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ABSTRACT

EVOLUTION OF AN AQUATIC COURTSHIP PHEROMONE IN THE
GENUS TARICHA
Adam Cummings
Different loci within a multigene family often experience unique evolutionary
pressures; this phenomenon is often observed in proteins involved in reproduction.
Chemical communication using secreted proteinaceous pheromones is critical for
reproductive success in salamanders. Differential recognition of these signals can create
a reproductive barrier between lineages. In the newt genus Taricha, there is no
discernable differentiation in courtship behavior among congeners, in spite of multiple
regions of sympatry among the species. This suggests that divergence in chemical
communication may serve as a reproductive barrier. The goal of this project was to study
the diversification of one such pheromone--sodefrin precursor-like factor (SPF)--
expressed in male cloacal glands. My objective was to investigate its role in the
diversification of Taricha and test the role of conflicting selection modes in shaping that
diversification. Males of the four species of Taricha (T. granulosa (n = 4), T. torosa (n =
8), T. rivularis (n = 2), and T. sierrae (n = 7)) were collected from regions of sympatry
throughout California. Reverse transcriptase-PCR of abdominal gland extracts using
degenerate primers resulted in isolation of 63 unique sequences of SPF. Phylogenetic
analyses show that at least two SPF genomic loci (Beta-1 & Beta-2) are expressed in

Taricha, although patterns of expression vary among the species: T. granulosa and T.



sierrae exclusively express Beta-1 while T. torosa and T. rivularis exclusively express
Beta-2, except in a known hybridization zone between T. torosa and T. sierrae in the
Kaweah River drainage within Kern Co., California. Here, both species present express
both loci, presumably due to introgression. Beta-1 and Beta-2 SPF exhibit different
patterns of protein evolution: Beta-1 showed evidence of gradual allopatric divergence
with relatively few codons experiencing Darwinian selection while Beta-2 transcripts in
the known hybridization zone are radically altered via alternate splicing patterns.
Splicing patterns and highly concentrated codons under positive selection indicate that a
key functional region for SPF binding may be in the second three-finger protein domain.
The results provide insights into multi-locus signals in salamanders, specifically and the

evolutionary mechanisms that shape courtship pheromones more generally.
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INTRODUCTION

A Newt’s View

Slowly circling, he waits. He regularly samples the water for new odors as he marches
around the perimeter of the communal cow pond. Aside from the occasional ascent to the
surface to gulp air, he remains at the bottom, walking weightlessly, as if exploring a
lunar landscape. The less motivated in the bunch float carelessly at the surface, exposing
their dark dorsums to soak up every bit of light available. They are keyed in to the
stillness above and below the surface, primed for sudden bursts of activity if the need
arises. Prodigious toxicity has nearly freed them from the threat of predation, but they
must remain somewhat wary of the pond’s resident garter snake; it has evolved immunity
to the neurotoxins on the newts’ skin. Our little bounding newt is not so passive about
pursuing his goal. He is striving to complete the cycle that started several years earlier
in this very pond: to pass his genes to the next generation, to reproduce. And his best
chances of making it happen are to remain vigilant. As a female arrives at the pond, the
closest males detect and swim toward her familiar odor, giving them a distinct
advantage: they find themselves at the center of the mating ball. All of the males in the
pond, hundreds of them, react simultaneously to her arrival. The competing males in this
writhing mass are all jockeying for a position that has room for only a single winner. As
the ball slowly disperses, we find that our plucky hero has won. He initiated amplexus

with the female by climbing onto her back and grasping her with his disproportionately



large forelimbs. He must hold on, perhaps for many hours, in order to persuade her to
take his spermatophore. Only then will he have succeeded. Yet, after several hours, the
female is showing no interest in reproducing. She shakes free of his grasp in order to find
a different mate. He is left to continue his circular march, completely unaware of the
reason for her rejection: chemical mismatch has occurred. To her, it was as if he spoke a
different language; she couldn’t recognize the molecules with which he attempted to

charm her.



Study Rationale

The elaborate courtship rituals associated with salamander reproduction have
been observed and described for over a century, but the role of chemical communication
in these dances remained enigmatic until advances in the last 20 years. Modern laboratory
techniques have made it possible to identify the specific chemical composition of
courtship pheromone molecules, and this characterization has now been completed for
representatives of evolutionarily diverse groups of salamanders (Kikuyama et al., 1995;
Houck et al., 2008). Additionally, genes that encode protein pheromones have been
identified, and research attempting to elucidate the evolutionary histories of these
signaling molecules is ongoing.

Recent discoveries regarding the biochemical structure of protein pheromones in
European newts (e.g., Bocxlaer et al., 2015) have opened up the research possibilities for
this type of research in North American salamandrids. In particular, North American
newts in the genus Taricha provide an excellent system in which to explore the evolution
of sex pheromones. There are only four species, representing genetically distinct and yet
morphologically and behaviorally similar lineages, within Taricha. These four species
have broad ranges with multiple points of sympatry. It is not uncommon to find
interspecific pairs in amplexus in the wild, but truly hybrid animals are rare (Twitty,
1964). There is no obvious prezygotic barrier to reproduction between species, and in fact
hybridization in the lab produces viable offspring in all reciprocal crosses (Twitty, 1936).

Additionally, Taricha primarily utilize tactile and chemical communication during



courtship, in contrast with European newts that have highly exaggerated sexually
dimorphic traits used in mate signaling (Secondi et al., 2010). In other salamander
systems, lineage diversification of chemical signals has historically been concealed by
stabilizing selection on morphology and behavior (Watts et al., 2004). Since courtship
behavior is also very similar across Taricha species, | hypothesize that chemical signals
have diversified and are acting as a unimodal prezygotic barrier to interspecific

reproduction. in this group as well.

Phylogeographic Context

The salamanders in the family Salamandridae are among the most studied
amphibians, in part because of their ubiquity in North America, Europe, and Asia.
Salamandridae comprises two main groups: 1) the “true” salamanders, and 2) the newts
(Weisrock et al., 2006; Zhang et al., 2008). Newts can be further divided into three
monophyletic regional groups: North American, European, and Asian, plus the more
dispersed “primitive” newts (Figure 1).

The North American salamandrids comprise two genera: Notophthalmus in the
east and Taricha along the west coast. This is an ancient group: North American
salamandrids’ most recent common ancestor with other salamandrids is thought to have
lived in Europe 43-69 mya (Zhang et al., 2008). A vicariance event led to the split
between Taricha and Notophthalmus and they remain completely allopatric. This
divergence occurred at least 23 mya, since a well-differentiated Taricha oligocenica is

known from the Oligocene (Naylor, 1979). Notophthalmus contains three species, while



Taricha contains four recognized species: T. granulosa, T. rivularis, T. torosa and T.
sierrae (Petranka, 1998; Figure 2).

Taricha granulosa possesses the most plesiomorphic traits of the four species,
including features of osteology, larval coloration and egg laying pattern (Riemer, 1958;
Twitty, 1942), but molecular data support T. rivularis as being the most basal species in
the genus. All three main Taricha clades (granulosa, rivularis, and torosa-sierrae)
diverged from one another in the middle Miocene (Kuchta and Tan, 2006b; Tan and
Wake, 1995; Weisrock et al., 2006; Zhang et al., 2008).

Taricha granulosa has the largest range of the four species, extending coastally
from central California to Alaska, while the other three are California endemics (Figure
3). All the populations of T. granulosa outside California are the result of a range
expansion in the last 10,000 years, following the retreating ice sheets (Kuchta and Tan,
2005). In contrast, T. rivularis has the most limited range of the three endemics, being
found primarily in the Coast Range in four counties in northern California; it also has
extremely limited genetic structure (Kuchta and Tan, 2006a). A puzzling, disjunct yet
genetically undifferentiated population of T. rivularis was recently described in Santa
Clara County, expanding its range 130 km south (Reilly et al., 2014). Sister species T.
torosa and T. sierrae occupy the Coast Range and Sierran ranges, respectively, with the
notable exception of the disjunct T. torosa population in the southern Sierra Nevada
(Kuchta, 2007).

Twitty (1942) separated T. torosa and T. sierrae into different species based on

egg morphology, egg laying habits, tail morphology, larval coloration and other traits, but



they were reclassified as subspecies of T. torosa by Stebbins (1951). This was
understandable because the surprising discovery of a Sierran population of T. torosa did
not occur until 1995 (Tan and Wake, 1995). The first geographically broad comparison
of morphology and coloration pooled the disjunct Sierran T. torosa population with the
southern T. sierrae population for analysis (Riemer, 1958). This exaggerated the
phenotypic overlap of the two populations and therefore overstated support for the
subspecies relationship. Recent molecular work (Kuchta, 2007) supports the original
taxonomy proposed by Twitty, and | follow it here.

In the biogeographic scenario proposed for T. torosa and T. sierrae (Kuchta and
Tan, 2006b), their common ancestor spread south along the Sierra Nevada, ultimately
reaching San Diego County. A vicariance event between 7-13 million years ago then
separated the coastal and montane populations, isolating the torosa and sierrae lineages
(Kuchta and Tan, 2006b; Tan and Wake, 1995). In the subsequent years, T. torosa
expanded its range north along the coast up to southern Mendocino County, establishing
its modern range. Approximately 1.4-1.7 million years ago, T. torosa expanded its range
into the southern Sierra Nevada to establish the disjunct population that is parapatric with
T. sierrae (Kuchta and Tan, 2006b).

Currently, a remarkably small secondary contact zone between these two species
exists in the Kaweah River drainage on the western edge of Sequoia National Park in
Kern County, California. Taricha torosa south of the Main Fork and T. sierrae north of
the Main Fork (Kuchta, 2007). This hybridization zone marks an abrupt clinal jump in

molecular and morphological characters. Allozyme and mtDNA introgression is



confined to a 10 km wide region, and phenotypic traits of each lineage remain almost
completely distinct through the whole region. The narrow width of this introgression
zone relative to the dispersal abilities of Taricha suggests there is some selection against
hybrids (Kuchta, 2007).

The phylogeographic history of Taricha suggests that lineage diversification is the
result of allopatric divergence punctuated by repeated secondary contacts. During these
secondary contacts, lineages remained distinct. This limited gene flow is potentially due
to a prezygotic barrier to hybridization resulting from intraspecific mate selection during
reproduction. An example of this has been demonstrated in Australian green-eyed tree-
frogs (Litoria genimaculata) in which a narrow secondary contact zone is maintained by

reproductive character displacement of mating call patterns (Hoskin et al., 2005).

Reproduction in Taricha

Mating Behavior

Newts are noted for a life history in which adults return to water for extended
periods, often feeding there as well as mating. All four species of Taricha have a
biphasic life history with reproduction occurring in aquatic environments; however, the
degree to which each species adapts to aquatic life varies significantly (Davis and Twitty,
1964). Among the four species, T. granulosa devotes the most time to the aquatic,
breeding stage, with males spending November through July in the water and females
spending several months in the water during the breeding season. The breeding seasons

of T. sierrae and T. torosa are shorter, generally lasting from December to February — or



later depending on snow melt (Miller and Robbins, 1954). The least aquatic of the four,
T. rivularis, is usually found in moderately fast moving water and only remains long
enough to mate and lay eggs (1-2 months) (Riemer, 1958). Aquatic invertebrates have
been found in the stomachs of T. granulosa and T. torosa, but not in T. rivularis,
suggesting that the latter does not feed under water (Packer, 1961).

In all four species, the males arrive to the breeding site first and courtship begins
when a female enters the site. Competition among males for the female can be visually
dramatic, with many males competing for a single female. Eventually one male wins out
and the writhing ball of males disperses, leaving a male-female pair in amplexus. During
amplexus, the male Taricha clasps onto the dorsal side of the female posterior to the
shoulder region, using both forelimbs and hindlimbs. This position can be maintained for
many hours, during which the male contracts his hindlimb muscles repeatedly, squeezing
the female against his cloacal lips, while pressing and rubbing his submandibular region
against the female’s rostrum (Arnold, 1972; Propper, 1991; Smith, 1941).

Eventually, the female indicates that she is receptive to the uptake of the
spermatophore by lifting her head up, pressing her external nares against the male’s chin.
At this point, the female is released from amplexus and the male newt swims over her
shoulder slowly and in an arc, orienting perpendicular to the female as if to block her
path forward. If she approaches and nudges his cloaca with her snout he will deposit his
spermatophore on the substrate, and she will then pick it up with her cloaca to complete
insemination. On the other hand, if she does not approach his cloaca or swims away he

will attempt to reinitiate amplexus (Arnold, 1977; Davis and Twitty, 1964; Propper,



1991). These specific courtship behaviors vary little among species of Taricha, so they
are unlikely to act as a prezygotic barrier to hybridization (Davis and Twitty, 1964).
Amplexus, in which one animal grasps and holds a mate for an extended period, is
a common reproductive behavior in amphibians. Ventral amplexus is likely the primitive
behavioral pattern in salamandrid courtship, though there is considerable variation in this
behavior across the family (e.g., dorsal amplexus in Taricha, facultative use in
Notophthalmus, prehensile tail grasping in Euproctus) (Houck and Arnold, 2003).
Several genera have replaced amplexus behaviors entirely with tail fanning behaviors, in
which the male wafts water near his cloaca toward the female (e.g., Cynops and
Lissotriton). The current phylogeny (Figure 1) does not suggest a clear trend away from
amplexus; instead, diverse evolutionary pressures toward improving sperm transfer
probabilities have modified or eliminated mate capture behaviors across a number of
lineages (Arnold, 1972, 1977). Amplexus functions in several critical roles within the
lineages that have retained it (Halliday, 1990). For example, the ventral amplexus
position used by several genera reduces the distance between the male’s and female’s
cloaca at the time of spermatophore deposition, which may facilitate sperm transfer
(Arnold, 1987). Competition for mates and reproductive interference has likely shaped
amplexus position and behaviors in Taricha, especially since the operational sex ratio is
typically male biased, leading to competition between multiple males during mating
attempts (Propper, 1991). Males with longer and taller tails both achieve amplexus within
a mating ball and attempt to disrupt an established amplectant pair more frequently than

males with smaller tail morphology (Janzen and Brodie, 1989). The evolution of these
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morphological traits is driven by sexual selection, and the increase in relative
reproductive fitness may be the result of improved defense against sexual interference by
competitors during amplexus (Jones et al., 2002). Behaviors that reduce sexual
interference would be under similar selective pressures.

The evolution of amplexus behaviors has also clearly been shaped to facilitate the
transfer of sex pheromones to the female. During amplexus, Taricha are positioned to
allow for contact between the male’s submandibular region and the female’s nares, and
the male is also repeatedly pressing his cloaca against the female, perhaps in an attempt
to disperse cloacal pheromones. In Notophthalmus, the male is positioned more
anteriorly, allowing for the genial glands to contact the female’s nares (Houck and
Arnold, 2003). The genial glands in Notophthalmus express SPF, so this similarity in
behaviors suggests SPF may be expressed by submandibular glands in Taricha, although
this has not been shown (Janssenswillen et al., 2015; von Reis, 2007). In genera that
have reduced or eliminated amplexus, tail fanning or wafting has replaced the direct
application of pheromones.

Chemical communication

Chemical communication with sex pheromones is ancient, diverse, and
widespread in caudates (for review, see Houck, 2009; Woodley, 2010, 2014). During
reproduction in salamandrids, chemical communication functions in a number of ways,
including: enhancing mate recognition/discovery (Toyoda et al., 1994; Twitty, 1955),

repelling competition (Park and Propper, 2001, 2002), facilitating mate choice
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(Osikowski, 2012), and synchronizing reproductive behaviors such as the transfer of
sperm from males to females (Halliday, 1990).

In salamanders, internal fertilization is almost universal, yet copulation where
sperm is directly transferred to the female is quite rare and an intromittent organ has not
evolved (Kuhnel et al., 2010). This is compensated for by complex courtship behaviors
that help to coordinate the transfer of sperm, via a spermatophore, from the male to the
substrate and then to the female. In the past 20 years, sex pheromones have been shown
to play a major role in these courtship dances. In Taricha, one chemical responsible for
coordination of behaviors necessary for successful fertilization is likely the pheromone
sodefrin precursor-like factor (SPF).

Sodefrin Precursor-like Factor

Sodefrin, the first chemically-identified pheromone in amphibians, was isolated
and characterized from Asian firebelly newts, Cynops pyrrhogaster (Kikuyama et al.,
1995). Sodefrin is a decapeptide secreted by males that functions as an aquatic, female-
attracting pheromone. It is produced in the abdominal® gland and is released through the
cloaca during courtship. Male Cynops fan their tail toward the female during courtship,
exposing the female to the compound. An orthologous peptide, silefrin, has been
identified in the sister species, C. ensicauda (Yamamoto et al., 2000). These peptides are

species-specific in amino acid sequence and attraction. A regional variant of sodefrin is

! The name “abdominal gland” for the pheromone-producing gland in salamanders’ cloacae is a historic
malapropism that is now firmly established among pheromone scientists. Morphologists prefer the term
dorsal gland since salamanders lack a true abdomen and the abdominal gland secretes into the posterior
side of the cloacal cavity (Sever, 1991; Sever et al., 1990).
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produced by C. pyrrhogaster in the Nara region of Japan. This variant, termed [Val8]
sodefrin, contains only a single amino acid change. Interestingly, [Val8] sodefrin is able
to attract female C. pyrrhogaster from the Nara region but not those from other regions
(Iwata et al., 2005).

These decapeptides are cleaved from a 189 amino acid precursor protein, termed
preprosodefrin (Nakada et al., 2007a). Preprosodefrin goes through at least two enzyme-
catalyzed post-translational cleavages prior to becoming a biologically active pheromone
(Nakada et al., 2007b). The evolutionary background became clear when it was
discovered that a protein homologous to preprosodefrin, termed sodefrin precursor-like
factor (SPF), is expressed by male plethodontids and acts as a sex pheromone (Houck et
al., 2008). It is now clear that cleavage of the precursor protein to produce the bioactive
peptide is a derived state of Cynops and the roughly 200 amino acid precursor, SPF, is the
typical active form in both plethodontids and salamandrids (Janssenswillen et al., 2014).
A 62 nucleotide insertion in an SPF gene caused a frame shift mutation in the C-terminus,
forming preprosodefrin (Osikowski et al., 2008). Sodefrin is ultimately cleaved from this
region, and since there is no sequence homology to SPF (due to the frame shift mutation)
sodefrin may have evolved female-attracting properties independently of the activity of
SPF (Janssenswillen et al., 2014).

Molecular clock estimates of divergence suggest SPF has remained important in
reproduction for at least 150 and potentially up to 300 million years in caudates (Bocxlaer
et al., 2015). At the very least, its use during courtship has been demonstrated in both

salamandrids and plethodontids, families that diverged from one another approximately
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90 mya (Bocxlaer et al., 2015; Houck et al., 2008; Weisrock et al., 2005). Previous work
has shown that T. granulosa expresses up to five variants of SPF in the abdominal gland,;
this is a lower diversity than found in some other taxa (Janssenswillen et al., 2014).

The first 20 amino acids or so of SPF are a conserved secretory signal peptide
region (Kiemnec-Tyburczy et al., 2009; Palmer et al., 2007). This is followed by two
three-finger protein domains. Three-finger proteins (TFP) are a superfamily of proteins
with highly conserved cysteine residues that form a conserved disulfide bonding pattern.
In Taricha SPF, the first domain contains ten cysteines and the second contains eight
cysteines. The tertiary disulfide bonding pattern of SPF in plethodontids does not match
the typical TFP pattern (Leichty, 2012).

The role of SPF in successful reproduction in salamandrids is hinted at by the fact
that the genus Euproctus appears not to express any SPF genes (Janssenswillen et al.,
2014). Euproctus courtship behaviors and sperm transfer are unique: the spermatophore
is transferred directly from the male’s cloaca to the female’s without being deposited on
the substrate first (Arnold, 1972). This behavior precludes the need for the typical
cloaca-following behavior and may explain the lack of SPF expression.

Pheromone expressing glands

The salamander cloacal region is home to a great diversity of glands, which have
been extensively studied by Sever (1991, 1992; Sever et al., 1990). In male
salamandrids, the cloaca comprises four glands: the abdominal gland, responsible for
pheromone secretion, and three glands (the anterior ventral gland, posterior ventral gland

and the pelvic gland) that are responsible for the production of the spermatophore (Sever,
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1981, 1992). In Taricha, the final stage of courtship after amplexus involves the female
first nudging the male’s cloaca and then following with her nares near his cloaca as he
leads her over the spermatophore. This behavior of attraction to the cloaca by the female
is likely due to abdominal gland secretions (Smith, 1941).

Elevated testosterone and prolactin during the breeding season cause the
abdominal gland to hypertrophy in salamandrid males (Kikuyama et al., 1975).
Abdominal glands typically extend dorsally and anteriorly to the cloaca, but are less
developed in Taricha than in other salamandrids and they do not extend anteriorly (Sever,
1991, 1992). Abdominal gland secretions are under neurotransmitter control and are
released into the posterior wall of the cloacal cavity (Pool et al., 1977; Sever et al., 1990).

In addition to cloacal glands, submandibular glands are involved in courtship in
Taricha (Smith, 1941). These glands were first described in 1941 but remained
enigmatic for seventy years (Hippe et al., 2014). They are positioned similarly to the
mental glands of plethodontids, but apparently evolved independently in Taricha (Sever
and Staub, 2011). The role of submandibular glands in Taricha courtship is only known
through behavioral observations in which the male repeatedly rubs his submandibular
region across the female’s external nares. The product of the gland is not known but it
stains positively with periodic-acid Schiff stain, as does SPF. The behavior of directly
transferring pheromones to the female’s olfactory system is not unique to Taricha within
salamandrids. As noted above, Notophthalmus has evolved genial or cheek glands that
also express SPF and are rubbed across the female’s snout during amplexus (Pool and

Dent, 1977; von Reis, 2007). Interestingly, males of the primitive newt, Pleurodeles
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waltl, drag their cloaca across the female’s snout during courtship (Halliday, 1990). This

might be an evolutionary precursor to the behaviors seen in Taricha and Notophthalmus.

Evolutionary Patterns in Chemical Communication

In contrast with auditory or visual communication where receptors are broadly
tuned, slight variation in chemical communication systems can lead to a signal
incompatibility with receptor cells and a complete failure of the message. The result of
these functional constraints in signal-receptor binding is generally slow, conservative
evolution in chemical communication systems (Symonds and Elgar, 2008).
Proteinaceous pheromones can be partially freed from this limitation through gene
duplication that can allow for signal variation at one locus without disrupting the
functional signal (Zhang, 2003). Evolution of the system then occurs not just by
mutations in individual components but also by adjusting the relative expression of each
component in the composite signal (Kiemnec-Tyburczy et al., 2009; Wilburn et al.,
2015).

This mode of conservative signal evolution under strong functional constraints
may then be disrupted by saltational changes in the signal. Two major examples of this
in caudates include the transition from dermally-received pheromones to olfactory-
received pheromones in plethodontids, and the evolution of the decapeptide sodefrin by
cleavage of full-length SPF (Iwata et al., 2004; Watts et al., 2004). At least one SPF gene
in Cynops has two deletions and a 62 nucleotide insert leading to a frame shift mutation

in the second TFP domain and an early stop codon. This removes six of the eight
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cysteines in the second domain and likely has a significant impact on conformation of the
protein. Since multiple genes contribute to the chemical signal, what would have been a
highly maladaptive mutation apparently survived in the population until females evolved

detection and response behaviors.

Research Goals

In this study, my primary goal was to elucidate the evolutionary history of SPF
within the lineages of Taricha, using cDNA reverse-transcribed from abdominal gland
extracts sampled from all four species. Additionally, I hoped to use nucleotide
alignments of SPF from other taxa help to reveal the evolutionary history of SPF in a
more ancient context. Finally, | wanted to use codon-based tests for selection to
determine if positive and negative Darwinian selection has influenced the diversification
of SPF within Taricha.

The rapid, lineage-specific evolution of proteins involved in reproduction is a
recognized phenomenon, both generally and within salamanders in particular (Palmer et
al., 2005; Swanson and Vacquier, 2002). SPF recognition by females is likely to be
important in fertilization success; consequently, positive sexual selection may drive the
diversification of SPF in situations where hybrids have reduced fitness. The hybrid zone
between T. sierrae and T. torosa provides a unique opportunity to study the evolution of
a pheromone in the context of an atypical hybridization zone that is only a few dozen
kilometers wide, suggesting selection against hybrids or hybridization (Kuchta, 2007). In

situations where hybrid offspring incur a fitness cost, individuals able to differentiate the
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lineage of potential mates would have higher fitness; chemical cues can provide a
mechanism for this recognition (Ortiz-Barrientos et al., 2004; Servedio and Noor, 2003).
This fitness differential could lead to detectable positive selection in the SPF gene. For
this reason, | collected animals from the hybrid zone, and from other regions of sympatry,
for analysis.

In contrast to positive selection, receptor-ligand specificity should limit evolution
such that negative or purifying selection may be evident across much of the pheromone
molecule as well. In other words, the region of the signaling protein that interacts with
the receptor is likely confined within a molecular space that effectively binds the
receptor, but can rapidly evolve within that space (Watts et al., 2004). Lineage
diversification of the signal can show a cyclical pattern of evolution in which particular
residues are repeatedly swapped at certain sites important in signal recognition (Palmer et
al., 2005). Detection of selection can allow inferences about the regions important in
ligand binding. Thus, through this study, | hoped to not only trace the paths of SPF
diversification but also test the role of conflicting modes of selection in the

diversification of the SPF signal in Taricha.
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MATERIALS AND METHODS

Animal and Tissue Collection

Site selection

Animals were typically collected from regions of known sympatry among species
(Figure 3). Site A was comprises two coastal localities from which T. granulosa, T.
torosa, and T. rivularis were collected. The two localities, Orrs Creek and Mills Creek,
are tributaries of the Russian River (Mendocino Co.; Table 1). They are approximately
10 km apart and separated by a highly disturbed urban environment. Site B is much more
dispersed, consisting of two sites 168 km apart. Taricha granulosa were collected from
mine tailing ponds on the southern slope of Hayfork Bally (Trinity Co.) and T. sierrae
were collected from Little Butte Creek in the town of Magalia (Butte Co.). Site C (Kern
Co.) is of particular interest because it is the only documented, on-going hybridization
event in Taricha. The Main Fork of the Kaweah River demarks the center of the
hybridization zone, with tributaries to the south consisting mainly or exclusively of T.
torosa while tributaries to the north consists predominantly of T. sierrae (Kuchta, 2007).
These two species were collected from three tributaries of the Kaweah River: North Fork
Kaweah River, Salt Creek, and South Fork Kaweah River. These localities correspond
roughly to populations 5, 16 and 17, respectively, from Kuchta’s (2007) survey of the

hybridization zone.
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Identification of adult Taricha to the species level is generally unambiguous, with
a number of diagnostic characters including: skin and iris color, cloaca shape, tail
morphology, and head shape (Petranka, 1998). This is true even in the documented
introgression zone between T. torosa and T. sierrae in the Kaweah River drainage, with
head coloration being more effective at diagnosing the genetic lineage than head shape
(Kuchta, 2007). Only one individual collected from Salt Creek (Site C) had an
intermediate phenotype that made identification difficult; it was closer to T. sierrae and
was treated as such for analysis, despite being collected from a pool that contained other
individuals identifiable as T. torosa.

Animal capture

Animals were captured and handled under California Scientific Collection Permit
number SC-12055 and HSU Institutional Animal Care and Use Committee protocol
numbers 12/13.B32-A and 13/14.B.61-A. Males of all four Taricha species in breeding
condition were collected from breeding ponds or streams across California between
January and March 2014. Breeding condition was assessed using a number of traits
including presence in aquatic environment, evident nuptial pads, and a hypertrophied
cloaca.

Shortly after removal from the breeding ponds, animals were anesthetized by
submerging them in 1:2000 MS-222 (made with 40% Holtfreter solution and adjusted to
pH 7.2) until loss of righting reflex. Each animal was then decapitated and double pithed.
Sex was confirmed by presence of testes and then the entire cloaca was dissected out. In

Taricha, the abdominal gland is less developed than in other salamandrids and does not
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extend into the abdominal cavity as in other related species (Sever, 1992). It is confined
to the dorsal surface of the cloacal glands and can be differentiated by the appearance of
many small tubules. At the time of dissection, a piece of the abdominal gland was
separated from the cloaca and then both the abdominal gland piece and remaining cloaca
were placed in a 1.5 ml Eppendorf tube with RNAlater (Life Technologies) and stored at
4°C. Upon return to the laboratory (which occurred within 24 hours) the samples were

stored in a -20°C freezer until RNA extraction was performed.

Molecular Isolation of SPF Sequences

First, 15-30 mg of abdominal gland was removed from the RNAlater and
homogenized in 1.5 ml Eppendorf tubes. This homogenate was used as the source
material for RNA extraction using the “Mammal Tissue” protocol outlined in the
GeneJET RNA extraction kit instructions (Thermo Scientific). First strand cDNA
synthesis was carried out on this RNA using the Verso cDNA synthesis kit (Thermo
Scientific). The synthesized cDNA was used as a template for PCR to amplify SPF
transcripts using 1 pl of 10mM degenerate primers developed by M. von Reis (2007;
forward: 5’-TYC TTA CTC TMY TAG CAC CAT GAG-3’, reverse: 5’-TCC TCS TCA
CAA GAY CAG AC-3’) and EconoTaq DNA Polymerase (Lucigen). The cycling
temperatures used for the PCR reaction were (94°C/5min; [94°C/45sec, 50°C/45sec,
72°Cl45sec] x 30; 72°C/7min). Amplification products were separated using 2 percent
agarose gel electrophoresis and visualized using ethidium bromide. When reactions

produced products in the 300-800 bp range, the unfractionated reaction was cloned using
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the pGEM-T Easy vector system (Promega) following the manufacturer’s protocol with
JM109 competent cells. White colonies were screened using M13 vector primers and
those clones containing 300-800 bp inserts were sent off for sequencing in both forward
and reverse directions (Sequetech, Mountain View, CA). Sequences that returned a
positive NCBI Blast result for SPF were screened as described in following sections.

Approximately one third of the samples failed to produce amplified SPF, despite
being collected concurrently with successful samples and repeated attempts at RNA
extraction and reverse-transcription. The reason for this is unclear; it could be due to

either pheromone low expression or RNA degradation.

Molecular Phylogenetic Analysis

The generated sequences were trimmed down to the SPF open reading frame and
then aligned in CodonCode Aligner (CodonCode Corporation, www.codoncode.com).
Unique sequences with nonsense mutations leading to significantly shorter or longer open
reading frames (ORF) were excluded from further analysis, while length variants that
were validated by multiple sequences were retained for analysis. The first 19-21 amino
acids of SPF are a secretory signaling region (Janssenswillen et al., 2014). The length of
the signal peptide region was determined using SignalP 4.0 (Petersen et al., 2011) and
removed prior to further analysis. Nucleotide sequences were aligned with the codon-
based Muscle algorithm implemented in Mega 6.0 (Tamura et al., 2013) using default
parameters, and then the alignments were corrected by hand to maximize amino acid

similarity.
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Pairwise sequence dissimilarity at the nucleotide level was calculated in MEGA
6.0 (Tamura et al., 2013) using the Kimura 2-parameter model, and at the amino acid
level using a Poisson model with uniform site substitution rates. Both methods ignore
gaps, so a variable number of sites were analyzed depending on the sequences used.
Distinct clades were compared by calculating between-group pairwise sequence
dissimilarities as well.

Phylogenetic trees were generated using Maximum Likelihood (ML) methods in
MEGA 6.0 and tree topology was validated using Bayesian inference support calculations
implemented in BEAST 1.8.1 (Drummond and Rambaut, 2007; Tamura et al., 2013). For
ML trees, bootstrap support (500 replicates) was calculated with the WAG + |
substitution model. Bayesian inference tree sampling was performed using four Monte
Carlo Markov chains that were run simultaneously for 10,000,000 generations with a
2,000,000 generation burn-in. Trees sampled every 1000 generations were used to
generate the consensus tree using TreeAnnotator and then visualized in FigTree v1.4.2
(Rambaut, 2009).

In addition to the Taricha sequences generated in the present study, other SPF
sequences were downloaded from Genbank to broaden the phylogenetic analysis. All
Lissotriton sequences from Genbank with a query coverage greater than 75% for Beta

SPF from Taricha were downloaded for phylogenetic analysis (n = 45)%. Additionally,

2 NCBI GenBank Accession No.: EU526840.1-47.1, KJ402326.1-27.1, KJ402330.1-31.1, KJ402333.1-
35.1, KJ402337.1-38.1, KJ402340.1, KJ402343.1-46.1, KJ402348.1, KJ402351.1, KJ402354.1,
KJ402357.1, KM463823.1-24.1, KM463827.1, KM463829.1-34.1, KM463836.1, KM463844.1,
KM463848.1-49.1, KM463850.1, KM463855.1, KM463859.1, KM463861.1-62.1, KM463864.1
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five SPF sequences from Taricha were downloaded from Genbank (accession no.:

KM463917-KM463921) and one unpublished sequence from von Reis (2007) was used.

Molecular Evolution

Tests of recombination

Recombination at the genomic or transcript level leads to hybrid sequences that
show sequence homology to different clades at different positions in the sequence. This
can lead to poorly supported phylogenies as well as misleading selection analyses
(Anisimova et al., 2003). To test for recombination, Genetic Algorithm for
Recombination Detection (GARD) was applied to the full sequence alignment using the
HKY85 substitution model and default variation and class settings as implemented on the
DataMonkey web server (Pond et al., 2006).

Codon-level selection

To test whether selection has influenced SPF in Taricha, a variety of codon-based
tests for selection were applied to 63 unique SPF encoding cDNA sequences using
programs that were part of the online HyPhy software package (Pond and Frost, 2005a).
According to an Akaike information criterion based model selection test, the HKY85
substitution model best matched the data and was therefore used as the model of
nucleotide evolution for all tests. A total of five tests were run (SLAC, FEL, REL,
MEME, FUBAR) and the level of significance for each test was set to detect evidence of
strong selection (p < 0.1 for SLAC, FEL, MEME; Bayes Factor > 50 for REL; Posterior

Probability > 0.9 for FUBAR). See Appendix A for a discussion of the individual tests.
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In addition to tests on the entire data set using the above methods, the sequences
were divided into two highly supported clades, “Betal” (n = 31) and “Beta2” (h = 32) to
test each clade for selection independently. These lineages likely represent different loci
(see discussion) and therefore | wanted to test if they were experiencing different
selective pressures.

Branch-level selection

Tests for positive selection at both the protein and codon levels generally have to
overcome the strong, consistent purifying selection. Positive selection in a single lineage
may be masked by the purifying selection occurring at other locations within the
phylogeny. The Branch Site REL method implemented in HyPhy allows lineages
undergoing episodic diversifying selection to be identified without a priori assumptions
of which lineages are experiencing selection (Pond et al., 2011). This test was applied to

the entire data set as well as to clades Beta-1 and Beta-2 individually.
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RESULTS

Phylogenetic History

Using reverse transcriptase-polymerase chain reaction (RT-PCR) to characterize
the expression of SPF in areas of possible and known hybridization among the four
species of Taricha, a total of 63 unique coding sequences were recovered from the three
geographical regions sampled (Table 1). Five unique length variants of SPF were
recovered from multiple individuals. Ten additional variable-length sequences (mostly
due to nonsense mutations leading to early stop codons) were recovered from single
clones, but were removed from further analysis (Table 2). The 63sequences cluster in two
distinct clades (Figure 4A), which I call Beta-1 and Beta-2 based on previous
terminology used to describe an early duplication event of SPF in salamanders
(Janssenswillen et al., 2014). No Alpha SPF sequences (Janssenswillen et al., 2014) were
found in my survey due to the primers | used.

To compare relative diversity within clades and distances between clades, the
mean pairwise dissimilarity and standard errors were calculated for both nucleotides and
amino acids. The mean pairwise dissimilarity between full-length Beta-1 and Beta-2 was
25.7% (£3.1%)for nucleotides and 43.3% (+6.9%) for amino acids. Beta-1 had a within-
group pairwise dissimilarity of 6.6% (£0.9%) and 14.3% (£2.5%) for nucleotides and
amino acids, respectively. Much of the diversity observed within Beta-1 is the result of

four distinct, low-diversity clades, which are compared individually in Table 3.
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Beta-2 sequences were considerably less differentiated than Beta-1 sequences.
Within Beta-2, the mean pairwise dissimilarity was 0.8% (+0.2%) and 1.9% (+0.5%)
percent for nucleotides and amino acids, respectively, across all sequences expressed in
T. torosa, T. rivularis and T. sierrae in sites A and C. There was no geographic or
species level phylogenetic structure (Figure 4) and no single-nucleotide mutations that
were private to a region or species. Although Beta-2’s primary amino acid sequence
showed limited diversity, multiple geographically distinct length isomers were recovered.

Splice variation

Beta-1 sequences had two length variants (600 and 603 base pairs, variants 1 and
2, respectively; Table 2). Beta-2 had at least three common length variants (606, 333,
and 450 base pairs, variants 3-5 respectively). Length variants 3-5 showed limited
divergence from one another. The sequence dissimilarity between variants 1 and 2 were
the result of the two length variants being spread evenly across clades Beta-1a and Beta-
1b. Taricha torosa was the only species that expressed all five common length variants
(Figure 5).

Species-specific Beta-form expression

Taricha granulosa was found to only express Beta-1 sequences. Taricha sierrae
predominantly expressed Beta-1 but also expressed Beta-2 in the Sierran hybridization
zone. Conversely, T. torosa predominantly expressed Beta-2 and only expressed Beta-1
in the same hybridization zone. Taricha rivularis was found to only express Beta-2

(Figure 6). Full length Beta-2 (length variant 3) sequences were found exclusively in
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coastal populations, while the two most common splice variants of Beta-2 (length
variants 4 and 5) were found exclusively in the southern Sierra Nevada population.

Expression of the length variants 1 and 2 did not have a geographic trend.

Selection Analysis

Evidence of selection

No evidence of recombination was found in SPF using GARD. This allowed the
basic neighbor joining tree calculated with HyPhy to be used in selection analysis.

Three data sets were analyzed using five different tests in HyPhy to test for
positive and negative Darwinian selection on SPF in Taricha (Pond and Frost, 2005a).
The sequence alignment that included all unique coding sequences (n = 63) was found to
have undergone positive, diversifying selection at 13 codons and negative purifying
selection at 13 codons (Table 5). Since the phylogenetic evidence highly supported Beta-
1 and Beta-2 being paralogs (see discussion), each lineage was also aligned
independently and analyzed using the same tests. This second analysis revealed that
Beta-1 had 15 codons under positive selection and 9 codons under negative selection
while Beta-2 had 1 codon under positive selection and 5 under negative selection. Sites
under both positive and negative selection were primarily located in the putative second
three finger protein domain (Error! Reference source not found.).

Branch-level selection

A Branch Site REL (BSR) test on the full data set predicted that the selection

detected across all sequences was highly concentrated in the Beta-1 clade (o* = 25.81, p
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< 0.0001), which was congruent with the finding that many more sites are under both
positive and negative selection in Beta-1 than in Beta-2 (Table 6). Furthermore, when the
BSR test was applied to just the Beta-1 clade, the majority of the selective pressure was
found in a single clade that contained T. granulosa sequences from coastal and northern

interior populations (Beta-1a in Figure 4; " = 33.91, p <0.03).
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DISCUSSION

Multiple SPF Genes are evolving under Different Selection Regimes in Taricha

The Beta-1 and Beta-2 SPF clades almost certainly represent distinct genomic loci
for SPF. Not only is the distance between the clades great (e.g., 43% amino acid
dissimilarity; Figure 4) but a phylogenetic reconstruction using the available full length
Lissotriton SPF sequences on NCBI Genbank (n = 42 including L. helveticus, L.
montandoni, and L. vulgaris) finds the Taricha Beta-1 and Beta-2 clades to be sister to
Lissotriton sequences rather than each other, suggesting that the duplication event
occurred before the split of these two genera (Figure 8). The duplication event likely
occurred at least 43 mya, since the common ancestor of Lissotriton and Taricha is
hypothesized to have lived in Europe between 43.5-69.1 mya (Zhang et al., 2008).

Additionally, Beta-1 SPF expressed by T. granulosa in the coastal region has
several strongly supported clades that might represent either more recent gene duplication
events or evidence of introgression due to past secondary contact after allopatric
divergence. The fact that the average intraspecific pairwise distances of Beta-1 length
variants within T. granulosa (mean amino acid dissimilarity: 24.7%) are greater than the
interspecific pairwise distances between T. granulosa and T. sierrae (18.6%) supports the
hypothesis that there are multiple Beta-1 loci. Three T. granulosa individuals expressed
both Beta-1a and Beta-1Db, further supporting the hypothesis that the two versions

represent distinct loci.
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Intriguingly, although at least two distinct SPF loci were expressed by Taricha,
each species generally expressed either one or the other but not both (Figure 9). Outside
of the known hybridization zone in the Kaweah River drainage, T. torosa and T. rivularis
only expressed Beta-2 and T. granulosa and T. sierrae only expressed Beta-1. This
finding agrees with the results of Janssenswillen et al. (Janssenswillen et al., 2014), who
didn’t find any Beta-2 sequences in T. granulosa despite much deeper sequencing of the
transcriptome than described here. This suggests that either the SPF genes or the
receptors in females that detect SPF have undergone species-specific specialization. This
specialization was then followed by limiting the expression of one locus. In
plethodontids, a multi-pheromone cocktail is used by males, and lineage specialization of
the signal involves varying the relative proportion of each pheromone (Kiemnec-
Tyburczy et al., 2009). A similar mechanism may be at work in other salamandrids such
as Notophthalmus viridescens, which expresses at least 26 variants of Beta SPF. With
such a diverse signal, it seems very possible that relative levels of the length variants are
vital in the overall message (Janssenswillen et al., 2014). Retaining a diverse,
generalized signal would typically increase reproductive fitness by not limited mate
compatibility, so it is unclear why Taricha has apparently lost components entirely unless
lineage recognition is important in reproductive fitness and is accomplished by
expressing private SPF loci.
It is also possible that Beta-1 and Beta-2 are functionally interchangeable and as

Taricha evolved courtship behaviors that reduced the necessity of SPF, the individual

components were lost stochastically within lineages without a fitness consequence. This
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alternative explanation for the loss of signal components across lineages does not require
assumptions about the selective advantages of lineage-specific SPF diversification. The
diversity of SPF expressed in other salamandrids (including Taricha’s sister genus,
Notophthalmus) suggests Taricha has already lost or stopped expressing a number of SPF
genes, and the expression patterns of Beta-1 and Beta-2 may be a continuation of this
trend (Janssenswillen et al., 2014).

Evolutionary patterns of the SPF Beta-1 clade

The Beta-1 lineage is highly diversified within T. granulosa but the diversity is
geographically dispersed. The Beta-1a clade (Figure 4) contains SPF sequences from
three geographically distant populations: coastal Mendocino Co., inland Trinity Co., and
central Oregon (Table 1; Oregon sequence from von Reis, 2007). This matches the
hypothesized phylogeographic history of T. granulosa, with a recent expansion north
from coastal populations in Mendocino and Humboldt Counties following the retreat of
Cordilleran ice sheet approximately 10,000 years ago (Kuchta and Tan, 2005). This
recent range expansion would leave geographically distant populations relatively closely
related.

Taricha sierrae also expresses two forms of Beta-1, but which is version
expressed is entirely dependent upon geographical region. This matches the
hypothesized phylogeographic history of the species, with the southern Sierran clade
being genetically distinct from the northern clade (Kuchta, 2007). They are estimated to

have separated 2.6-3.4 mya.
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Beta-2 evolution

Evolutionary scenarios to explain Beta-2’s diversity are more enigmatic. Firstly,
there is no highly supported phylogenetic structure at all in the Beta-2 sequences
collected, even between T. torosa and T. rivularis. Also, there is no genetic distance in
Beta-2 SPF between coastal and Sierran sequences, contradicting the mtDNA evidence of
an ancient (estimated to be 1.4-1.7 mya) range expansion from coastal populations of T.
torosa into the Sierra Nevada Mountains (Kuchta and Tan, 2006b). Curiously, the
population divergences of SPF found here support those described by Tan and Wake
(1995), in which the divergence distances within the southern Sierra Nevada T. torosa
populations are equal to the divergence distances between the coastal and Sierran T.
torosa populations. This contradicts the later results of Kuchta and Tan (2006b) who
examined a longer region of the cytochrome b marker as well as allozyme variation, and
found very limited genetic structure in Sierran T. torosa populations, which were in turn
highly diverged from coastal T. torosa.

Discordance between mitochondrial DNA and other measures of divergence is
common across numerous taxa (Toews and Brelsford, 2012). In two congeneric
European newts, Lissotriton vulgaris and L. montandoni, mtDNA introgression is
common despite diversified visual, behavioral and chemical courtship strategies
(Halliday, 1977; Kotlik and Zavadil, 1999; Michalak and Rafinski, 1999; Michalak et al.,
1997; Osikowski, 2012). Despite evidence of past and ongoing introgression in mtDNA
in this species, morphology (especially within dimorphic male traits) has remained

bimodal, suggesting purifying selection on mating signals (Babik and Rafinski, 2004;
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Babik et al., 2003). Introgression between these two species is so extensive as to have
entirely displaced L. montandoni’s mtDNA even though species-specific courtship
signals are retained (Nadachowska and Babik, 2009). Might a similar occurrence explain
the 1.4-1.7 mya divergence estimates of cytochrome b between coastal and Sierran torosa
populations while SPF is completely undiverged?

Another possible hypothesis to explain the mtDNA/nucDNA discordance in
Taricha involves the actions of the remarkable Victor Twitty, but unfortunately it does
not bear out under scrutiny. Twitty was endlessly curious about the patterns of
development, allopatry, speciation and hybridization within Taricha (Twitty, 1966). In
the course of his experimentation he frequently displaced newts, both to fulfill
experimental design requirements and to establish populations for future study. For
example, in an attempt to study hybridization between T. rivularis and T. torosa or T.
sierrae, approximately 50,000 rivularis x torosa hybrids and 30,000 rivularis x sierrae
hybrids were released into Pepperwood Creek in northern Sonoma County (Twitty,
1955). At the time, the southern Sierran population was considered T. sierrae, so these
“T. sierrae” hybrids may have in fact been Sierran T. torosa hybrids. Furthermore, since
the maternal species in these crosses were all T. rivularis there would be no mtDNA
introgression introduced from Sierran populations. It would also explain the lack of
divergence between T. torosa and T. rivularis sequences since species boundaries were
thoroughly muddled. My coastal collection site was approximately 55 km from
Pepperwood Creek, which is not an unreasonable distance for Taricha to travel in 60

years, considering Taricha’s mobility during seasonal migrations. Unfortunately this



neat hypothesis is not supported: the T. sierrae Twitty collected for the hybridization
experiments came from the Chico area (Twitty, 1955) and were therefore definitely T.
sierrae.

Without invoking human-facilitated gene flow from the Sierran population of
torosa to the coastal population, | am left to speculate that past natural gene flow is
responsible for the discordance. This gene flow event would have to either traverse
riparian environments across the inhospitable San Joaquin Valley or pass through the
Tehachapi Mountains wildlife corridor in southern Kern County. These mountains

currently connect coastal and Sierran Ensatina eschscholtzii subspecies and in the past
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may have connected the disjunct T. torosa populations (Jackman and Wake, 1994; Moritz

etal., 1992).

Beta-2 diversity is consistent with the hypothesis that SPF is not important in
mate selection and instead helps to coordinate behavior during spermatophore transfer.
Beta-2 sequences have no species-specific differentiation between T. torosa and T.
rivularis. Despite living sympatrically along the coast, these two species rarely form

natural hybrids, suggesting that Beta SPF is not responsible for sexual isolation.

Kaweah River Hybridization Zone

Taricha torosa and T. sierrae collected from the hybridization zone in the
Kaweah River drainage expressed both Beta-1 and Beta-2. The lack of interspecific
divergence of these sequences supports the hypothesis that this pattern of expression is

the result of recent introgression of the SPF genes.
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My North and South Fork Kaweah River sample sites correspond roughly with
populations 5 and 17 in Kuchta’s (2007) work on the hybridization zone. He found those
populations to show only low levels of introgression, which is not the apparent case with
the SPF genes. Either introgression has continued to expand out from the Main Fork
Kaweah since Kuchta’s original sampling in Spring 2001 or SPF genes have been more
successful at introgression than mitochondrial lineages, which is unusual since maternally

inherited MtDNA generally introgresses further than nuclear DNA (Chan et al., 2005).

Splice Variation

An interesting finding of this study is that alternate splicing plays an important
role in overall and regional transcript diversity of SPF in Taricha. The intron/exon
topology of SPF has been examined in Desmognathus ocoee (Leichty, 2012), and it
matches the intron/exon structure of three finger protein genes in the genome of Xenopus
tropicalis (Janssenswillen et al., 2014). All of the shorter SPF variants in Taricha
involve a deletion that aligns well with the intron/exon boundaries found in these other
species (Figure 10). Therefore, length diversity is likely due to a combination of alternate
splicing sites and exon skipping.

Length variant 4 is produced by skipping the second and third exons and length
variant 5 transcripts are produced by skipping the third exon (Figure 10). Additionally,
the less common length variant 12 transcript is produced by skipping just the second

exon. Furthermore, variants 1 and 2 vary in length by 3 nucleotides due to a gap at the
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interface of exons 1 and 2 and may therefore also be the product of splicing variation.
This is supported by a lack of sequence differentiation.

SPF in Taricha comprises a 10-cysteine three finger protein (TFP) domain
followed by an 8-cysteine TFP domain. Interestingly, the most common shortened splice
variant (variant 4) removes the entire first TFP domain and leaves the following 8
cysteines and, presumably, their disulfide bonding pattern intact (Leichty, 2012).
Removal of an entire domain may not come with a significant fitness cost because it
would be less likely to disrupt disulfide bonding patterns and the protein may remain
functional as a signaling molecule if the region removed was not a region involved in
interactions with the female receptors.

Both of the short Beta-2 length variants were restricted to the Kaweah River
sampling region. By design, sampling from this region occurred across a very narrow
geographic area since introgression between T. sierrae and T. torosa was limited to
approximately 5 km on either side of the Kaweah river (Kuchta, 2007). Since all three
populations from this region expressed only the splice variants, it is difficult to interpret
the evolutionary significance of the short variants only being found in the hybridization
zone. For example, are the short variants confined to the populations nearest the Kaweah
River, or does the entire disjunct Sierran T. torosa population express these shortened
forms? If they are indeed confined to the hybridization zone it could constitute evidence

that the variation is the product of hybridization.

Evidence of Selection
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In all between-group comparisons of pairwise dissimilarity, the nucleotide
dissimilarity is lower than the amino acid dissimilarity, reflective of the fact that -in my
data set--23% of potential nucleotide mutations are synonymous while 77% change the
amino acid sequence. A single nonsynonymous nucleotide mutation changes the amino
acid dissimilarity three times as much, so to compare the two measures of pairwise
dissimilarity is not enough to infer selection. Instead, codon-based selection tests
compare the number of synonymous substitutions per synonymous site to the number of
nonsynonymous substitutions per nonsynonymous site.

According to the codon-based tests for selection performed, both positive and
negative selection have influenced the evolution of SPF in Taricha. In general, negative
selection acted on residues involved in disulfide bonds and smaller residues (e.g., alanine,
glycine, valine). Additionally, sites under positive selection mutated toward smaller
residues as well, with a notably different pattern between codons 116-133, in which there
are multiple nonconservative amino acid changes, including changes in charge and
toward larger residues. This region of the protein comprises the intradomain space and
the beginning of the second three-finger protein domain. All major splice variants of
Beta-2 SPF contain this region, while lacking up to 90 amino acid residues from the first
TFP domain. There was limited evidence of either positive or negative selection in the
sequences that contained the first TFP domain. Taken together, my data suggest that the
second TFP domain (especially near codons 116-133) may play an important role in the

function of SPF.
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The paucity of selection detected in Beta-2 is likely more a function of the limited
diversity detected than of the actual evolutionary history of Beta-2 SPF. A broader
geographic sampling in order to capture more diversity would likely increase the number

of codons with detectable selection.
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CONCLUSIONS

The evolutionary history of Beta SPF sequences in Taricha has several
conspicuous patterns. Allopatric sequence divergence has led to several regional clades
at the Beta-1 locus, with divergence of at least one of these clades driven partially by
positive selection. Despite detectable positive selection, rates of evolution of SPF are
relatively slow in Taricha. Overall, Beta-1 phylogenetic history fits well within the
evolutionary history of the species lineages.

Multiple apparent recent introgressions, especially of the Beta-2 SPF locus, blur
species-specific patterns of expression (Figure 9). This suggests Beta SPF is not the
primary mechanism of species recognition during reproduction, particularly since T.
torosa and T. rivularis express identical Beta-2 sequences and yet rarely hybridize in the
wild (Davis and Twitty, 1964). The most striking diversity in Beta-2 sequences is the
result of region-specific splice variants. The significance of these splice variants in
relation to the hybridization zone has yet to be determined.

Several lines of evidence suggest the functional binding region of Beta SPF
occurs in the second TFP domain: i)most of the codons experiencing positive selection
acting on Beta-1 are located in this domain (codons 116-133) and many of these
substitutions are non-conservative and ii) splice variants of Beta-2 lack codons 18-109,
which comprise the entire first TFP domain, while leaving the interdomain region and

second domain intact.
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In conclusion, Beta SPF is ancestrally a multigenic signal but in Taricha that
signal has apparently been reduced to a single gene within each lineage. When lineages
hybridize, two loci may be expressed. These loci exhibit evolutionary patterns common
in signaling systems, some of which have intriguing implications for the hybridization

dynamics in the Kaweah River drainage.

Future Work

As usual, this study raises as many questions as it answers. Here are a few of the
areas in which future work could help elucidate the role SPF plays in reproduction and
how it has diversified within Taricha.

Alpha SPF Sequences

Recent publications (Bocxlaer et al., 2015; Janssenswillen et al., 2014) highlight
the ancient phylogenetic history of SPF including a gene duplication event that occurred
in the late Paleozoic, creating the Alpha and Beta families of SPF that continue to be
coexpressed within in Taricha and other salamandrids. The primers used in this study do
not amplify Alpha sequences and therefore, this project did not examine the evolutionary
patterns of Alpha SPF, which would contribute significantly to our understanding of SPF
evolution in Taricha.

Quantify expression levels of genes

This study shows that expression of the Beta SPF genes is species-specific. Other
salamanders have been shown to use a cocktail of several proteinaceous pheromones and

in which the relative abundance of each component is important in the overall signal
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(Wilburn et al., 2012, 2015). At least with the Beta variant of SPF in Taricha, the
evidence suggests this is not the pattern, but further confirmation using next-generation
sequencing methods is needed.

Role of submandibular region in reproduction

The submandibular region in Taricha has sexually dimorphic glands that are more
developed in males during the breeding season, and this correlates with the mating
behavior in which the male chin is rubbed on the female’s nares (Hippe et al., 2014).
This is strong evidence that the glands play a role in reproduction, but multiple
investigations have yet to pin down the precise nature of the secretions from these glands.
Next-generation sequencing methods have been shown to be invaluable in discovering
divergent forms of pheromones without a priori sequence knowledge necessary to design
primers (Janssenswillen et al., 2014). These techniques should be extended to the
submandibular region of Taricha.

Hybridization zone

A broader geographic sampling of SPF, especially in the southern Sierran
hybridization zone, would further clarify the lineage diversification of the Beta-1 and
Beta-2 forms of SPF. Since recombination can create hybrid chromosomes, introgression
rates of individual nuclear genes are variable, with positive selection increasing
introgression and negative selection limiting introgression (Barton, 2001). Determining
the introgression distance of SPF across the hybridization zone compared to other nuclear
loci could help elucidate the evolutionary mechanisms that led to species-specific

expression of either Beta-1 or Beta-2
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Above, | proposed two hypothetical mechanisms to explain the species-specific
expression of either Beta-1 or Beta-2 SPF: i) past selection favored lineage-specific SPF
signals or ii) stochastic loss of expression. These two hypotheses could be tested in
future work with a broader sampling across the Kaweah River hybridization zone: the
first would lead to limited introgression while the second would lead to equal or
accelerated introgression of SPF relative to other nuclear genes. The first hypothesis
would be similar to the situation demonstrated by sexually dimorphic traits in Lissotriton.
Long term ongoing introgression has not spread genes associated with mate recognition
while other genes spread throughout the population (Nadachowska and Babik, 2009). If
intraspecific mate preference is dependent upon SPF, the species-specific signals would
likely be maintained in the face of introgression, especially in situations where there is a
fitness cost to hybridization as may be the case here. On the other hand, if SPF only
helps to coordinate courtship behaviors and is not involved in mate selection, having a
diverse signal may be favorable (Palmer et al., 2007) and SPF loci may be more able to

spread through novel populations than neutral genes.
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APPENDIX A

Codon-based tests of selection

The most recently developed tests for selection on codons rely on measuring the

ratio (w) of nonsynonymous mutations per nonsynonymous sites d,, to synonymous

mutations per synonymous sites d, or w = Z—N (Yang and Bielawski, 2000). Positive or
S

diversifying selection can be described as an increase in the fitness, and therefore fixation
rate, of some nonsynonymous mutations (e« > 1) while negative or purifying selection is
caused by a decrease in fitness after nonsynonymous mutations (w < 1). Historically,
these calculations were averaged over the entire length of the protein, but functional
constraints lead to most sites in a functioning protein to be under consistent purifying
selection (Li, 1997). Thus, identifying proteins that were experiencing positive selection
with these models was problematic. More recently, models that treat the codon as the
level of selection have greatly improved sensitivity (Yang et al., 2000). Just like the
proteins they are designed to study, the success of early codon-based models has led to a
major radiation of new models, each with their own strengths and built in assumptions.

Tests for selection

The Single-Likelihood Ancestor Counting (SLAC) model calculates a site-by-site
maximum likelihood ancestral sequence and then computes the observed and expected
number of both synonymous and nonsynonymous mutations at each codon. These values

are used to calculate the probability that selection has occurred at each site. Since this
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method is based partially on a globally calculated w, it is conservative relative to the
other methods (Pond and Frost, 2005a).

The Random-Effects Likelihood (REL) method is a generalization of the standard
codon-based selection model implemented in PAML (Yang, 2007), in which the mutation
rates for both ds and dy are allowed to vary. REL is the least conservative model used
and therefore the level of significance of the computed Bayes Factors | used was more
stringent than other models. A Bayes Factor of 50 (the level set for significant results)
roughly corresponds to a p-value of 1/50 or 0.02.

The Fixed-Effects Likelihood (FEL) method is a modification of the REL method
where ds and dy are directly estimated rather than being allowed to vary. It is less prone
to false positives and computationally simpler than REL, and it captures the pattern of
rate variation better than SLAC (Pond and Frost, 2005b).

The Mixed Effects Model of Evolution (MEME) is an extension of FEL that is
able to detect episodic diversifying selection. MEME allows the estimated w at each
codon to vary at the branch level. This offers an improvement in sensitivity in detecting
positive selection over FEL when codons are experiencing positive selection («w > 1) in
one branch and purifying selection (o < 1) in the larger tree (Murrell et al., 2012).

The Fast Unconstrained Bayesian AppRoximation (FUBAR) test for selection
removes the possibility of misclassifying sites by averaging selection parameters of a
large number of site classes. This increases the power of detecting sites undergoing

positive selection. The implementation of Bayesian approximation methods (based on
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Markov chain Monte Carlo methods) also greatly improves the computational efficiency

of the test, allowing for much larger data sets to be analyzed (Murrell et al., 2013).
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Table 1: Locality and specimen collection data and SPF sequence data. Each unique
nucleotide sequence was assigned a three digit code. A subset of these sequences that
encode unique isoforms is shown in the table, sorted by specimen and SPF clade. When
multiple individuals express identical isoforms, the sequence code is repeated in the table.
Species are listed by their 4-letter code (T. granulosa: TAGR; T. rivularis: TARI; T.
sierrae: TASI; T. torosa: TATO)

56

SPF sequence number

Region Locality Specimen Beta-la Beta-1b Beta-1c Betal-d Beta-2
TAGR 01 078,079 077
?rrs (éreek ) TAGR 02 079 080
Mendocino Co.
N 39.16355 TAGR 03 082, 083 081
Coastal W 123.23249 TARI 01 068, 070
(Site A) TARI 02 073, 074, 075
Mills Creek 035, 036,
(Mendocino Co) ATO 01 037, 038, 041
N 39.125499
Interior
(Trinity Co.)
N.40.64369 ~ |AGR04 085
W 123.22180
Northern TASI 06 020, 021,
(Site B)  Sierra 024, 025
N 39.81284 030
W 121.58389 TASI 08 031, 033
TASI 09 027
a 001, 002
TASI 01 003, 007 ' '
Salt Creek ! 004, 008
(Kern Co.) TATO 07 059 057, 060
N 36.44736
W 118.86025 TATO 08 063 062
TATO 09 065 064, 066
Southern  N.F. Kaweah TASI 02 009
Sierra (Kern Co.)
(SiteC) N 36.53914 TASI 04 oo 01> 012,016, 017
W 118.89803 '
S.F. Kaweah TATO 03 047, 052 8;8’ 82?’
(Kern Co.) '
N 36.35138 TATO 04 017
W118.77861  tATO 05 055 054

2This individual’s traits were a blend of TASI and TATO. More characters were consistent with TASI,
however, and it was scored as such for analysis.
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Table 2: SPF length variants isolated from Taricha. Length variants 1-5 were found in
multiple specimens and were used in phylogenetic and selection analyses. Variants 6-16
were only found within a single clone and were excluded from most analyses.

ORF length ~ #Sequences/  Species Putative gene  Comments
#Individuals

Variant 01 600 26/12 TAGR,TASI, TATO Beta-1

Variant 02 603 18/12 TAGR,TASI,TATO Beta-1

Variant 03 606 22/4 TARI, TATO Beta-2

Variant 04 333 22/8 TASI, TATO Beta-2 Splice of Variant 03

Variant 05 450 4/3 TATO Beta-2 Splice of Variant 03

Variant 06 193 11 TASI Beta-1 Large internal splice

Variant 07 204 1/1 TATO Beta-2 Nonsense mutation

Variant 08 231 1/1 TASI Beta-1 Nonsense mutation

Variant 09 246 11 TATO Beta-2 Internal splice (to 333)
and nonsense mutation

Variant 10 255 1/1 TATO Beta-2 Nonsense mutation

Variant 11 261 1/1 TASI Beta-1 Nonsense mutation

Variant 12 489 11 TATO Beta-2 Internal splice

Variant 13 492 11 TATO Beta-2 Internal splice (to 450)
and mutation in stop
codon

Variant 14 588 1/1 TASI Beta-1 Nonsense mutation

Variant 15 615 11 TASI Beta-1 Mutation in stop codon

Variant 16 696 1/1 TASI Beta-1 Large Insert
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Table 3: SPF Beta-1 genetic dissimilarity between clades. Percentage pairwise
nucleotide similarity compared in lower left and amino acid similarity compared in upper
right. Description of sequences found in each clade can be found in Figure 4.

TAGR TAGR TASI TATO TASI
(B-13) (B-1b) (B-1c) (B-1d) (B-1d)

TAGR (B-1a) 247 155 219 218
TAGR (B-1b) 13.0 154 187 186
TASI (B-1c) 7.9 9.8 196 195
TATO (B-1d) 9.0 9.3 8.1 0.7

TASI (B-1d) 9.1 9.4 8.2 0.3
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Table 4: Length variant dissimilarity table. Lower left shows nucleotide percent
dissimilarity, upper right shows amino acid percent dissimilarity. Diagonal values show
within group amino acid dissimilarity.

Beta-1 Beta-2
Variant1 Variant2 Variant3 Variant4 Variant5
Variant 1 11.5 14.9 43.1 42.5 42.4
Variant 2 7.1 12 44.4 43.8 43.7
Variant 3 27.3 26.9 1.9 1.6 14
Variant 4 27.2 26.8 0.7 1.0 0.8

Variant 5 27.2 26.7 0.7 0.5 0.6
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Table 5: Number of codons with significant selection. See Appendix A for a description
of the tests used to test of evidence of selection. The “Total Significant” column is
higher than the number of codons because the same codon could be significant for
selection with multiple tests.

SLAC FEL REL MEME FUBAR Total significant # Codons

.7 5 110 i 3 19 13
FullSet . 5 5 ¢ 10 4 20 13
2 7 1 i 4 14 9

Beta-1 0o 2 15 4 2 23 15
0 5 0 i 0 5 5

Beta-2 0 0 0 0 1 1 1

" MEME is not used to detect negative selection.
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Table 6: Results from codon-based tests for selection on SPF. Compiled results of five
separate tests (1: SLAC, 2: FEL, 3: REL, 4: MEME, 5: FUBAR) for selection (see
Methods and Appendix A). Only codons with at least two significant results are shown.
Sites with significant levels of selection are marked with “+” and “-” to indicate positive
and negative selection, respectively. All amino acids found at a particular position are
given along with number of sequences with that amino acid.

Full Set Beta-1 Beta-2
Amino Acid Change from

Codon# 2 3 4 1 2 3 4 5|1 2 3 45 CONSensUs
23 - -0 ° - Css
70 + s L4g, P>
79 - - G
82 + V21,Fi0,E10
88 - Vso
98 - - Cso
116 + + + Tor, A Smaller
128 + + + + D35, Tog Charge change
132 + + + T39,D04 (-) charge
133 + + + + Ggg,P21,D3,Sl (') Charge
139 - - Ess
141 Qss,H7,R1 (+) charge
149 = - CeS:
150 + + + + + Guz,Az, T7 Larger
157 + + S57,F5,P1 (+) charge
161 + + Ee1,G; Neut. charge
162 - - Asz
166 - - - - Yes
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FIGURES
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Figure 1: Salamandridae family phylogeny based on mitochondrial DNA (Adapted from
Zhang et al., 2008).
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Notophthalmus
Taricha rivularis

Taricha granulosa
‘ —— Taricha sierrae

Taricha torosa

—— (.5 Substitutions/site

Figure 2: Phylogeny of North American salamandrids generated with mtDNA. (Adapted
from Weisrock et al., 2006).
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Figure 3: Distribution of four Taricha species in California and collection sites for this
study.
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Figure 4: A: Pairwise dissimilarity matrix. Lower left shows nucleotide percent

dissimilarity, upper right shows amino acid percent dissimilarity. To the left of matrix a
condensed Bayesian inference gene phylogeny shows the five distinct SPF clades found
in Taricha. Root extends to Taricha SPF Alpha sequences (not shown). B: Beta SPF

clade composition. B1-a) T. granulosa sequences from both coastal and northern

populations, B1-b) T. granulosa only from coastal populations, 1-c) T. sierrae from
northern Sierra Nevada, B1-d) T. sierrae and T. torosa from the S. Sierra Nevada hybrid
zone. The five clades are strongly supported (PP = 1.00) but internal structure has very

limited support.
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|Signal Peptide |First TFP Domain
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Figure 5: Amino acid alignment of representative length Variants of SPF found in
Taricha. All sequences are from two T. torosa individuals (#10 and #12). Lengths 606
and 489 are from the coastal population and Lengths 450, 333, 600, 603 are from the
Kaweah River. Variant 12 (TATO 10.10) included to demonstrate an alternative splicing
pattern at codon 17. Putative secretion signal peptide is marked in light grey. Alignment
gaps are marked in dark grey. Cysteine backbone is marked in orange.
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Northern Sierra

Coastal

TAGR
. . Hybrid Zone
TARI TATO

*2. Taricha granulosa

W Taricha rivularis [} Beta-1
— Taricha torosa . Beta-2

iR Taricha sierrae

Figure 6: Geographic and species distribution of expression of Beta-1 and Beta-2 SPFs.
Pie charts show the proportions of Beta-1 and Beta-2 sequences expressed by each
species in each region. The boxes are empty where the species is not present in a region.
The overall includes sequences from all regions. Expression of Beta Variants of SPF
varied significantly by species (Fisher’s Exact Test, p < 0.001).
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Taricha Beta-2

Lissotriton
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Taricha Beta-1
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Figure 8: SPF gene tree using available Lissotriton and Taricha SPF sequences from
NCBI Genbank along with Taricha sequences generated from this project. Numbers at
nodes represent Bayesian posterior probabilities rounded to two significant figures.
Triangles represent a condensed node of multiple sequences and the width of the triangle
represents the diversity within the condensed clade. Scale bar represents nucleotide
substitutions per site.
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T rivularis

Beta-1 SPF

- T torosa

1. sierrae

1. granulosa

Figure 9: Hypothesized evolutionary history of two major SPF Beta clades in Taricha.
Introgression of alleles shown with dotted lines. The only sequences recovered from T.
rivularis are apparently the result of recent introgression, and therefore it is unclear what
T. rivularis expresses aside from introgressed loci. The common ancestor to Taricha
presumably expressed both Beta genes and loss of expression in modern lineages is
shown with faded lines not reaching the tips.
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Figure 10: Predicted exon skipping in Taricha. Analysis of the Xenopus tropicalis
genome (Janssenswillen et al., 2015) and the use of genome walking techniques in
Desmognathus ocoee (Leichty, 2012) indicate a conserved pattern of five exons
(indicated with numbered grey boxes above) and four introns across the SPF open
reading frame. Green represents the predicted signaling peptide. Blue represents mature
SPF. Adapted from supplemental materials of Janssenswillen et. al. 2014.
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