158 with a smaller low-complexity region located between nucleotides 693 and 

704. These results were corroborated by Interpro domain prediction (Apweiler, Attwood 

et al. 2000). The SMART and Interpro domain prediction tools, in agreement with Kyte- 

Doolittle hydropathy data, did not find any transmembrane domains in the salmon 

predicted protein. The SMART tool was able to find a transmembrane domain at the 

expected location for zonadhesins fiom other species. Only one copy of this gene was 



found in Atlantic salmon by Southern blot analysis (Figure 6). However, two bands 

occurred when the same probes were used with rainbow trout genomic DNA (probe 

locations shown in Figure 5). 

Much 
I 

Probe 1 
M 

cDNA I l AAAAA 

EST f 1 AAAAA 

Figure 5. Domain structure, probe locations and EST coverage of the Atlantic salmon 
ZLG. The three VWD domains, the two MAM domains and the mucin domain are 
shown. The signal peptide and poly (A) tail are also indicated. Probe 1 included 177 nt 
of the 3'-UTR and 206 nt of VWD3 in the coding region. Probe 2 included 233 nt of the 
3'-end of VWDI. The EST (ssal.mgf-005.096) of 4388 bp covers most of the cDNA 
sequence. The cDNA does not include a 5'-UTR which is estimated to be 200 bp by 
comparison to Northern blot data. 



Figure 6. Southern blot of Atlantic salmon and rainbow trout genomic DNA. 
Gene copy number was assessed by genomic hybridization. Twenty micrograms of Atlantic 
salmon (A.S.) and rainbow trout (R.T.) genomic DNA was digested with four enzymes, 
EcoRI, HindIII, BamHI and BglII and hybridized with radiolabeled probe 1 representing the 
3 '-end of the ZLG mRNA. 

3.4 Expression 

BLASTN of the zonadhesin-like cDNA sequence against the GRASP EST 

database containing 206,695 sequences (Rise, von Schalburg et al. 2004) resulted in 

matches to five clones from three libraries. Two clones were from a Salmo salar whole 



juvenile library (ssal.nwh-504.265 and ssal.nwh-017.084), one was from a Salmo salar 

mid-gut library (ssal.mgf-005.096) and two were from an Oncorhychus mykiss mixed- 

tissue library (omyk.tcay-035.066-1 and omyk.tcay-003.093-1). All of these EST 

sequences clustered and hit the 3'-end of the cDNA (since the EST libraries were made 

from the 3'-ends of poly (A) mRNAs). BLAST of mammalian zonadhesin sequences 

against the GRASP database did not identify any other candidate clones. Furthermore, 

search of the GRASP database with MAM containing peptide sequences and peptide 

sequences representing the C-terminal end of known zonadhesins from human and puffer 

fish (including EGF and transmembrane domains) did not identify any other zonadhesin- 

like ESTs. 

Semi-quantitative reverse transcription PCR was used to identify tissues 

expressing the ZAN-like mRNA (Figure 7). Liver, brain, kidney, spleen, foregut, 

midgut, hindgut and gonads were taken from one male and one female Atlantic salmon. 

Both male and female salmon showed expression in the liver, midgut and hindgut; 

however, expression in the spleen only occurred in the male, whereas expression in the 

foregut only occurred in the female. A weak band was present in the ovarian sample, and 

expression was not observed in the testes. This gene does not appear to be expressed in 

brain or kidney from male or female tissue. These results were similar to the Northern 

blot results (Figure 4) that showed a single band at approximately 5 Kb in male liver, 

midgut and hindgut and female liver, midgut and foregut. 



A Male I Female I 

B Ma1 e I Female I 

Figure 7. Analysis of ZLG tissue expression pattern by semi-quantitative PCR. 
A) ZLG primers (primer set 1, Table 1) were used to test for the presence of the ZLG 
cDNA. The ssal.mgf-005.096 EST to which the primers were designed was a positive 
control along with the 722P12 BAC. The genomic region encompassed by the primers 
contains two introns of 395 and 441 bp yielding a 121 9 bp band upon amplification. B) 
Ubiquitin primers (Table 1) were used as a positive control for mRNA presence. ZLG 
(ZAN neg) and ubiquitin (Ubi neg) template free negative controls were included. 

3.5 Puffer fish zonadhesin structure 

Analysis of the puffer fish genome with BLASTX and Genscan found a putative 

zonadhesin gene of 47 exons that coded for a protein of 2,525 amino acids in a gap-free 

region of scaffold 2670. The classes and sizes of the exons are given in Table 5. The 

predicted protein contained two MAM domains at the N-terminal, five VWD domains, an 

EGF domain, a transmembrane domain and a short cytoplasmic domain (Figure I). This 

protein has the same domain order and content as human zonadhesin; a dot plot of the 



putative puffer fish protein against the human zonadhesin protein highlights their 

similarity (Figure 8). No signal peptide was identified in the puffer fish zonadhesin. 

However, this sequence may be incomplete since it was found at the end of the scaffold 

sequence. 

Table 5. Puffer fish exon sizes and classes. Length of each exon is given in base pairs as 
identified by Genscan. Domain locations were identified by SMART. 

Exon Exon Domain I Exon Exon Domain I 
Number Length 

1 150 

2 174 

3 85 

4 153 

5 168 

6 98 

7 79 

8 654 

9 194 

Exon Class Included 

I - 3 MAMl 

1 - 3 MAMl 

1 - 1  MAMl 

2 - 1  MAM2 

2 - 1  MAM2 

2 - 3 MAM2 

1 - 1  MAM2 

2 - 1  Mucin 

2 - 3  

142 I - I VWDl 

245 2 - 3 VWDl 

149 1 - 2 VWDl 

129 3 - 2 VWDl 

133 3 - 3  

142 1 - 1 

194 2 - 3  

139 1 - 1 VWD2 

117 2 - 1  VWD2 

125 2 - 3 VWD2 

Number 

25 

26 

27 

28 

29 

30 

3 1 

32 

33 

Length Exon Class Included 

248 2 - 3  VWD3 

178 1 - 1  VWD3 

109 2 - 2  VWD3 

95 3 - 1  

177 2 - 1  

209 2 - 3  

145 1 - 1  VWD4 

98 2 - 3  VWD4 

147 1 - 3  VWD4 

1 - 3  VWD4 

1 - 2  V W W  

3 - 1  

2 - 3  

1 - 1 VWDS 

2 - 3  VWDS 

1 - 1  VWDS 

2 - 2  VWDS 

3 - 2  

3 - 1  



Figure 8. Dot plot of puffer fish and human ZAN proteins. The putative 2,525 amino 
acid puffer fish (Fugu) zonadhesin is compared to the human 2,8 12 amino acid ZAN 
protein. The domains occur in the same order in both proteins. The two MAM domains 
of puffer fish occur at the N-terminal end similar to the three of human. These are 
followed by the repetitive mucin domain. The bulk of the proteins are made up of VWD 
repeats; four in human and five in puffer fish. 



3.6 Zebrafish zonadhesin structure 

Analysis of the zebrafish genome identified two zonadhesin genes with one on 

chromosome 7 and one on chromosome 24. Both of these loci also contained an ACHE 

gene. The ZAN on chromosome 24 was contained on one BAC (accession number 

BX649275) whereas the ZAN on chromosome 7 was an assembly of overlapping genome 

shotgun sequencing reads from about 1000,5 day old embryos with an expected 

polymorphism rate of 11200 

(http://www.sanger.ac.uk/Projects/D~reri0lZv4~assemblyinfoation.shtml). Because 

large regions of these two ZANs are almost identical and the assembly is incomplete, the 

presence of two zonadhesin genes may be an assembly artifact. With this known, both 

apparent copies were analyzed but the focus was put on the ZAN from chromosome 24 as 

it was included in a finished BAC sequence. 

The larger of the two, termed ZANl (on chromosome 24), had 85 exons that had 

a predicted protein of 4,6 18 amino acids. The classes and sizes of the exons are given in 

Table 6. This protein did not have a signal peptide; however, two MAM domains, nine 

VWD domains, an EGF domain, a C-terminal transmembrane domain and a short 

cytoplasmic domain were found (Figure 1). The predicted protein also had two partial 

VWD domains, one following VWD2 and one following VWD4. The dot plot in Figure 

9 shows that although there has been an expansion of the VWD repeat region, the overall 

order is the same as that found in mammals. 



Table 6.  Zebrafish ZANl exon sizes and classes. Length of each exon is given in base 

3 144 2 - 1  MAM l 

4 266 2 - 3 MAM 1 

5 85 1 - 1  MAMl 

pairs as identified by Genscan. Domain locations were identified by SMART. 

153 2 - 1  MAM2 

165 2 - 1  MAM2 

101 2 - 3 MAM2 

79 1 - 1  MAM2 

783 2 - 1  Mucin 

194 2 - 3  

145 1 - 1 VWDl 

245 2 - 3  VWDl 

Exon Exon Domain 
Number Length Exon Class included 

1 260 1 - 2  

2 26 3 - 1  MAM l 

14 149 1 - 2  VWDl 

15 129 3 - 2  VWDl 

16 139 3 - 3 

17 142 1 - 1  

18 197 2 - 3  

19 139 I - 1 VWD2 

Exon Exon Domain 
Number Length Exon Class included 

43 203 2 - 3  

44 142 1 - 1  



Figure 9. Dot plot of zebrafish ZANl and human proteins. The putative 4,618 amino 
acid zebrafish ZANl is compared to the human 2,8 12 amino acid ZAN protein. The 
domains occur in the same order in both proteins. The two MAM domains of the 
zebrafish occur at the N-terminal end similar to the three of human. These are followed 
by the repetitive mucin domain. The bulk of the proteins are made up of VWD repeats; 
four in the human ZAN and nine in the zebrafish ZANl. The zebrafish also has two D' 
domains that follow the second and fourth full VWD repeat elements. 

The expansion of this gene has occurred by two duplications of 17 exons (45-6 1 

in Table 6) that encode VWD5, VWD6 and a fragment of VWD7. It appears that the 

partial duplication of the VWD7 domain produced the two D' domains following the 

VWD2 and VWD4 domains. The exon sizes and classes are further evidence for a recent 

exon shuffling event. The duplicated 17 exons (1 1-27'28-44 and 45-61) maintain their 

sizes and, as a group, are symmetrical. All three groups of 17 exons are flanked by phase 

1 introns. 



The smaller of the two zonadhesin genes (ZAN2) had a predicted protein of 3,558 

amino acids encoded by 69 exons (Table 7). This putative protein starts with a 

methionine, contains an 18 amino acid signal peptide, two MAM domains, eight VWD 

domains, an EGF domain and C-terminal transmembrane and cytoplasmic domains 

(Figure 1). The VWD domains of the smaller ZAN2 are less defined than ZANI. The 

second and eighth domains are slightly shorter; however, the SMART and Interpro 

domain recognition tools still identified the core of the repeats. These two paralogues are 

87% identical at the nucleotide level and 94% identical at the protein level with all 

gapped regions removed. 



Table 7. Zebrafish ZAN2 exon sizes and classes. Length of each exon is given in base 
e airs as identified bv Genscan. Domain locations were identified bv SMART. 

2 26 3 - 1  MAM l 

3 144 2 - 1  MAM 1 

4 266 2 - 3  MAM 1 

5 85 1 - 1  MAM 1 

6 153 2 - 1  MAM2 

Exon Exon Domain 
number Length Exon Class Included 

1 74 1 - 2  

10 543 2 -  1 Much 

11 194 2 - 3  

12 145 1 - 1  VWDl 

Exon Exon Domain 
number Length Exon Class Included 

35 139 1 - 1  VWD4 

13 245 2 - 3  VWDl 

14 149 1 - 2  VWDl 

15 129 3 - 2  VWDl 

16 139 3 - 3  

17 142 1 - 1  

18 123 2 - 1  VWD2 

4 1 203 2 - 3  

42 142 1 - 1  VWDS 

43 248 2 - 3  VWD5 

44 178 1 - 1  VWD5 

45 109 2 - 2  VWDS 

46 109 3 - 3  

The two zebrafish zonadhesins showed changes in repeat order. Nucleotide and 

protein domain comparisons indicate that VWD domains 1 and 2 of ZAN2 are related to 

VWDl and 2, 3 and 4, 5 and 6 respectively with similarities between 93 and 100% 

(Figure1 0). VWD4 of ZANl is similar to VWD 4 and 8 of ZAN2 with similarities of 73 

and 76% respectively. VWD3 of ZAN2 matched VWDS of ZANl exactly at the amino 



acid level. VWD5-7 of ZAN2 corresponded to VWD 7-9 of ZANl at similarities of 99 

to 100%. These similarities are summarized in Figure 1 1 that shows the relationships 

between VWD domains. 
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Figure 10. Neighbour-joining tree of zebrafish ZANl and ZAN2 VWD domains. 
A tree with a bootstrap value of 1000 and a Poisson substitution correction was used to 
compare the VWD domains of the two zebrafish zonadhesin genes. The scale is given in 
amino acid substitutions per site. Although some branches have low bootstrap scores, 
this topology, which is based on protein sequence comparisons, is also supported by 
nucleotide data. 
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Figure 11. VWD shuffling in the zonadhesins-like genes of three fish species. 
The most likely evolutionary path of the zonadhesin VWD domains of zebrafish (Danio), 
puffer fish (Fugu) and Atlantic salmon (Salmo) are shown. These relationships are based 
on nucleotide and protein neighbour-joining tree data. Not all domain relationships are 
indicated. For example, VWDl of fugu is shown to be related to VWDS of zebrafish 
ZAN1; however, it is also closely related to the duplicates of this domain: zebrafish 
ZAN 1 VWD3 and VWD 1 and zebrafish ZAN2 VWD 1 and VWD3. Related domains 
ranged in similarity from 70 to 100% except for the Salmo ZLG VWD 3 and Fugu 
VWD5 that had a similarity of 58%. 

3.7 Cross-species comparisons 

The three fish species were compared among themselves and to the zonadhesin of 

humans at the nucleotide and protein levels. The protein dot plot of zebrafish ZANl and 

human ZAN shows that there is a conserved order of domains between these two species 

(Figure 9). Conserved domain order can also be seen in the dot plot between puffer fish 

and human (Figure 8). At the protein level the zebrafish and puffer fish MAM domains 

have 30 to 45% similarity to human MAM domains. 



The puffer fish and zebrafish MAMl domains are most closely related to MAMl 

and 3 domains of human, whereas all the MAM2 domains from puffer fish, zebrafish and 

human group together (Figure 12). These data indicate that, except for human MAMl 

and 3, the MAM domains of the zonadhesin genes are orthologous in nature. This figure 

shows that the salmon MAM domains are more similar to one another than either is to the 

MAM domains in the other zonadhesin proteins. The salmon MAM domains are not 

clearly related to a specific MAM domain of the other species. 

100 I Danio ZANI MAM2 
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Figure 12. Neighbour-joining trees of fish and human MAM domains. The relationship 
of the MAM domains from puffer fish, zebrafish and human ZANs and the salmon ZLG 
proteins are shown with a neighbour-joining tree with a bootstrap value of 1000 using a 
Poisson substitution correction model. The scale is given in amino acid substitutions per 
site. 

I 
Fugu2 

I 

93 
anio ZANI MA MI 

Danio ZAN2 MAMI 



The VWD domains had a wide range of similarities to the human domains 

ranging from 40 to 70%. A neighbour-joining tree with puffer fish and human VWD 

domains shows that many of these domains have higher interspecies similarity than 

intraspecies similarity (Figure 13). It indicates that the four VWD domains of humans 

closely match VWD2-5 of puffer fish, with the first VWD domain of puffer fish also 

having similarity to the first VWD domain of human. 

Fugu ZAN Dl 

Human ZAN D2 

Fugu ZAN 03 

88  Human ZAN D l  

I I 1- Fugu ZAN 04 

I 9 3  1 Human ZAN D3 

Human ZAN D4 

99 1 Fugu ZAN D5 

Figure 13. Neighbour-joining tree of puffer fish and human VWD domains. A tree with 
a bootstrap value of 1000 using a Poisson substitution correction model was used to 
compare the VWD domains of puffer fish (Fugu) and human. The scale is given in amino 
acid substitutions per site. 

Within the three fish studied here, the first MAM domain of puffer fish and 

zebrafish ZANl and ZAN2 group together with similarity between 18 and 41 % (Figure 

12). Correspondingly the second MAM domains of these zonadhesins grouped together 

with a comparable range of similarities. The salmon MAMs show the highest 

intramolecular similarity at 62%. The other two fish species have between 23 and 40% 



intramolecular similarity. The highest similarity between the salmon ZLG and MAMs of 

the other ZANs discussed here occurs between MAMl of zebrafish ZANl and the ZLG 

MAM2 with a similarity of 41%. The exon sizes of these two MAMs are comparable, 

and the fourth exon of each is the same size (Table 4). 

The puffer fish VWD domains are closely related to those of zebrafish. The tree 

in Figure 14 relates the VWD domains fi-om the zonadhesin-like genes of the three fish 

species. Figure 11, which is based on the trees in Figure 10 and 14 and the exon size data 

(Tables 4,5, 6 and 7), shows that the five puffer fish VWD domains are orthologous to 

VWD5 through 9 of the zebrafish ZANl VWD domains. The similarity of these domains 

ranged between 70 and 91%. Analysis of nucleotide and protein data gave the same 

results. 
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Figure 14. Neighbour-joining tree of fish VWD domains. A tree with a bootstrap value 
of 1000 and a Poisson substitution correction model was used to compare the VWD 
domains of pufferfish (Fugu) and zebrafish (Danio) zonadhesins and ZLG of salmon. 
The scale is given in amino acid substitutions per site. Although some branches have low 
bootstrap scores, this topology, which is based on protein sequence comparisons, is also 
supported by nucleotide data. 
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The salmon VWD domains were compared to each other and to the VWD 

domains of the other ZANs. The VWD domain of ZLG with the highest similarity to 

other ZANs was VWD3 with 58% similarity to puffer fish VWD5. However, similar 

values were obtained when the ZLG domains were compared to the other VWD domains 

of puffer fish and zebrafish ZANs. The intramolecular similarity of the ZLG VWDs was 

FUQU ZA N D5 

slightly lower with similarities between 39 and 44%. 
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Discussion 

4.1 Zonadhesin genes in fish 

The purpose of this study was to characterize Atlantic salmon genes homologous 

to mammalian zonadhesin genes. A zonadhesin-like gene was identified in Atlantic 

salmon (Salmo salar) and zonadhesin genes were identified in puffer fish (Takjiugu 

rubripes) and zebrafish (Danio rerio). This analysis shows that the structures of the 

putative zebrafish and puffer fish zonadhesin proteins are very similar to previously 

characterized zonadhesins (Gao and Garbers 1998). However, the Atlantic salmon gene 

also identified here was similar only in adhesion domain content. The zonadhesin-like 

genes from these three fish were compared among themselves and to the zonadhesins 

characterized in mammals (Gao, Harumi et al. 1997; Hardy and Garbers 1995). 

Zonadhesin is a molecule that has been shown to facilitate species-specific gamete 

binding (Hardy and Garbers 1995). Since molecules that are directly involved in 

reproduction are often subject to rapid evolutionary change (Swanson and Vacquier 

2002), investigation of zonadhesin across both closely related and distant species is 

valuable. Gao and Garbers (1 W8), in their study of mouse zonadhesin, asked these 

questions: Are there homologues of zonadhesin in other species beyond pig and is the 

domain structure of zonadhesin conserved among these mammals. Here, zonadhesin 

genes with conserved domain structure are shown to be present in animals as distant as 

fish. 



4.2 Puffer fish zonadhesin 

The zonadhesins of zebrafish and puffer fish have the same order of domains as 

mammalian zonadhesins (Gao, Hammi et al. 1997). Although fish and mammals have 

not shared a common ancestor for an estimated 450 million years (Gilligan, Brenner et al. 

2002), gene structures have been maintained. 

The ancestral zonadhesin likely resembled the puffer fish ZAN since it is very 

similar in length and domain structure to human and pig zonadhesins (Figure 1). The 

puffer fish gene also has two MAM domains, a structure matching rabbit and pig (Lea, 

Sivashanmugam et al. 2001). The tree in Figure 12 shows that the MAMl domain of 

puffer fish is likely orthologous to the MAMl and 3 domain of human. The MAM2 

domain of puffer fish is closely related to MAM2 of human. 

Although the five VWD domains of puffer fish seem to be orthologous to the four 

in human, the relatedness of the domains is less clear (Figure 13). The last four VWD 

domains of puffer fish appear to be homologous to the last human domains, although the 

first VWD domain of puffer fish also seems to be related to the second domain in human. 

This may be the result of an ancient duplication of the first two VWD domains in puffer 

fish (as in zebrafish) and subsequent loss of the new first domain. 

Of all the zonadhesin-like genes identified in this study, the puffer fish 

zonadhesin appears to be the most like a mammalian zonadhesin. Its domains do not 

show any signs of recent duplication and look very much like the distantly related ZANs. 

This is in contrast to the zebrafish zonadhesin genes that have recently undergone 

duplications and domain rearrangements. It is interesting that the types of domains are 



still maintained and organized in the same order. The strict conservation of this gene 

over the past 450 million years is evidence of its importance. 

4.3 Zebrafish zonadhesins 

Although the zebrafish zonadhesins have the same domain order as that of puffer 

fish and mammals, it appears that their structure has been altered quite recently. Both the 

zebrafish zonadhesins are much larger than most mammalian ZANs. This is the result of 

a recent double duplication of 17 exons, encoding two full VWD domains and one partial 

one, which drastically increased its length (Figure 9). There have also been exon 

duplication events, such as the one that occurred in zebrafish, in the evolution of 

mammalian zonadhesins. The 5,376 amino acid mouse zonadhesin has 20 copies of a 

partial VWD3 domain (Gao and Garbers 1998). The extended mouse zonadhesin still 

functions in the binding of egg and sperm despite its doubling in length. Thus it would 

appear that alterations in VWD region length do not affect the ability of the zonadhesin 

protein to function. The order of domains is conserved among all characterized 

zonadhesins. Both zebrafish zonadhesin genes match this conserved order (Figure 1). 

The VWD domains of zebrafish, unlike the MAM domains that are orthologous to 

those of puffer fish, have been unstable. The nine VWD repeats of ZANl on 

chromosome 24 show similarity to the repeats of ZAN2 on chromosome 7. The smaller 

of the two zebrafish zonadhesin genes (ZAN2) has eight VWD repeats, of which numbers 

3 to 7 correspond to VWD5 to 9 of the larger zonadhesin (Figure 1 1). The only exception 

to this pattern is VWD4, which is not directly related to VWD6 of the larger protein but 

to VWD4 and to VWD8 in ZAN2. The first two VWD domains of the two zebrafish 



ZANs are also homologous. The smaller zebrafish gene therefore has only had a single 

duplication of the first two V W D  domains or has lost two of the duplicate V W D  

domains. 

The fact that zebrafish may have two copies of the zonadhesin gene could have 

allowed for increased genetic change within this gene as the result of relaxed 

evolutionary constraint. Ohno (1 970) proposed that duplication of genes can lead to the 

formation of new genes with new functions. However, most often these duplicated genes 

become non-functional through mutation. Future exploration into the function of the 

zebrafish zonadhesin genes will be interesting. However, since the zonadhesins of puffer 

fish and zebrafish have such a conserved structure with respect to mammals, it is likely 

that they also function in a similar manner. 

4.4 The Atlantic salmon zonadhesin-like gene 

Exon shuffling may have led to the formation of the Atlantic salmon zonadhesin- 

like gene (ZLG). Zonadhesin has been the only protein found that contains MAM, V W D  

and mucin adhesion domains together in the same molecule. Sequencing of the cDNA 

and the BAC containing this gene showed that this possible zonadhesin relative has a 

4,5 18 bp open reading frame that codes for a predicted protein of 1,506 amino acids. 

Northern blot analysis indicated the length of the RNA transcript was approximately 5 

Kb. The predicted protein is shorter than previously characterized zonadhesins with the 

human protein at 2,8 12 amino acids and the pig protein at 2,476 amino acids. However, 

this Atlantic salmon ZLG gene does contain the major adhesion domains that are found in 



the zonadhesins of other species (Figure 1). Variation in zonadhesin protein lengths has 

been shown to occur in other species, such as the mouse (Gao and Garbers 1998). 

A comparison of the VWD domains of the Atlantic salmon ZLG with the VWD 

domains of the other puffer fish and zebrafish zonadhesins found that the greatest 

similarity occurred between the third VWD domain of ZLG and the fifth VWD of puffer 

fish and the ninth VWD domain of zebrafish ZANl (Figure 14). The other two ZLG 

VWD domains are more similar to each other than they are, individually, to other VWD 

domains. This may be due to an ancient domain duplication or gene conversion event as 

seen in other adhesion-type molecules (Gally and Edelman 1992). Overall the VWD 

domains still resemble other zonadhesins more than any other gene. BLASTN and 

BLASTP searches with the VWD and mucin domains alone (exons coding for MAM 

domains removed) identified zonadhesin as the top matches, indicating that there is 

significant homology in these regions. When the putative ZLG protein is compared to a 

zonadhesin as distant as human, similarity can be seen throughout the length of the 

proteins (Figure 15). The only difference is an apparent shift of two VWD domains from 

the 3'-end of zonadhesin to the 5'-end of the salmonid gene. 



A t l a n t i c  salmon p r o t e i n  sequence 

Figure 15. Dot plot of salmon ZLG and human ZAN proteins. MAM, mucin and VWD 
domain locations are indicated for both proteins. The transmembrane domain (TM) of 
the human protein is also shown. Domain locations for both sequences were predicted 
with SMART and the figure was plotted using Dotter. 



The expression pattern of this gene is different than that of mammalian 

zonadhesins functioning in reproduction. Expression analysis by semi-quantitative RT- 

PCR and Northern blot with total RNA from a range of tissues showed an expression 

pattern not seen in other zonadhesins (Hardy and Garbers 1995). Zonadhesin mRNA has 

only been identified in the testes where it codes for a protein that localizes to the 

acrosomal matrix of the sperm for gamete interaction (Olson, Winfrey et al. 2004). The 

zonadhesin-like transcript presented here has been found to be expressed at a high level 

in the liver and gut of both male and female Atlantic salmon and at a low level in the 

male spleen and female ovaries. A zonadhesin-like transcript was not identified in the 

testes of Atlantic salmon by Northern blot, RT-PCR or by EST analysis. 

Although this salmonid zonadhesin-like gene is likely not directly involved in 

reproduction, it is the only zonadhesin-like candidate described in Atlantic salmon to 

date. As this gene has many differences to other zonadhesins, such as lack of a 

transmembrane domain, other evolutionary paths were investigated that could have 

created such a gene. 

4.5 Possible link to the mucin genes 

In any speculation on the evolution of new genes, the mode of evolution must be 

questioned and reasonable origins assessed. Some lines of evidence indicate that the 

salmon zonadhesin-like gene has evolved from a mucin gene through the introduction of 

a MAM domain and subsequent duplication of this domain relatively recently. Analysis 

of the MAM domains, at the protein level, shows that the salmon MAMl and MAM2 

domains are 62% similar. This level of intra-protein MAM repeat similarity is 



significantly higher than other zonadhesins proteins. For example, human MAMl and 

MAM2 are only 30% similar, and the MAM2 and MAM3 are only 3 1 % similar. 

Similarly the MAM domains of puffer fish are less than 24% similar. 

Recent MAM duplication is also supported by the sizes of the exons coding for 

this repeated domain, as shown in other genes that code for cell adhesion proteins 

(Sorkin, Gallin et al. 1991). The sizes for exons 9-12 that code for MAMl are 54, 138, 

263 and 85 bp respectively (Table 4). The sizes for exons 13- 16 that code for MAM2 are 

75, 138, 260 and 85 bp respectively. The first exons in these series are different by 21 

nucleotides (seven amino acids), and the third are different by 3 nucleotides (one amino 

acid). The second and fourth exons of these series contain the same number of 

nucleotides. Aside from the small differences noted, the general similarity of the exon 

sizes is strong evidence for recent duplication. 

The exon classes (Table 4) that occur in this region were further evidence of 

duplication, if not also insertion, of these domains. The intron phase is determined by the 

position of an intron in a codon. Depending on the phase of the flanking introns, exons 

can be classified into nine groups: three are termed symmetrical and six are termed 

asymmetrical (Patthy 1996). Symmetrical exons occur at higher than expected frequency 

in genes that have undergone exon shuffling events (Long, de Souza et al. 1995). In the 

salmon ZLG, the introns both flanking the eight MAM coding exons and dividing the two 

MAM coding regions are phase 0. This makes both groups of four exons containing 

MAM domains symmetrical and able to be inserted and duplicated without changing the 

reading frame. The exons that flank the MAM-containing exons both code for mucin 

domain repeat elements. Although the mucin region on the N-terminal side of the MAM 



domains is very short at only 1 1 amino acids (so not included in Figure 1 or 5), this may 

be evidence that a MAM domain was inserted between mucin repeat coding exons. 

These data suggest that a DNA fragment of four exons that coded for a single MAM 

domain could have been inserted into a phase 0 intron of a mucin gene. None of the 

other MAM domains of the fish zonadhesins described here have phase 0 introns flanking 

them; however, the second MAM domains of both zebrafish zonadhesins and the puffer 

fish zonadhesin are symmetrical with intron phases of 1 on each side. Although the 

MAMs of these zonadhesins are also all composed of 4 exons (except the incomplete 

MAMl of puffer fish which has three), they do not have the same high intramolecular 

similarity of sequence or precision of exon size as that of the salmon ZLG. This would 

suggest that the MAM domains of the zonadhesins of zebrafish and puffer fish, which are 

comparable in similarity to those of the mammals, are more anciently duplicated than the 

salmon ZLG MAM domains. 

The strongest evidence that this gene could be related to a mucin was the 

expression analysis. The expression pattern showed similarity to that found in some 

mucin genes (Gum 1995). This gene was found to be expressed in the liver and gut, 

unlike previously characterized zonadhesins that are only transcribed in the testes (Hardy 

and Garbers 1995). An attempt to identify other mucins in fish with which to compare 

this gene found only one putative transcript (Ensembl: ENSDART00000026273). The 

predicted peptide of this transcript was a transmembrane protein of 166 amino acids that 

did not contain any VWD or MAM domains. 

Although there are many similarities between the ZLG and mucins, there are 

several critical differences. For example, the secreted mucins that resemble the ZLG also 



contain a C-terminal cysteine knot (CK) similar to that of prepro von Willebrand factor. 

No CK domain was found in the ZLG; in fact, the third VWD domain of the ZLG 

terminates with the protein. Furthermore, the VWD domains of the ZLG are more 

similar to those of the other zonadhesins than those of mucin proteins. 

4.6 Evolution from a zonadhesin 

Since ZLG has the same adhesion domain content as zonadhesin and has 

sequence similarity throughout, evolution from a zonadhesin gene is a plausible theory. 

So the question was asked, If this gene did evolve from a reproduction-associated 

zonadhesin what would be the most likely path? 

The difference in structure may be the result of an exon shuffling event that 

occurred by non-homologous recombination, possibly aided by the large number of 

repetitive elements in the region and the repetitive nature of the zonadhesin gene. 

Repetitive elements have contributed to gene evolution in other genes by supplying a 

region of homology at which to cross-over (Babcock, Pavlicek et al. 2003). Unequal 

crossing-over involves the recombination of genetic material, leaving different amounts 

or sequences of DNA on each strand. These events are generally initiated in homologous 

regions before extending into non-homologous regions. Regions of homology may 

manifest as gene clusters which have been shown to cause an increase in unequal 

crossing-over (Jelesko, Harper et al. 1999). This has also been shown to occur in areas 

that contain small repeat elements such as Alu sequences (Stoppa-Lyonnet, Carter et al. 

1990). The large numbers of both long and short repeat elements found in this BAC may 

have facilitated unequal crossing-over in this region. However, analysis of introns 7, 8 



and 16 (the introns on either side of the MAM domains) did not find any elements that 

could have mediated strand exchange and thus moving VWD domains from the 3'-end, 

as in zonadhesin, to the 5'-end of this gene. Nevertheless, there were repeat elements 

found in intron 20 including a partial transposon, NheI elements and a fragmented LTR- 

retrotransposon; however, this intron occurs in the middle of the third VWD domain 

(Figure 3). Also, in intron 22, which divides exons encoding this domain, there is an 

HpaI SINE element. These elements were likely inserted into these introns increasing 

their size but not contributing to the rearrangement event(s). The repetitive nature of the 

zonadhesin gene itself could also contribute to unequal cross-over events, but this would 

likely alter only the number of repeats as in variable number of tandem repeats (VNTRs) 

and not the overall order of domain types. It may have been an event like this that 

resulted in the duplication of the VWD domains in zebrafish. 

If the ZLG is related to zonadhesin, it may have evolved from a duplicate that 

arose during a genome duplication event. Two separate genome duplication events could 

have supplied the duplicate from which this gene may have evolved. The first genome 

duplication event occurred at the base of the teleost lineage 225-425 MYA (Vandepoele, 

De Vos et al. 2004). It was after this event that the euteleosts, puffer fish, zebrafish and 

salmon, diverged (Venkatesh 2003). Since the genomes of puffer fish and zebrafish do 

not have a gene with structure similar to the ZLG of salmon, it is unlikely that this gene 

evolved from this duplication event. The more recent genome duplication event occurred 

within the salmonid lineage 25- 100 MYA (Allendorf and Thorgaard 1984). This latest 

duplication may have produced the gene since there is evidence that ZLG exists in 

closely related species. Southern blot analysis using the same probes that found one band 



in the Atlantic salmon detected two bands when used to probe rainbow trout genomic 

DNA (Figure 6). Probe 1, which contained sequence homologous to the 3'-UTR of this 

zonadhesin-like gene (Figure 5) ,  would be expected to be very specific for this gene. 

However, probe 2 spanned a VWD region and could be expected to hybridize with 

related zonadhesin-like genes. Southern analysis was unable to detect any other genes 

apart fiom the ZLG discussed here, suggesting that if a zonadhesin does exist in Atlantic 

salmon or rainbow trout, it is likely quite divergent from the ZLG. Identification of this 

gene in other species will clarify when and how this gene evolved. Analysis of a species, 

such as smelt, that is closely related but diverged before the salmonid genome duplication 

event (Figure 2) may reveal whether this gene existed before this event or arose as a 

result of the event. It would be unlikely that a reproduction-associated zonadhesin would 

evolve to become a ZLG without first undergoing a duplication event, because ZAN has 

been maintained in both the mammalian and representative fish lineages due to its 

importance for reproductive success. 

Dating the emergence of a mosaic gene such as the ZLG has many inherent 

problems, the most difficult of which is to address the repetitive nature of the domains. 

The data presented here shows that domains of a single type, such as the VWD or MAM 

domains, can be duplicated, lost or rearranged. If the ZLG did in fact evolve fiom a fish 

zonadhesin, then comparing the domains of the ZLG to those of zonadhesin becomes 

difficult as it is unclear which domain, within a single type, evolved from which. For 

example, the VWD domains of ZLG may have been duplicated before the divergence of 

mammals and fish or after the teleost genome duplication. The origin of the single MAM 



domain that was recently duplicated is also unclear. These questions of domain origin 

make calculating divergence times problematic. 

Investigation of the Atlantic salmon genome has not revealed a ZAN gene with 

the same domain order in any other organisms. However, the genomes of other teleost 

fish have zonadhesin genes that are very similar to those of mammals. Salmon, therefore, 

likely had a zonadhesin gene until the divergence of these fish. Since zonadhesin has 

been conserved in mammals and has now been found in two species of fish, it is likely 

that a zonadhesin resides in the genome of Atlantic salmon. ZLG may have evolved by 

exon shuffling from a duplicate zonadhesin gene produced by the salmonid genome 

duplication event. 

4.7 Repeat elements in the ZLG locus 

The genome of Atlantic salmon contains a large number of repetitive elements. 

Analysis of 722P 12 resulted in 3 1.2% of the DNA being identified as repetitive in nature 

(Figure 3 and Table 3). The elements accounting for the largest portion of repeats were 

transposons. Many transposon fragments were found along with three full-length 

elements. The full-length Tcl elements found in this BAC appear to be from two 

different origins, as two of them share 93% identity and are only 2 bp different in length, 

while the third is 30 bp longer and only has 42% identity to the other two. Tcl elements 

are abundant in the genome of Atlantic salmon, with estimates reaching 15,000 copies in 

the haploid genome (Goodier and Davidson 1994b). Although these elements are 

presumably non-functional, it is apparent that they still have significant sequence identity 

and, in the case of the 1,580 bp element identified here, have long ORFs. All three of 



these elements also have perfect 36 bp inverted repeats. This may be evidence that these 

elements are still, or have very recently been, mobile. 

This BAC also had 10.4% LINE-like sequence. Fragments of both L1 and L2 

elements were found, but none of the elements approached the 6-7 Kb of a full-length 

human LINEl element. The largest fragments were between 2.5 and 3 Kb, closer in size 

to a LINE element of the CRl family found in puffer fish that has a consensus sequence 

of 4,585 bp (Poulter, Butler et al. 1999). Fish, in contrast to humans, have a large 

diversity of LINE lineages (Furano, Duvernell et al. 2004). Although the fish genomes 

that have been sequenced have many different types of LINES, the actual amount of 

LINE DNA is much smaller than that of human, which may contain up to 17% LINEl 

elements alone (Smit 1996). Since LINE elements make up a large percent of this BAC, 

they have likely contributed significantly to the evolution of this region, even if only in 

topology and length, and may be representative of the genome as a whole. 

RepeatMasker found 18 NheI type repeats making up 3.2% of the BAC sequence. 

Nine of these were associated with a larger repeat element of 1,424bp. This repeat 

element was identified by Goodier and Davidson (1994a) who proposed Tcl transposon 

as a method of distribution. Although 722P 12 contained both transposon sequences and 

NheI elements, these sequences did not appear to be closely linked. Most of the NheI 

elements identified in this BAC did not have Tcl elements in their immediate vicinity. 

SINE-like sequences made up a smaller portion of the BAC at 2.7 Kb, but may 

become useful for understanding how this genomic region has evolved as sequence for 

the orthologous regions from closely related species such as rainbow trout become 

available. Ten SINE elements over 100 bp in length were identified in this BAC (Figure 



3), but only one was found close to or between the exons of ZLG. This element, a 

salmonid specific HpaI SINE, was 195 bp in length. Other HpaI repeats that were 

identified were generally very short (between 57 and 84 bp). This longer SINE element 

was found within intron 22 of the ZLG. Although this element was found within an 

intron, it is unlikely to be responsible for any rearrangement of this gene, nor was it the 

result of any rearrangement, since this intron occurs in the middle of a domain. These 

elements may become useful in identifying the evolutionary origin of this gene once 

sequence data for this locus in other species becomes available. SINES have been 

valuable tools in the unraveling of genomic changes and the clarification of taxonomic 

divisions, as they are inserted permanently, unlike transposons that can excise themselves 

from the DNA (Murata, Takasaki et al. 1993). 

All of the introns and surrounding DNA of the zonadhesin-like gene were 

investigated for possible elements that could have caused transposition of VWD or MAM 

domains. LINE elements have been shown to transpose DNA by stop codon read- 

through (Moran, DeBerardinis et al. 1999) followed by insertion into a new genomic 

location; however, no LINE elements were found in the immediate vicinity of this gene 

(Figure 3). Transposons have also been shown to move pieces of DNA. Goodier and 

Davidson (1 994a) proposed that the 1,424 bp element including NheI elements was 

dispersed by Tcl movement. Tcl transposons do exist in the region, but the closest one 

is 1,584 bp away. Furthermore, this gene looks as if it has been rearranged from a 

zonadhesin gene. Transposition events have been shown to transfer exons or domains 

between genes but not within a gene, since incorporation of the mobilized gene fragment 

back into the original gene would be extremely low. The repetitive elements contained 



on this BAC may have played a role in the evolution of ZLG gene by increasing the 

probability of non-homologous recombination in this region. There is, however, no 

evidence for transpositional insertion of domains in the evolution of this gene. 

4.8 Further study 

This research opens up many new questions; for example, what is the function of 

this novel gene? The protein must be directly characterized before the answer is found. 

This would include design of antibodies to putative peptide sequences presented by the 

current study that could be used for protein localization studies and pull-down assays. 

Function could also be assessed through the use of morpholino knockdown. Knockout 

studies would not be a viable option at this time, even though the genomic sequence is 

known and Southern blot analysis indicated there was only one copy, since knockouts 

have not yet been successful in fish. 

The question of evolutionary origin of the ZLG still remains unanswered, but it 

could be addressed by analysis of the same locus in a closely related species such as 

rainbow trout, since they appear to have two copies of the ZLG. Comparative genomics 

is a powerful tool in identifying evolutionary origins of genes. 

Other questions presented by this study include those related to zonadhesin in the 

genomes of fish. Does this gene in puffer fish and zebrafish perform the same function in 

gamete interaction as it does in mammals? Does Atlantic salmon have a zonadhesin at 

all? This study did not find any evidence of a true zonadhesin gene in S. salar but it did 

identify a gene that likely evolved from zonadhesin. 



4.9 Concluding remarks 

This research shows that zonadhesin genes occur in fish and the zonadhesin genes 

of puffer fish and zebrafish have a structure similar to that of mammals. The 

evolutionary origin of the salmonid zonadhesin-like gene is still unclear. This gene likely 

has a novel function, however, having the unique zonadhesin domain content and an 

expression pattern similar to that of some mucins. The domain complement of this gene 

indicates that it almost certainly encodes a protein with some type of cell-cell adhesion 

function. 

Gamete species-specificity may be particularly important in an aquatic 

environment such as a riverbed for spawning salmon. This is because salmon have 

external fertilization and may share the same habitat with closely related species. It has 

been shown that even when eggs and sperm of closely related salmonids are together in 

large numbers, the actual amount of cross-fertilization is very low. This implies that the 

gametes are interacting in a species-specific manner (Loginova and Krasnoperova 1982). 

Although the zonadhesin-like gene described here is likely not involved in reproduction, 

it may have evolved from a reproductive form of Atlantic salmon zonadhesin that may 

have a structure similar to those found in puffer fish and zebrafish. 



References 
Allendorf, F.W. and G.H. Thorgaard. 1984. Tetraploidy and the evolution of salmonid 

$shes. Plenum, New York. 
Altschul, S.F., T.L. Madden, A.A. Schaffer, J. Zhang, Z. Zhang, W. Miller, and D.J. 

Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein 
database search programs. Nucleic Acids Res 25: 33 89-3402. 

Apweiler, R., T.K. Attwood, A. Bairoch, A. Bateman, E. Birney, M. Biswas, P. Bucher, 
L. Cerutti, F. Corpet, M.D. Croning, R. Durbin, L. Falquet, W. Fleischrnann, J. 
Gouzy, H. Hermjakob, N. Hulo, I. Jonassen, D. Kahn, A. Kanapin, Y. 
Karavidopoulou, R. Lopez, B. Mam, N.J. Mulder, T.M. Oinn, M. Pagni, F. 
Servant, C.J. Sigrist, and E.M. Zdobnov. 2000. Interpro--an integrated 
documentation resource for protein families, domains and functional sites. 
Bioinformatics 16: 1 145-1 150. 

Ariga, T., P.E. Carter, and A.E. Davis, 3rd. 1990. Recombinations between Alu repeat 
sequences that result in partial deletions within the C 1 inhibitor gene. Genomics 
8: 607-613. 

Babcock, M., A. Pavlicek, E. Spiteri, C.D. Kashork, I. Ioshikhes, L.G. Shaffer, J. Jurka, 
and B.E. Morrow. 2003. Shuffling of genes within low-copy repeats on 22q11 
(LCR22) by Alu-mediated recombination events during evolution. Genome Res 
13: 25 19-2532. 

Babin, P.J., J. Bogerd, F.P. Kooiman, W.J. Van Marrewijk, and D.J. Van der Horst. 1999. 
Apolipophorin 1111, apolipoprotein B, vitellogenin, and microsomal triglyceride 
transfer protein genes are derived from a common ancestor. JMol Evol49: 150- 
160. 

Bailey, G.S., R.T. Poulter, and P.A. Stockwell. 1978. Gene duplication in tetraploid fish: 
model for gene silencing at unlinked duplicated loci. Proc Natl Acad Sci U S A 
75: 5575-5579. 

Baldus, S.E., K. Engelmann, and F.G. Hanisch. 2004. MUCl and the MUCs: a family of 
human mucins with impact in cancer biology. Crit Rev Clin Lab Sci 41: 189-23 1. 

Becak, M.L. and L.S. Kobashi. 2004. Evolution by polyploidy and gene regulation in 
Anura. Genet Mol Res 3: 195-2 12. 

Bobek, L.A., J. Liu, S.N. Sait, T.B. Shows, Y.A. Bobek, and M.J. Levine. 1996. Structure 
and chromosomal localization of the human salivary mucin gene, MUC7. 
Genomics 31: 277-282. 

Bond, J.S. and R.J. Beynon. 1985. Mammalian metalloendopeptidases. Int JBiochem 17: 
565-574. 

Burge, C. and S. Karlin. 1997. Prediction of complete gene structures in human genomic 
DNA. JMol Bio1268: 78-94. 

Burge, C.B. and S. Karlin. 1998. Finding the genes in genomic DNA. Curr Opin Struct 
Biol8: 346-354. 

Burland, T.G. 2000. DNASTAR's Lasergene sequence analysis software. Methods Mol 
Biol132: 71-91. 

Byrd, J.C. and R.S. Bresalier. 2004. Mucins and mucin binding proteins in colorectal 
cancer. Cancer Metastasis Rev 23: 77-99. 



Chenna, R., H. Sugawara, T. Koike, R. Lopez, T.J. Gibson, D.G. Higgins, and J.D. 
Thompson. 2003. Multiple sequence alignment with the Clustal series of . 
programs. Nucleic Acids Res 31: 3497-3500. 

Cismasiu, V.B., S.A. Denes, H. Reilander, H. Michel, and S.E. Szedlacsek. 2004. The 
MAM (mepridA5-proteidPTPmu) domain is a homophilic binding site 
promoting the lateral dimerization of receptor-like protein tyrosine phosphatase 
mu. JBiol Chem. 

Clifford, S.L., P. McGinnity, and A. Ferguson. 1998. Genetic changes in Atlantic salmon 
(Salmo salar) populations of Northwest Irish rivers resulting from escapes of 
adult farm salmon. Can. J: Fish. Aquat. Sci. 55: 358-363. 

David, L., S. Blum, M.W. Feldman, U. Lavi, and J. Hillel. 2003. Recent duplication of 
the common carp (Cyprinus carpio L.) genome as revealed by analyses of 
microsatellite loci. Mol Biol Evol20: 1425- 1434. 

Dekker, J., J.W. Rossen, H.A. Buller, and A.W. Einerhand. 2002. The MUC family: an 
obituary. Trends Biochem Sci 27: 126- 13 1. 

Di Noia, J.M., G.D. Pollevick, M.T. Xavier, J.O. Previato, L. Mendoca-Previato, D.O. 
Sanchez, and A.C. Frasch. 1996. High diversity in mucin genes and mucin 
molecules in Trypanosoma cruzi. JBiol Chem 271: 32078-32083. 

Doak, T.G., F.P. Doerder, C.L. Jahn, and G. Herrick. 1994. A proposed superfamily of 
transposase genes: transposon-like elements in ciliated protozoa and a common 
"D35E" motif. Proc Natl Acad Sci U S  A 91: 942-946. 

Eckhardt, A.E., C.S. Timpte, A. W. DeLuca, and R.L. Hill. 1997. The complete cDNA 
sequence and structural polymorphism of the polypeptide chain of porcine 
submaxillary mucin. J Biol Chem 272: 33204-332 10. 

Ejima, Y. and L. Yang. 2003. Trans mobilization of genomic DNA as a mechanism for 
retrotransposon-mediated exon shuffling. Hum Mol Genet 12: 132 1 - 1328. 

Ewing, B. and P. Green. 1998. Base-calling of automated sequencer traces using phred. 
11. Error probabilities. Genome Res 8: 186- 194. 

Ewing, B., L. Hillier, M.C. Wendl, and P. Green. 1998. Base-calling of automated 
sequencer traces using phred. I. Accuracy assessment. Genome Res 8: 175- 185. 

Fedorov, A., G. Suboch, M. Bujakov, and L. Fedorova. 1992. Analysis of nonuniformity 
in intron phase distribution. Nucleic Acids Res 20: 2553-2557. 

Fedorova, L. and A. Fedorov. 2003. Introns in gene evolution. Genetica 118: 123- 13 1. 
Feng, H., M. Ghazizadeh, H. Konishi, and T. Araki. 2002. Expression of MUC1 and 

MUC2 mucin gene products in human ovarian carcinomas. Jpn J Clin Oncol32: 
525-529. 

Florea, L., G. Hartzell, Z. Zhang, G.M. Rubin, and W. Miller. 1998. A computer program 
for aligning a cDNA sequence with a genomic DNA sequence. Genome Res 8: 
967-974. 

Furano, A.V., D.D. Duvernell, and S. Boissinot. 2004. L1 (LINE-1) retrotransposon 
diversity differs dramatically between mammals and fish. Trends Genet 20: 9-14. 

Gally, J.A. and G.M. Edelman. 1992. Evidence for gene conversion in genes for cell- 
adhesion molecules. Proc Natl Acad Sci U S  A 89: 3276-3279. 

Gao, Z. and D.L. Garbers. 1998. Species diversity in the structure of zonadhesin, a 
sperm-specific membrane protein containing multiple cell adhesion molecule-like 
domains. JBiol Chem 273: 3415-3421. 



Gao, Z., T. Harumi, and D.L. Garbers. 1997. Chromosome localization of the mouse 
zonadhesin gene and the human zonadhesin gene (ZAN). Genomics 41 : 1 1 9- 122. 

Gilbert, W. 1978. Why genes in pieces? Nature 271: 501. 
Gilbert, W. 1987. The exon theory of genes. Cold Spring Harb Symp Quant Biol52: 901- 

905. 
Gilligan, P., S. Brenner, and B. Venkatesh. 2002. Fugu and human sequence comparison 

identifies novel human genes and conserved non-coding sequences. Gene 294: 
35-44. 

Goodier, J.L. and W.S. Davidson. 1993. A repetitive element in the genome of Atlantic 
salmon, Salmo salar. Gene 131: 237-242. 

Goodier, J.L. and W.S. Davidson. 1994a. Characterization of a repetitive element 
detected by NheI in the genomes of Salmo species. Genome 37: 639-645. 

Goodier, J.L. and W.S. Davidson. 1994b. Tcl transposon-like sequences are widely 
distributed in salmonids. JMol Biol241: 26-34. 

Goodier, J.L. and W.S. Davidson. 1998. Characterization of novel minisatellite repeat 
loci in Atlantic salmon (Salmo salar) and their phylogenetic distribution. JMol 
Evol46: 245-255. 

Gordon, D., C. Abajian, and P. Green. 1998. Consed: a graphical tool for sequence 
finishing. Genome Res 8: 195-202. 

Graur, D. and W. Li. 2000. Fundamentals ofMolecular Evolution. Sinauer Associates, 
Inc, Sunderland. 

Gum, J.R., Jr. 1995. Human mucin glycoproteins: varied structures predict diverse 
properties and specific functions. Biochem Soc Trans 23: 795-799. 

Hames, B.D. and S. J. Higgms. 1995. Gene Probes 2. Oxford University Press Inc., New 
York. 

Hardy, D.M. and D.L. Garbers. 1995. A sperm membrane protein that binds in a species- 
specific manner to the egg extracellular matrix is homologous to von Willebrand 
factor. JBiol Chem 270: 26025-26028. 

Henikoff, S. and J.G. Henikoff. 1992. Amino acid substitution matrices from protein 
blocks. Proc Natl Acad Sci U S  A 89: 109 15- 109 19. 

Hickox, J.R., M. Bi, and D.M. Hardy. 2001. Heterogeneous processing and zona 
pellucida binding activity of pig zonadhesin. JBiol Chem 276: 41 502-4 1509. 

Hordvik, I. 1998. The impact of ancestral tetraploidy on antibody heterogeneity in 
salmonid fishes. Immunol Rev 166: 153- 157. 

Ishiguro, N.B., M. Miya, and M. Nishida. 2003. Basal euteleostean relationships: a 
mitogenomic perspective on the phylogenetic reality of the "Protacanthopterygii". 
Mol Phylogenet Evol27: 476-488. 

Ivics, Z., P.B. Hackett, R.H. Plasterk, and Z. Izsvak. 1997. Molecular reconstruction of 
Sleeping Beauty, a Tcl-like transposon from fish, and its transposition in human 
cells. Cell 91: 501-510. 

Ivics, Z., Z. Izsvak, A. Minter, and P.B. Hackett. 1996. Identification of functional 
domains and evolution of Tcl-like transposable elements. Proc Natl Acad Sci U S  
A 93: 5008-5013. 

Jansen, S., M. Ekhlasi-Hundrieser, and E. Topfer-Petersen. 2001. Sperm adhesion 
molecules: structure and function. Cells Tissues Organs 168: 82-92. 



Jelesko, J.G., R. Harper, M. Furuya, and W. Gruissem. 1999. Rare germinal unequal 
crossing-over leading to recombinant gene formation and gene duplication in 
Arabidopsis thaliana. Proc Natl Acad Sci U S  A 96: 10302- 10307. 

Jorieux, S., E. Fressinaud, J. Goudemand, C. Gaucher, D. Meyer, and C. Mazurier. 2000. 
Conformational changes in the D' domain of von Willebrand factor induced by 
CYS 25 and CYS 95 mutations lead to factor VIII binding defect and multimeric 
impairment. Blood 95: 3 139-3 145. 

Junop, M.S. and D.B. Haniford. 1997. Factors responsible for target site selection in 
TnlO transposition: a role for the DDE motif in target DNA capture. Embo J 16: 
2646-2655. 

Jurka, J. 2000. Repbase update: a database and an electronic journal of repetitive 
elements. Trends Genet 16: 4 18-420. 

Kajikawa, M. and N. Okada. 2002. LINES mobilize SINES in the eel through a shared 3' 
sequence. Cell 11 1 : 433-444. 

Kazazian, H.H., Jr. and J.V. Moran. 1998. The impact of Ll retrotransposons on the 
human genome. Nut Genet 19: 19-24. 

Kumar, S., K. Tamura, I.B. Jakobsen, and M. Nei. 2001. MEGA2: molecular 
evolutionary genetics analysis software. Bioinformatics 17: 1244- 1245. 

Lampe, D.J., M.E. Churchill, and H.M. Robertson. 1996. A purified mariner transposase 
is sufficient to mediate transposition in vitro. Embo J 15: 5470-5479. 

Larhammar, D. and C. Risinger. 1994. Molecular genetic aspects of tetraploidy in the 
common carp Cyprinus carpio. Mol Phylogenet Evol3: 59-68. 

Lea, I.A., P. Sivashanmugam, and M.G. O'Rand. 2001. Zonadhesin: characterization, 
localization, and zona pellucida binding. Biol Reprod 65: 169 1 - 1700. 

Leaver, M.J. 2001. A family of Tcl-like transposons from the genomes of fishes and 
frogs: evidence for horizontal transmission. Gene 271 : 203-2 14. 

Loginova, G.A. and S.V. Krasnoperova. 1982. An Attempt at Crossbreeding Atlantic 
Salmon and Pink Salmon (Preliminary-Report). Aquaculture 27: 329-337. 

Long, M., S.J. de Souza, and W. Gilbert. 1995. Evolution of the intron-exon structure of 
eukaryotic genes. Curr Opin Genet Dev 5: 774-778. 

Long, M., C. Rosenberg, and W. Gilbert. 1995. Intron phase correlations and the 
evolution of the introdexon structure of genes. Proc Natl Acad Sci U S  A 92: 
12495-12499. 

Luan, D.D. and T.H. Eickbush. 1996. Downstream 28s gene sequences on the RNA 
template affect the choice of primer and the accuracy of initiation by the R2 
reverse transcriptase. Mol Cell Biol16: 4726-4734. 

Marchand, P., M. Volkmann, and J.S. Bond. 1996. Cysteine mutations in the MAM 
domain result in monomeric meprin and alter stability and activity of the 
proteinase. JBiol Chem 271: 24236-24241. 

Martin, S.L., D. Branciforte, D. Keller, and D.L. Bain. 2003. Trimeric structure for an 
essential protein in L1 retrotransposition. Proc Natl Acad Sci U S  A 100: 138 15- 
13820. 

Meseguer, M., A. Pellicer, and C. Simon. 1998. MUCl and endometrial receptivity. Mol 
Hum Reprod 4: 1089- 1098. 



Moncada, D.M., S.J. Kammanadiminti, and K. Chadee. 2003. Mucin and Toll-like 
receptors in host defense against intestinal parasites. Trends Parasitol19: 305- 
311. 

Moniaux, N., F. Escande, N. Porchet, J.P. Aubert, and S.K. Batra. 2001. Structural 
organization and classification of the human mucin genes. Front Biosci 6: D 1 192- 
1206. 

Moran, J.V., R.J. DeBerardinis, and H.H. Kazazian, Jr. 1999. Exon shuffling by L1 
retrotransposition. Science 283: 1530- 1534. 

Murata, S., N. Takasaki, M. Saitoh, and N. Okada. 1993. Determination of the 
phylogenetic relationships among Pacific salmonids by using short interspersed 
elements (SINES) as temporal landmarks of evolution. Proc Natl Acad Sci U S  A 
90: 6995-6999. 

Murata, S., N. Takasaki, M. Saitoh, H. Tachida, and N. Okada. 1996. Details of 
retropositional genome dynamics that provide a rationale for a generic division: 
the distinct branching of all the pacific salmon and trout (Oncorhynchus) from the 
Atlantic salmon and trout (Salmo). Genetics 142: 915-926. 

Oakley, T.H. and R.B. Phillips. 1999. Phylogeny of salmonine fishes based on growth 
hormone introns: Atlantic (Salmo) and Pacific (Oncorhynchus) salmon are not 
sister taxa. Mol Phylogenet Evol 11 : 38 1-393. 

Ohno, S. 1970. Evolution by gene duplication. Springer-Verlag, Berlin/New York. 
Ohno, S., U. Wolf, and N.B. Atkin. 1968. Evolution from fish to mammals by gene 

duplication. Hereditas 59: 1 69- 1 87. 
Ohshima, K., M. Hamada, Y. Terai, and N. Okada. 1996. The 3' ends of tRNA-derived 

short interspersed repetitive elements are derived from the 3' ends of long 
interspersed repetitive elements. Mol Cell Biol16: 3756-3764. 

Ohta, T. 1989. Role of gene duplication in evolution. Genome 31: 304-3 10. 
Olson, G.E., V.P. Winfi-ey, M. Bi, D.M. Hardy, and S.K. NagDas. 2004. Zonadhesin 

Assembly into the Hamster Sperm Acrosomal Matrix Occurs by Distinct 
Targeting Strategies During Spermiogenesis and Maturation in the Epididymis. 
Biol Reprod. 

O'Reilly, P., L. Hamilton, S. McConnell, and J. Wright. 1996. Rapid analysis of genetic 
variation in Atlantic salmon (Salmo salar) by PCR multiplexing of dinucleotide 
and tetranucleotide microsatellites. Can. J. Fish. Aquat. Sci. 53: 2292-2298. 

Patthy, L. 1996. Exon shuffling and other ways of module exchange. Matrix Biol15: 
301 -3 10; discussion 3 1 1-302. 

Patthy, L. 1999. Genome evolution and the evolution of exon-shuffling--a review. Gene 
238: 103-1 14. 

Phillips, R. and P. Rab. 2001. Chromosome evolution in the Salmonidae (Pisces): an 
update. Biol Rev Camb Philos Soc 76: 1-25. 

Plasterk, R.H., Z. Izsvak, and Z. Ivics. 1999. Resident aliens: the Tcllmariner 
superfamily of transposable elements. Trends Genet 15: 326-332. 

Poulter, R., M. Butler, and J. Ormandy. 1999. A LINE element from the pufferfish (fugu) 
Fugu rubripes which shows similarity to the CR1 family of non-LTR 
retrotransposons. Gene 227: 169- 179. 



Radice, A.D., B. Bugaj, D.H. Fitch, and S.W. Ernmons. 1994. Widespread occurrence of 
the Tcl transposon family: Tcl -like transposons from teleost fish. Mol Gen Genet 
244: 606-612. 

Ramsden, S.D., H. Brinkmann, C.W. Hawryshyn, and J.S. Taylor. 2003. Mitogenomics 
and the sister of Salmonidae. Trends Eco Evo 18: 607-610. 

Rise, M.L., K.R. von Schalburg, G.D. Brown, M.A. Mawer, R.H. Devlin, N. Kuipers, M. 
Busby, M. Beetz-Sargent, R. Alberto, A.R. Gibbs, P. Hunt, R. Shukin, J.A. 
Zeznik, C. Nelson, S.R. Jones, D.E. Smailus, S.J. Jones, J.E. Schein, M.A. Marra, 
Y.S. Butterfield, J.M. Stott, S.H. Ng, W.S. Davidson, and B.F. Koop. 2004. 
Development and application of a salmonid EST database and cDNA microarray: 
data mining and interspecific hybridization characteristics. Genome Res 14: 478- 
490. 

Robertson, H.M. 1995. The Tcl-mariner superfamily of transposons in animals. Journal 
of Insect Physiology 41: 99- 105. 

Sadler, J.E. 1998. Biochemistry and genetics of von Willebrand factor. Annu Rev 
Biochem 67: 395-424. 

Schultz, J., F. Milpetz, P. Bork, and C.P. Ponting. 1998. SMART, a simple modular 
architecture research tool: identification of signaling domains. Proc Natl Acad Sci 
U S  A 95: 5857-5864. 

Schwartz, S., Z. Zhang, K.A. Frazer, A. Smit, C. Riemer, J. Bouck, R. Gibbs, R. 
Hardison, and W. Miller. 2000. PipMaker--a web server for aligning two genomic 
DNA sequences. Genome Res 10: 577-586. 

Sharp, P .A. 198 1. Speculations on RNA splicing. Cell 23: 643-646. 
Shedlock, A.M. and N. Okada. 2000. SINE insertions: powerful tools for molecular 

systematics. Bioessays 22: 148-160. 
Smit, A.F. 1996. The origin of interspersed repeats in the human genome. Curr Opin 

Genet Dev 6:  743-748. 
Sonnhammer, E.L. and R. Durbin. 1995. A dot-matrix program with dynamic threshold 

control suited for genomic DNA and protein sequence analysis. Gene 167: GC 1 - 
10. 

Sorkin, B.C., W.J. Gallin, G.M. Edelman, and B.A. Cunningham. 1991. Genes for two 
calcium-dependent cell adhesion molecules have similar structures and are 
arranged in tandem in the chicken genome. Proc Natl Acad Sci U S  A 88: 1 1545- 
1 1549. 

Stoppa-Lyonnet, D., P.E. Carter, T. Meo, and M. Tosi. 1990. Clusters of intragenic Alu 
repeats predispose the human Cl inhibitor locus to deleterious rearrangements. 
ProcNatlAcadSci U S A  87: 1551-1555. 

Sudhof, T.C., J.L. Goldstein, M.S. Brown, and D.W. Russell. 1985. The LDL receptor 
gene: a mosaic of exons shared with different proteins. Science 228: 8 15-822. 

Sudhof, T.C., D.W. Russell, J.L. Goldstein, M.S. Brown, R. Sanchez-Pescador, and G.I. 
Bell. 1985. Cassette of eight exons shared by genes for LDL receptor and EGF 
precursor. Science 228: 893-895. 

Swanson, W.J. and V.D. Vacquier. 2002. The rapid evolution of reproductive proteins. 
Nat Rev Genet 3: 137-144. 

Taylor, J.S., Y. Van de Peer, and A. Meyer. 200 1. Genome duplication, divergent 
resolution and speciation. Trends Genet 17: 299-301. 



Tomita, M., N. Shimizu, and D.L. Brutlag. 1996. Introns and reading frames: correlation 
between splicing sites and their codon positions. Mol Biol Evol13: 12 19- 1223. 

Uyeno, T. and G.R. Smith. 1972. Tetraploid origin of the karyotype of catostomid fishes. 
Science 175: 644-646. 

Vandepoele, K., W. De Vos, J.S. Taylor, A. Meyer, and Y. Van de Peer. 2004. Major 
events in the genome evolution of vertebrates: paranome age and size differ 
considerably between ray-finned fishes and land vertebrates. Proc Natl Acad Sci 
U S A  101: 1638-1643. 

Venkatesh, B. 2003. Evolution and diversity of fish genomes. Curr Opin Genet Dev 13: 
588-592. 

Vos, J.C., I. De Baere, and R.H. Plasterk. 1996. Transposase is the only nematode protein 
required for in vitro transposition of Tcl. Genes Dev 10: 755-761. 

Wassarman, P.M. 2002. Sperm receptors and fertilization in mammals. Mt Sinai JMed 
69: 148-155. 

Wei, W., N. Gilbert, S.L. Ooi, J.F. Lawler, E.M. Ostertag, H.H. Kazazian, J.D. Boeke, 
and J.V. Moran. 2001. Human Ll retrotransposition: cis preference versus trans 
complementation. Mol Cell Biol21: 1429- 1439. 

Wiley, E.O. and H.P. Schultze. 1984. Family Lepisosteidae (gars) as living fossils. In 
Living Fossils (eds. N .  Eldredge and S.M. Stanley), pp. 160- 165. Springer-Verlag, 
New York. 

Wilson, M.D., C. Riemer, D.W. Martindale, P. Schnupf, A.P. Boright, T.L. Cheung, 
D.M. Hardy, S. Schwartz, S.W. Scherer, L.C. Tsui, W. Miller, and B.F. Koop. 
200 1. Comparative analysis of the gene-dense ACHElTFR2 region on human 
chromosome 7q22 with the orthologous region on mouse chromosome 5. Nucleic 
Acids Res 29: 1352-1365. 

Wolfe, K.H. 2001. Yesterday's polyploids and the mystery of diploidization. Nat Rev 
Genet 2: 333-341. 

Yu, T.W. and C.I. Bargmann. 2001. Dynamic regulation of axon guidance. Nat Neurosci 
4 Suppl: 1 169- 1 176. 

Website references 

http://www.mbio.ncsu.edu/BioEdit/bioedit.htm1 BioEdit 
http://workbench.sdsc.edu/ Biology WorkBench 
http://bacpac.chori.org/highdensity.htm Children's Hospital Oakland Research Institute 
http://web.uvic.ca/cbr/grasp Genome Research on Atlantic Salmon Project 
http://ftp.genome.washington.edu/RM/RepeatMasker.html RepeatMasker 
http://taxonomy.zoology.gla.ac.uk~rod/rod.htm TreeView 
http://www.genome.washington.edu/UWGC University of Washington Genome Center 
http://www.sanger.ac.uk/Projects/D~rerio/Zv4~assemb1yinfomation.shtml Zebrafish 

assembly information 



Appendix A 

Alignment of MAM domains from the zonadhesins of puffer fish (Puffer), human, and 
zebrafish (Zebra) and the Atlantic salmon ZLG. The numbers refer to the domains as 
they occur in the proteins (Figure 1). Zebrafish Z 1 and 22 refer to the two zonadhesin 
genes in this fish. 

P u f f e r  1 1 
Puffer 2 1 
S-n 1 1 
SdLnan 2 1 
Human 1 1 
Human 2 1 
H- 3 1 
X d r a  X 1  M I  1 
Z e b r a  2 1  M 2  1 
2dra Z 2  M I  1 
X d r a  X 2  M 2  1 

110 120 130 140 1 5 0  1 6 0  
. . . . I .  . . I . . . . I . . . . I . . . . I . . . . I  . . I . . . . I . . . . I . . . . I . . . . I . . . . I .  

P u f f e r  1 61 IDSDNL 
P u f f  er 2 
Salmon 1 
SdLmon 2 
Human 1 
Human 2 
Human 3 
Z e b r a  Z l  M l  92 ITDHT 
Z e b r a  X l  M 2  90 S&MME RYTG-TPGT 
Z e b r a  X 2  M I  92 VDHTNT 
Z e b r a  X 2  M 2  90 SAMTHE 



Appendix B 
Alignment of VWD domains from the zonadhesins of puffer fish (Puffer), human, and 
zebrafish (Zebra) and the Atlantic salmon ZLG. The numbers refer to the domains as 
they occur in the proteins (Figure 1). Zebrafish Z1 and 22 refer to the two zonadhesin 
genes in this fish. The figure is continued on the next page. 
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