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My dissertation focuses on the evolutionary forces that have shaped the chemical

signaling system of plethodontid salamanders. Pheromones mediate two phases of

plethodontid reproduction: mate attraction prior to courtship and female persuasion

during courtship. Substrate-borne chemical signals are believed to play an important

role in mate attraction for these animals. A behavioral assay of sex- and species-

specific odor preferences in closely related species ofPlethodon indicates that: (1)

there is asymmetry on the receiver side of the system, wherein male salamanders

invest more energy searching for mating partners than do females; (2) substrate-borne

chemical signals are sexually dimorphic and male preference strongly favors the

female odor versus the male odor; (3) females of allopatric salamander species have

evolved distinctive chemical cues; and (4) female chemical signals of sympatric

species are divergent and may play a role in sexual isolation.

Sexual persuasion is another phase of plethodontid reproduction that is

mediated by chemical signals. Plethodontid Receptivity Factor (PRF) is a

proteinaceous pheromone that is produced by the male and delivered to the female

during courtship. Female receptivity increases following application of this
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pheromone. PRF is a recent innovation of the male courtship signal, originating in

eastern Plethodon (-27 MYA). Codon-substitution models indicate that several amino

acid sites along the PRF protein have experienced positive selection. Structural

modeling suggests that many of these selected residues are important for receptor

binding. Adaptive change in this pheromone is likely driven via a coevolutionary

association with female receptors.

The male plethodontid courtship signal, however, is comprised of multiple

chemical components. I investigate micro- and macro-evolutionary divergence in

plethodontid chemical communication by surveying two additional pheromone

component genes, PMF and SPL. Like PRF, regions of the PMF and SPL genes have

experienced adaptive change. At least one of these components (SPL) has been

retained in the signaling system for -100 MY. However, significant differences in the

composition of the courtship pheromone are evident in some plethodontid lineages. It

appears as if at least two lineages (Desmognathus and eastern Plethodon) use different

major pheromone components and yet achieve the same behavioral response in the

female (increased receptivity).
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CHEMICAL SIGNALING AND PHEROMONE EVOLUTION IN
PLETHODONTID SALAMANDERS

CHAPTER 1

GENERAL INTRODUCTION

Pheromones are chemical signals that are released by an individual that elicit a

specific behavioral or physiological response in a conspecific (Karison and Luscher

1959). Hundreds of different pheromones have been identified in insects and several

dozen have been characterized in vertebrates. Behavioral effects of pheromones

include: mate attraction (Christensen et al. 1991; Li et al. 1995; Wabnitz et al. 1999;

Kikuyama et al. 1999), repulsion of heterospecifics or rival mates (Christensen et al.

1991; Wu et al. 1999; Park and Propper 2001), alarm signaling and predator avoidance

(Smith 1992; Chivers et al. 1997), kin recognition (Brown and Brown 1992), territorial

defense (review by Mathis et al. 1995), and synchronization of reproductive

physiologies and behavioral patterns (Dulka et al. 1987; Mason et al. 1989; Sorensen

et al. 1989; Houck and Reagan 1990; Rollmann et al. 1999).

It is well established that chemical signals are used to mediate mating between

conspecifics in certain species, but debate persists surrounding the factors involved in

the evolution of these signals. The traditional view(s) propose that strong stabilizing

selection on mating signals (and receivers) is necessary to prevent mating among

heterospecifics (Dobzhansky 1937) or to promote mating between conspecifics

(Paterson 1985). These views, however, fail to explain the presence of significant
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intraspecific variation in courtship signals inherent to most mating systems

(Andersson 1994). As a consequence, the importance of sexual selection in shaping

mating signals has since been emphasized (West-Eberhard 1983; Andersson 1994;

Phelan 1997).

Variation shaped by sexual selection may be especially prevalent in systems

where the male provides only sperm and little or no parental investment. A recent

review by Phelan (1997) provides an eloquent discussion of this subject and

introduces the 'asymmetric tracking hypothesis'. This hypothesis states that female

moths will use the least costly role in mate attraction and/or locating mates (Phelan

1997). Variation in the female signal will be maintained in a population because only

weak stabilizing selection acts on the female to produce a pheromone that maximizes

male response. Areas where the female signal overlaps with sympatric species,

however, present cases in which there may be strong stabilizing or directional

selection acting on the signal. Similarly, males will exhibit a variable level of

response. Male response will be amplified in the presence of the most common

pheromone in the population, but sensitivity to less common signals should be

maintained (including those of closely related species). Selection acts against the male

response only in cases where the fitness costs of heterospecific mating outweigh the

costs of finding a conspecific female.

In contrast, in systems where the male produces the chemical signal and the

female is the receiver, the pheromone will be under strong selection to track female

response. Thus, in both situations (female vs. male pheromone production), signal-

receiver evolution is largely the result of the male tracking changes in the female. In



some cases, however, the signaling system evolves to a steady state as stabilizing

selection promotes reproductive isolation (e.g., reinforcement). The asymmetric

tracking hypothesis provides a predictive framework for investigating the evolution of

chemical signaling in the plethodontid salamander mating system. Predictions of the

asymmetric tracking hypothesis (described above) are explored in this dissertation

using a combination of behavioral and molecular analyses in conjunction with current

evolutionary models.

Plethodontid salamanders

The family Plethodontidae is by far the most diverse and speciose group of

salamanders, containing 354 species (Larson et al. 2003). Plethodontids are

characterized by a complete absence of lungs, the presence of nasolabial grooves

(which aid in chemoreception) and a stylized method of sperm transfer (discussed

below). This family is divided into two subfamilies, Desmognathinae and

Plethodontinae, the latter of which includes three tribes: Hemidactyliini, Plethodontini

and Bolitoglossini (Fig 1.1; Lombard and Wake 1986; Larson et al. 2003). The

plethodontid system is well suited for studying the evolution of chemically mediated

sexual communication. The phylogeny of plethodontids is well established and many

aspects of their life histories and courtship behaviors have been described (Larson et

al. 2003; Bruce 2003; Houck and Arnold 2003). In this system, both males and

females mate multiple times during the breeding season. Insemination and oviposition

are decoupled, as females store sperm in a specialized organ (the spermatheca) for

several months (Sever 2003). During oviposition, the female releases sperm from her

spermatheca to fertilize the eggs as they pass from her oviducts. The female maintains





visual and auditory signals play only minor roles in mate location and attraction.

Instead, these salamanders rely primarily on substrate-borne chemical cues for

territorial advertisement, gender identification and mate assessment (Tristam 1977;

Jaeger and Gergits 1979; Ovaska 1987; 1989; Simons et al. 1994; Marco et al. 1998;

Verrell 2003). For this reason, pheromone signaling is thought to play a fundamental

role in maintaining reproductive barriers between species (Dawley 1984; Houck et al.

1988; Ovaska 1989; Reagan 1992; Arnold et al. 1993).

During the breeding season, a male salamander taps its snout on the substrate

("nose-tapping", Arnold 1976; Gergits and Jaeger 1990) to detect and precisely track

pheromone trails left by passing females. Two furrows on the snout, termed

nasolabial grooves, extend from the edge of the upper lip to the nares. When an

animal taps its snout on the substrate (or on the skin of another salamander), moisture

containing chemosensory information passes up the grooves and into the nares through

capillary action (Brown 1968; Dawley and Bass 1989). The chemicals stimulate the

highly specialized vomeronasal epithelium (Dawley and Bass 1988). In the

plethodontid system, male detection of female chemical cues early in courtship

interactions may be an important mechanism of conspecific recognition that facilitates

sexual isolation from heterospecific species.

The goal of the behavioral experiment described in chapter two was to

determine whether three closely related species of eastern Plethodon (tribe

Plethodontini) were capable of accurately assessing sex- and species-specific

substrate-borne chemical signals. In addition, chapter two addresses response(s) to

these signals in light of existing patterns of isolation, wherein sexual isolation is



stronger between sympatric species than it is between allopatric species. Since

females of most plethodontid species provide the only source of parental care

(Nussbaum 2003), females may spend less time than males searching for mates and

may also be more selective of their mating partners (Phelan 1997). The current view

of signal-receiver evolution (discussed above) predicts that the female signal and male

response may display high levels of variation within allopatric salamander

populations. In areas of sympatry, however, signal divergence between species may

be enhanced (reinforcement, Dobzhansky 1937), and strong stabilizing selection will

maintain signal integrity to promote sexual isolation. The opposing view, however,

predicts that an initial round of adaptive change will cause signal divergence in

allopatric populations as these populations adapt to new environments (Muller 1940;

Paterson 1985). Evolutionary stasis via stabilizing selection will then dominate the

system, resulting in little signal complexity within populations to conserve the species-

recognition system. In this scenario, sexual isolation following secondary contact may

be strong, but it is merely a by-product of signal divergence in allopatry (Paterson

1985).

Plethodontid courtship pheromones

An important step toward understanding the evolution of signal/receiver

complexes involves identifying the selective forces acting on the genes underlying

these systems. The paucity of literature on this subject does not reflect a lack of

interest, but is merely an indication of the difficulties associated with isolating genes

and unraveling the complexity inherent to chemical dialogue. Knowledge of the

genetic basis of chemical signals is especially difficult to achieve in mating systems
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that rely on multi-component volatile chemical signals. Chapters three and four of this

thesis side-step this complication by evaluating salamander pheromones that mediate

courtship interactions. Salamander courtship pheromones are especially amenable to

molecular level evolutionary studies because these pheromones are comprised of

stable proteins that can be readily obtained and characterized (Feidhoff et al. 1999;

Rollmann et al. 1999). In addition, recently developed codon-substitution models

(Nielsen and Yang 1998; Yang et al. 2000) make it possible to measure the selective

forces that have shaped the evolution of these proteinaceous pheromones. These

pheromones are produced by the male and are administered directly to the female

during courtship; therefore, selective forces are predicted to arise primarily from

mating system dynamics rather than environmental factors.

Plethodontid mating behavior and the use of courtship pheromones

A typical plethodontid courtship begins when the male approaches the female

and attempts to make physical contact with her body. The male will repeat this

behavior numerous times, as the female frequently flees from the male early in the

courtship sequence. Once the female remains stationary and allows the male to

approach, he may use a combination of visual, tactile and chemical cues to stimulate

the female (Arnold 1972). The specific male behaviors, as well as the timing of when

these behaviors are displayed, vary among species (Houck and Arnold 2003). For

example, a male Desmognathus auriculatus rapidly moves his forelimbs backward and

forward in a circular motion ('butterfly'; Verrell 1997), presumably to provide the

female with a visual stimulus. In contrast, a Plethodon shermani male repeatedly

pumps his fore- and hind-limbs straight up and down ('foot dance'; Organ 1958),



whereas D. quadramaculatus and D. wrighti males lack these limb-moving behaviors

altogether (Verrell 1999). Furthermore, although most plethodontid species deliver

courtship pheromones to the female early upon contact, some species of Plethodon do

not deliver pheromones until the 'tail-straddling walk' phase of courtship.

Plethodontid courtship culminates and ends with the tail-straddling walk/sperm

transfer phase of courtship. The male plethodontid lacks an intromittent organ and

cannot transfer sperm directly to the female. Instead, successful insemination depends

on a high level of coordination between the male and female during a phase of

courtship known as tail-straddling walk. During tail-straddling walk, the female

straddles the male's tail with her fore- and hind-limbs while resting her head at the

base of his tail (Noble 1927). In this position, the pair slowly marches forward

together until the male halts to deposit a spermatophore on the substrate (Stebbins

1949). Once the spermatophore is set down, the pair moves forward until the female's

cloaca is aligned with the spermatophore. In this position, the female lowers her

dorsum and lodges the sperm cap in her cloaca (Stebbins 1949). This method of

sperm transfer has been conserved in all plethodontids (Houck and Arnold 2003)

following their origin approximately 100 million years ago (Ruben et al. 1993).

Frequently, however, the female is nonresponsive to the male's courtship

efforts prior to or during tail-straddling walk and she may leave the male at this time.

Lack of female responsiveness prompts the male to administer a courtship pheromone

to the female. This courtship pheromone is produced by the male's submandibular

(mental) gland, which hypertrophies during the breeding season. Secretions of this

gland are proteins, and delivery of the proteinaceous pheromone significantly



increases female receptivity, resulting in a more rapid courtship and increasing the

likelihood of successful sperm transfer (Houck and Reagan 1990; Rollmann et al.

1999). Although many behaviors associated with visual and tactile stimulation of the

female are variable among species, behaviors and morphologies associated with

pheromone delivery have experienced long periods of evolutionary stasis across

plethodontid lineages (Houck and Arnold 2003). The two prevailing modes of

courtship pheromone transfer in plethodontids are termed 'vaccination' and 'olfactory'

delivery (Arnold 1977; Houck and Arnold 2003).

Pheromone delivery via 'vaccination'

The ancestral 'vaccination' method of pheromone delivery has been

maintained in the four major plethodontid lineages (both sub-families and all three

tribes in Plethodontinae; Houck and Arnold 2003). In this mode of delivery, the male

administers the pheromone by wiping his mental gland across the skin on the female's

dorsum while scraping her skin with his enlarged pre-maxillary teeth (Arnold 1972).

The mental gland of these species is usually crescent- or fan-shaped and is located at

the anterior tip of the chin, a location likely to ensure delivery of pheromones to the

grazed skin of the female (Houck and Sever 1994). The functional significance of this

method of delivery is related to lunglessness in plethodontids. Since all plethodontids

lack lungs, their capillaries lie close to the surface of the skin to allow oxygen to

diffuse through the skin and enter the bloodstream. Therefore, when a male

salamander applies his mental gland secretions to the female's skin at the site abraded

by his premaxillary teeth, it is likely that the pheromone will diffuse directly into the

female's circulatory system ('vaccination' delivery, Arnold 1977). Pheromones
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delivered to the female via vaccination effectively increase female responsiveness to

the male (Houck and Reagan 1990).

Variation in pheromone delivery behaviors tend to correlate with changes in

male secondary sex characteristics. Within the vaccination delivery mode, for

example, the males of two desmognathines, Desmognathus aeneus and D. wrighti,

deliver pheromones into the female's circulatorysystem, but they have evolved a

unique method of delivery. These species have modifications in mental gland

morphology that correlate with changes in behavior. Instead of scraping the female's

skin with his premaxillary teeth, the male delivers courtship pheromones by 'biting

and seizing' the female and using his teeth and jaws to restrain her (Houck 1980;

Promislow 1987). In D. wrighti, the male's mental gland has tubules that extend and

secrete to the base of the mandibular teeth inside the mouth (Houck and Sever 1994).

The pheromone is presumably transferred from the male's oral cavity to the female's

circulatory system via her pierced skin.

Pheromone delivery via 'olfaction'

An even more remarkable transition in pheromone delivery behavior exists in

the genus Plethodon (tribe Plethodontini, Figure 1.1). Some members of this genus

have sexually dimorphic premaxillary teeth and retain the ancestral 'vaccination'

mode of pheromone delivery. Other members of this genus, however, lack sexual

dimorphism of dentition and have developed an 'olfactory' mode of pheromone

delivery (Houck and Arnold 2003). In contrast to male salamanders with the

vaccination delivery mode, the mental glands for species with olfactory delivery are

circular, significantly larger, have increased secretory surfaces, and occupy a more
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posterior position on the chin (Highton 1962; Houck and Sever 1994). Instead of

delivering the pheromone through the female's skin, a male with the olfactory delivery

mode 'slaps' his enlarged mental gland directly across the female's nares (Figure 1.2;

Organ 1958; Arnold 1976; 1977). Whereas species with vaccination delivery tend to

deliver pheromones early in the courtship sequence, most species with olfactory

delivery administer pheromones only during the tail-straddling walk phase (Arnold

1977; Figure 1.2)

2

/

\

1/
/

Figure 1.2. A P. shermani mating pair in tail-straddling walk. The male is turning
back toward the female (stippled) to deliver courtship pheromones via olfactory
delivery (adapted from Arnold 1977). (1) The male turns back toward the female
(dashed line); (2) the male 'slaps' his mental gland to the female's nares via a
downward stoke of his head; and (3) the male turns back to the front, straightening his
body and resuming his forward march.

Pheromones delivered to the female's nares enter the nasal cavity by capillary

action and are directed laterally to chemoreceptors in the highly specialized
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vomeronasal organ (VNO) epithelium (Dawley and Bass 1989; Wirsig-Wiechmann et

al. 2002). Vomeronasal receptor neurons project to the accessory olfactory bulb

(Schmidt 1988), and the information is then transmitted via the amygdala to a region

in the hypothalamus known to be involved in reproductive behavior (ci Halpern 1987;

Halpern and Martinez-Marcos 2003). Ultimately, stimulation of the female VNO

receptors by male courtship pheromones can lead to changes in female sexual

responsiveness (Rollmann et al. 1999).

Eastern Plethodon lineages

Most of my research focused on the dade of eastern North American

Plethodon, and thus a brief discussion of the systematics of this group is warranted.

The Plethodon lineages in eastern North America constitute four monophyletic

groups: the P. cinereus species group (9 spp.), the P. wehrlei group (2 spp.), the P.

we/len group (5 spp.) and the P. glutinosus group (28 spp.) (Highton and Larson

1979). These four lineages were once loosely assembled into two groups, the eastern

small Plethodon (P. cinereus and P. we/len groups combined) and the eastern large

Plethodon (P. wehnlei and P. glutinosus groups combined). This division into small

and large Plethodon groups was based on differences in body size and in standard

morphological characters used to distinguish salamander species (Grobman 1944;

Highton 1962). Species of eastern small Plethodon were distinguished from the

eastern large species as having characteristically smaller, more elongated bodies, more

trunk vertebrae, extended webbing between their toes, a pigmented peritoneum and

fewer vomerine teeth (Highton 1962). Some species within the P. welleri sub-group

are morphologically so similar to salamanders in the P. cinereus sub-group that it is
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nearly impossible to visually distinguish species in these two groups (Highton and

Larson 1979; Highton 1979). Highton (1962), however, noted critical differences in

male sexual characters between P. we/len and P. cinereus species. These differences

motivated additional research that tested the validity of the simple division between

eastern small and large Plethodon groups (Highton and Larson 1979).

Similarly, several morphological traits of species in the P. wehrlei group match

traits of species in the eastern small Plethodon (trunk vertebrae, toe webbing, fewer

vomerine teeth and pigmented peritoneum), yet species in the P. wehrlei group were

placed within the eastern large Plethodon group based primarily on body size and

mental gland shape (Highton 1962). In 1979, Highton and Larson determined that all

species of the P. welleri and P. wehnlei groups are genetically more closely related to

the large Plethodon (P. glutinosus) group than to the eastern small (P. cinereus) group.

At the same time, these authors considered the P. we/len and P. wehrlei groups

sufficiently distinctive to be considered separate lineages. Electrophoretic allozyme

and immunological data suggested that the P. we/len species diverged at

approximately the same time from a common ancestor that gave rise to the P.

glutinosus species group (Highton and Larson 1979; Maxson et al. 1979). The P.

glutinosus group then experienced a rapid increase in body size following its

separation from the P. welleri group (15-20 MYA). At the same time, P. welleri

species retained many of the morphological traits of their common ancestor (Highton

and Larson 1979). In eastern Plethodon, differences in secondary sexual

characteristics led to a better understanding of the evolutionary relationships among

these salamander lineages and are used in the current study to make inferences
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regarding transitions in pheromone delivery behaviors. Specifically, that the P.

welleri/ wehrlei/glutinosus species group mark the transition from vaccination to

olfactory pheromone delivery.

The aims of chapters three and four of this thesis were; (1) to estimate genetic

diversity in protein pheromone components within populations and across species, and

(2) to measure the signature of selection (purifying or positive) that has shaped the

pheromone components. Chapter three centers on a single pheromone component

found throughout the four eastern Plethodon groups where transitions in pheromone

delivery behavior and correlated changes in morphology have occurred. The

prediction that signal-receiver evolution is highly constrained among species having

the same delivery mode is examined within the framework of these four species

groups. Evolutionary stasis in behavior and morphology within delivery modes may

be characterized by stabilizing (purifying) selection at the molecular level. An

addendum to this prediction is that positive (diversifying) selection will prevail at

branches in the Plethodon phylogeny corresponding to transitions in pheromone

delivery. A primary prediction is that evolutionary stasis within delivery modes will

be separated by rapid transitions between delivery modes. Alternatively, the current

view of signal-receiver evolution may hold (Phelan 1997). For the plethodontid

system, this view predicts that variation should exist on both sides of the

communication system (male signal and female response). The male signal should

track changes in the female response via a coevolutionary association between the

sexes. Accordingly, changes in the female response should result in adaptive changes

in the male pheromone within delivery modes, as well as within populations.
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Similarly, chapter four of this dissertation examines genetic variation and

patterns of selection for two additional pheromone components of the male courtship

signal. The pheromones investigated in chapter four have been maintained in all of

the major plethodontid lineages, thus representing the oldest system of chemical

communication known for terrestrial salamanders. This final data chapter provides a

comparative assessment of micro- and macro-evolutionary changes within the

salamander signaling system. The data from all of these chapters provides a multi-

level perspective of the evolutionary changes underlying chemical signaling in a

vertebrate system.
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ABSTRACT

Chemical signals secreted from the skin of terrestrial salamanders are thought

to play an important role in mate attraction and reproductive isolation. We tested this

hypothesis using choice-tests that allowed male and female salamanders to

discriminate between sex- and species-specific chemical signals. We used three

species of closely related salamanders from the genus Plethodon. These species

display variable levels of reproductive isolation which may be associated with

geographic distribution (allopatry versus sympatry). Our tests revealed sexual

asymmetry on the receiver side of the system, wherein male salamanders invested

more energy sampling the environment than did females. The chemical signals that

were produced by males and females were sexually dimorphic and male preference

strongly favored the female signal. Furthermore, females of allopatric species seemed

to produce different chemical signals. This divergence in the chemical signaling

systems, however, appeared to be more distinct among sympatric species. Overall,

male terrestrial salamanders were capable of detecting and discriminating among

substrate-borne chemical signals. These chemical signals likely play a role in

prezygotic isolation among sympatric species.
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INTRODUCTION

Sexually reproducing animals depend on a fine-tuned communication system,

in particular, on a close association between one sex's ability to produce and transmit

a signal in a given environment and the ability of the opposite sex to decipher and

respond to that signal. While continuously confronted with an assortment of visual,

acoustic and chemical stimuli from their surroundings, many animal species readily

distinguish signals produced by prospective mating partners. This tightly linked

signaler/receiver system enables these animals to quickly locate or attract mates,

assess mate quality, and avoid the reproductive costs that may be associated with

hybridization. In many organisms, reproductively isolated populations exhibit

differences in their mating signals, and these signals act as barriers to gene exchange

in some frog, insect and fish species (e.g.; Ryan 1990, Coyne and Oyama 1995,

McLennan and Ryan 1997, 1999). It is well accepted that reproductive isolation can

evolve gradually in geographically separated populations as the populations diverge in

response to adaptations to different environments or to other selective pressures. More

controversial, however, is the idea that natural selection may rapidly increase

divergence in mate recognition by way of selection against hybridization following

secondary contact. The reinforcement of mate recognition by this process would

result in the pattern of reproductive character displacement, whereby the signals that

reduce mating between populations diverge more dramatically between sympatric

populations than they do between allopatric populations (Dobzhansky 1937, Dawley

1987, McKinnon and Liley 1986, Reagan 1992).
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Sexual isolation has arisen among numerous species of geographically isolated

populations of salamanders (review by Arnold et al. 1993). Behavioral experiments

have indicated that the degree of reproductive isolation is stronger between sympatric

species of Plethodon salamanders (from the P. glutinosus group) than it is between

allopatric populations of these species (Reagan 1992). Sexual isolation may be due to

species-specific differences in the chemosensory systems of these terrestrial

vertebrates (Arnold 1976, Dawley 1986, Verrell 1989). Plethodontid salamanders rely

on chemical cues for territorial advertisement, sex identification, mate assessment and,

in some cases, species recognition (review by Mathis et al. 1995, Marco et al. 1998).

Surprisingly, very little research has been conducted to determine if substrate-borne

chemical signals are used to maintain reproductive barriers between these salamander

species (but see Verrell 1989, Verrell 2003). The goal of our study is two-fold. First,

we aim to determine whether three closely related species of Plethodon from eastern

North America are capable of accurately assessing sex- and species-specific substrate-

borne chemical signals. Second, we ask if variation in the chemical signal alone is

enough to explain the existing patterns of isolation, wherein sexual isolation is

stronger between sympatric species than it is between allopatric species.

Chemical communication in terrestrial salamanders

Salamanders from the genus Plethodon are a group of nocturnal, terrestrial

animals that are incapable of vocalizing. Visual and auditory signals therefore play

minor roles in their ability to find, attract or sexually persuade mates. During the

breeding season, male plethodontid salamanders detect and track pheromone trails left

by passing females by tapping their nasolabial grooves on the substrate (Gergits and
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Jaeger 1990). Nasolabial grooves are furrows on the snout, extending from the edge

of each naris down to the upper lip. When an animal taps its snout to the substrate (or

the skin of another salamander), moisture containing chemosensory information is

passed up the grooves and into the nares through capillary action (Brown 1968;

Dawley and Bass 1989). The chemicals are then directed laterally to chemoreceptors

in the highly specialized vomeronasal epithelium (Dawley and Bass 1989). The

vomeronasal receptor neurons project to the accessory olfactory bulb (Schmidt 1988),

and presumably the information is then transmitted via the amygdala to a region in the

hypothalamus known to be involved in reproductive behavior (cf Halpern 1987;

Halpern and Martinez-Marcos 2003). Thus, these salamanders can easily acquire

information via substrate-borne chemical signaling and these signals may play a

fundamental role both in mediating conspecific interactions and in maintaining

reproductive barriers between species.

This study involves three closely related plethodontid species from the P.

jordani species complex (P. glutinosus species group; Highton and Peabody 2000): P.

she rmani, P. montanus and P. teyahalee. Two of these species, P. montanus and P.

she rinani, are geographically separated from one another and sexual isolation appears

to have evolved in allopatry (Stalker index = 0.342, where 0 = random mating and 1 =

complete isolation; Reagan 1992). Where P. teyahalee and P. montanus are found in

sympatry, morphological, molecular and behavioral evidence indicate that

hybridization does not occur (Stalker index = 1.0, Reagan 1992; Highton and Peabody

2000). In contrast, P. teyahalee and P. shermani hybridize extensively in many areas

of contact and, in one region, the parental species have been replaced entirely by



hybrids (Stalker index = 0.017 - 0.586; Reagan 1992; Highton and Peabody 2000).

There are no obvious differences in the courtship behaviors of these species (Arnold

1976; Reagan 1992), nor is there a correlation between genetic divergence and levels

of reproductive isolation (Reagan 1992).

Dawley (1984; 1986; 1987) demonstrated that some species within the P.

glutinosus group are capable of detecting and responding to sex- and species-specific

air-borne chemical stimuli. When presented with substrate-borne odors, however,

these Plethodon species did not distinguish sex- or species-specific chemical cues

(Dawley 1984). This lack of response is surprising for three reasons: (1) our

understanding of the structure and function of nasolabial grooves, as well as the

associated vomeronasal organ, illustrates a mechanism by which substrate-borne

chemical cues can be readily acquired and processed; (2) Plethodon salamanders

inhabit moist terrestrial environments where transport of these signals is easily

facilitated and where non-volatile molecules can persist for longer periods than

volatile ones; and (3) members of the P. cinereus species group have been shown to

detect and respond to substrate-borne territorial signals (review by Mathis et al. 1995).

For these reasons, it is generally well accepted that terrestrial salamanders rely on

substrate-borne chemical cues when selecting reproductive partners, despite limited

experimental evidence. The animals used in Dawley' s (1984) experiments, however,

were not in reproductive condition, and sensitivity to odors is known to increase

during the mating season (Toyoda and Kikuyama 2000). Furthermore, amphibian sex

pheromones show considerable seasonal variation and are usually only produced

during the breeding season (Rollmann et al. 1999; Wabnitz et al. 1999). If the
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chemical signals used as sex and/or species identifiers are produced and broadcast

during the mating season, we should be able to detect individual preferences at that

time.

METHODS

We collected 20 adult males and 20 adult females of each of three species, P.

teyahalee, P. montanus and P. sherinani, between 2-16 August 2001. The P.

sherinani were captured from Macon County, North Carolina (lat 35°10'48", long

083°33'38"), and P. teyahalee and P. montanus were collected from a single locality

in Madison County, North Carolina (lat 35°48'50", long 082°56'58"). We obtained

females with enlarged ova and males with visible mental glands to ensure that the

animals used in the experiment were in reproductive condition. The animals were

transported to Oregon State University where they were maintained at 13-15°C on a

natural (Corvallis, OR) photoperiod. The salamanders were housed individually in

plastic shoeboxes (31 X 16.5 X 9 cm) with damp paper towel substrates and fed two

waxworms (Galleria mellonella) each week.

The odor preference experiments were conducted in the laboratory from 27

August to 18 October 2001, a time period corresponding with the breeding season for

each of these species. Odor sources were obtained by lining the bottom of a small

plastic box (17 X 12 X 6 cm) with a piece of single-ply filter paper moistened with

dechlorinated water. A scent-marking animal was placed on top of the filter paper and

allowed to move about the box for a period of 24 hr. A blank scent was produced by
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moistening a piece of filter paper with dechlorinated water and storing it in a covered

enclosure for 24 hr.

Fifteen salamanders of each sex and of each species (N = 15 x 2 x 3 = 90) were

tested in a set of eight odor preference trials (Table 2.1; 120 tests/sex/species). The

order in which an animal performed a particular trial was assigned randomly. For

each trial, we used a clear, rectangular box (31 X 16.5 X 9 cm) as the experimental

chamber. Each side of the box contained a piece of marked filter paper (or a blank)

with a space of 3.5 cm between the two substrates to prevent diffusion of chemical

cues between sides. The side of the box in which the odors were placed was

randomized. At 1800 hr, the experimental animal was introduced to the center of the

experimental box and the animal's behavior was observed under dim red illumination.

Data were collected every two minutes for a period of 2 hrs (60 observations/animal).

We recorded: (1) the side of the box where the animal's head was positioned; (2)

whether the animal was tapping the substrate (i.e. nasolabial grooves in repeated

contact with the substrate, Arnold 1976); and (3) if the animal was located on the wall

of the experimental chamber (indicating lack of contact with chemical signals). Nose

tapping behavior was recorded to assess the general activity level of the animals and is

not considered an independent measure from which to infer odor preferences. We

simultaneously tested 55 animals (on average) each trial night, and provided

salamanders with at least one day of rest between trial nights.

Individuals were tested for side preferences (right versus left) by comparing

the number of times an individual animal was found on either side of the experimental

chamber at each two minute interval during each of its eight trials (60 X 8 = 480
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assessments). Animals displaying a preference for one side of the box over the other,

regardless of odor choices, were excluded from the statistical analyses. In addition, if

an animal spent more than half of the testing period on the wall of the experimental

chamber it was excluded from the analysis. For each scent preference trial, we tallied

the number of observations out of 60 that the animal spent on each side of the

experimental arena. Data were subjected to a Wilcoxon matched-pairs signed ranks

test to examine the null hypothesis that a salamander would spend an equal amount of

time (30 observations) on both sides of the experimental chamber if it had no odor

preference.

RESULTS

Female odor discrimination

For each of the three Plethodon species, a single female exhibited a statistically

significant preference for one side of the box over the other throughout her eight trials.

These three females were excluded from statistical analyses. In addition, of 120 total

independent female tests, individuals from 22 P. teyahalee tests, 25 P. shermani tests

and 19 P. montanus tests spent more than half of the time on the wall of the

experimental chamber and so were not included in statistical analyses. Females did

not exhibit a preference for one substrate over the other in 22 of 24 trials (Table 2.1).

However, when given a choice between a blank and the odor of a P. shermani male, P.

montanus females spent the majority of their time on the substrate with no odor (Table

2.1, P 0.01). Similarly, P. shermani females spent most of their time on the
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substrate with no odor when the other option was a substrate marked by a P. teyahalee

male (Table 2.1, P = 0.03).

Male odor discrimination

Two P. shermani males and one P. montanus male demonstrated a preference

for one side of the box over the other throughout the eight trials and were excluded

from the study. In individual tests, 16 P. teyahalee tests, 11 P. shermani tests and 13

P. montanus tests had males that remained on the wall of the experimental chamber

for over half of the experimental duration and were not included in statistical analyses.

Males did not exhibit a preference during blank versus conspecific male odor trials,

blank versus either heterospecific female odor trials, or trials in which two

heterospecific female odors were present (Table 2.1). Inmost trials, males did not

display a preference for conspecific female versus heterospecific female odors. The

one exception is the P. montanus trial in which males exhibited a preference for

conspecific female scent over P. teyahalee female odor (Table 2.1, P = 0.03). Males

of all three species preferred the odor of conspecific females to that of a blank (Table

2.1, P. teyahalee: P = 0.03; P. she rinani: P = 0.03; and P. montanus: P 0.001).

Males of all species also displayed a preference for conspecific female odors over

conspecific male scents (P. teyahalee: P = 0.04; P. shermani: P = 0.01; and P.

montanus: P = 0.001). In all trials, males were significantly more active (more nose

taps) than females (P = 0.001).
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Table 2.1. Preferences of three species of Plethodon in trials with two substrate-borne
odor choices. In each trial, the female or male was given a choice of two substrates:
either a blank control or substrates marked with the odor of another salamander.
Response to substrate was measured every two minutes for two hours (for a total of 60
observations). T is the value of the Wilcoxon matched-pairs signed-ranks test, P is the
two-sided probability with significance of * a <= 0.05 and ** a < 0.01. C =
conspecific, H = heterospecific. For P. teyahalee, Hi = P. sherinani, H2 = P.
montanus, for P. sherinani Hi= P. montanus, H2 = P. teyahalee; and for P. montanus,
Hi = P. she rinani, H2 = P. teyahalee



Table 2.1.

FEMALES MALES
No. Mean response No. Mean response

Species tested to substrate T P tested to substrate T P
Trial 1 Blank vs. Blank vs. Cd'
P. teyahalee 14 34.2 25.8 39.5 0.41 13 38.5 21.5 25.0 0.27
P. shermani 8 17.1 42.9 8.0 0.19 11 34.9 25.1 21.5 0.31
P. montanus 10 22.3 37.7 14.5 0.16 11 28.3 31.7 29.0 0.72Trial 2 Blank vs. C2 Blank vs. C9
P. teyahalee 11 28.7 31.3 30.0 0.79 12 16.7 43.3 95 0.03'P. shermani 9 29.6 30.4 22.0 0.95 11 18.8 41.2 1.0 0.03*
P. montanus 11 36.5 23.5 24.0 0.42 14 10.8 49.2 7.0 0.00Trial 3 Cd' vs. C9 Cd' vs. C9
P. teyahalee 11 31.8 28.2 30.0 0.79 11 11.0 49.0 10.0 0.04*
P. shennani 12 28.5 31.5 28.5 0.69 13 16.8 43.2 5.0 0.01*
P. montanus 14 27.2 32.8 52.0 0.98 12 17.4 42.6 2.0 0.00Trial 4 Blank vs. Hid' Blank vs. H1Q
P. teyahalee 12 32.3 27.7 31.0 0.53 12 18.2 41.8 23.0 0.21
P. shermani 13 35.2 24.8 36.0 0.51 12 30.7 29.3 38.0 0.94
P. montanus 9 52.0 8.0 0 0.01* 12 26.8 33.2 20.0 0.45
Trial S Blank vs. H2d' Blank vs. H29
P. teyahalee 12 28.9 31.1 38.5 0.97 13 33.3 26.7 33.0 0.64
P. sher,nani 10 47.3 12.7 6.0 0.03* 13 29.4 30.6 43.0 0.86
P. montanus 10 29.4 30.6 26.5 0.92 10 41.4 18.6 14.5 0.19Trial6 Cd' vs. Hid' C9 vs. H19
P. teyahalee 8 26.6 33.4 16.5 0.83 14 36.0 24.0 37.5 0.94P. sherinani 13 33.5 26.5 35.5 0.49 11 34.3 25.7 16.5 0.26
P. montanus 12 30.6 29.4 32.0 0.58 14 27.1 32.9 44.5 0.62



Table 2.1. (continued)

FEMALES MALES
No. Mean response No. Mean response

Species tested to substrate T P tested to substrate T P
Trial 7 vs. H2c' CQ vs. 1129
P. teyahalee 11 28.5 31.5 30.0 0.79 14 41.8 18.2 30.0 0.16P. shermani 13 27.1 32.9 36.0 0.51 12 34.1 25.9 25.0 0.27P. montanus 14 25.9 34.1 39.0 0.40 13 42.2 17.8 15.0 0.03*
TrialS Hlg vs. H2c 1119 vs. H29
P. teyahalee 11 22.6 37.4 24.0 0.42 15 25.5 34.5 46.0 0.43P. shermani 9 20.9 39.1 11.0 0.17 10 30.7 29.3 27.5 0.99P. montanus 13 27.9 32.1 39.5 68 13 31.5 28.5 39.5 0.68

t)



DISCUSSION

We show that mating interactions for the three Plethodon species depend

largely on the male's ability to perceive, distinguish and respond to substrate-borne

chemical signals produced by the female. Although females of these species produce

a chemical signal that attracts males, females did not use substrate-borne odors to

locate mating partners during our laboratory experiments. These females may,

however, assess male chemical signals during courtship interactions as the male makes

physical contact and applies courtship pheromones directly onto the female's nares.

Males of all three species displayed a strong preference for substrates

previously occupied by a conspecific female when the alternative was a conspecific

male odor or a substrate with no salamander scent. These males showed no interest in

heterospecific female odors under the same testing conditions, suggesting that these

chemical signals have diverged in allopatry. When males were given a choice

between a substrate previously occupied by a conspecific female odor and a substrate

containing a heterospecific female scent, however, the attraction for the conspecific

was no longer apparent. Thus, the strength of the conspecific signal is dampened

when the male is simultaneously introduced to a heterospecific female's odor. In one

case, however, male P. montanus displayed a strong preference for the female

conspecific when the alternate odor was that of a heterospecific P. teyahalee female.

In this case, P. montanus and P. teyahalee exist in sympatry without hybridizing,

indicating that the divergence of chemical cues is greater between sympatric species.

Female P. she rmani, P. montanus and P. teyahalee did not respond

preferentially to sex-specific or species-specific substrate-borne chemical cues in our
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laboratory experiments. The lack of a distinct preference and reduced activity that we

observed could accurately reflect the natural behavior of these species during the

mating season. In most signal/receiver systems involved in mate attraction, one sex

produces a signal while the other sex detects and pursues that signal. While there have

been observations of male P. shermani rapidly following the trails of passing females

(Gergits and Jaeger 1990; Reagan 1992), similar behaviors have not been reported for

females. In our study, male salamanders tapped the substrate much more frequently

than females, indicating that males more actively sample the environment, presumably

in search of a mate. This difference in male and female search behavior may correlate

with a sexual dimorphism of the vomeronasal organ (VNO). In VNO studies of a

related plethodontid salamander, P. cinereus, the male had a significantly larger VNO

than the female during the breeding season (Dawley 1992). Furthermore, observations

from staged courtship encounters in the laboratory indicated that males pursue and

initiate courtship, whereas the females are initially unresponsive (CP, personal

observation). In our tests, P. shermani and P. montanus females spent approximately

twice as much time on substrates marked by conspecific males than on substrates with

no salamander scent (a trend that was not statistically significant). Similarly, in four

out of six trials, females visited the substrate with no salamander odor more frequently

than the substrate bearing a heterospecific male scent, but in only two of these four

trials was this difference statistically different.

A similar odor-choice experiment was conducted by Dawley (1986, 1987),

who examined female responses to air-borne chemical signals in species of the

Plethodon glutinosus group. Dawley (1986) concluded that females always showed
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indifference to heterospecific male odors, but were attracted, repulsed or unresponsive

to the scents of conspecific males. Results from two of our trials also suggest that

females are repulsed by substrates bearing heterospecific male odors. The P.

shermani females avoided P. teyahalee, and P. montanus females avoided P.

shermani male odors, both spending significantly more time on the substrate with no

salamander scent. When these females were exposed to substrates marked by the

same heterospecific males in two other trials (versus odors of a conspecific male or a

second heterospecific male), however, the avoidance response was no longer apparent

(Table 2.1). For this reason, evidence for an avoidance response seems lacking. In

fact, based on the data from all eight trials, we conclude that females of the Plethodon

species used in this study do not use substrate-borne chemical cues to appraise and/or

locate potential mating partners.

Our conclusion that females do not use substrate-borne odors to actively locate

mates does not imply that these salamanders are incapable of detecting and assessing

male chemical signals. Pheromones delivered during initial contact between mates, as

well as during courtship interactions, may play a significant role in female mate

choice. Chemical signals can be conveyed to the female directly from the surface of

the male's body as the pair comes into physical contact (Arnold 1976). Furthermore,

pheromones are delivered directly to the female's nares when the male 'slaps' his

mental gland onto her snout during courtship (Organ 1958, Arnold 1976).

Experimental studies have shown that the application of this proteinaceous courtship

pheromone results in a significant increase in female receptivity, indicating that

pheromone delivery improves courtship success (Houck et al. 1998; Rollmann et al.



1999). Courtship pheromone delivery does not guarantee insemination, however, and

the female may leave the courting male following pheromone delivery (Reagan 1992).

Thus, females presumably use chemical signals during courtship to identify and assess

appropriate mating partners and these courtship pheromones may play a role in sexual

isolation.

Male P. she rmani, P. montanus and P. teyahalee are fully capable of

discriminating between sex-specific odors and show a strong preference for female

chemical cues. When males were given a choice between a conspecific female odor

and a substrate containing no scent, all three species showed a significant preference

for the substrate marked by the female. In addition, males preferred substrates marked

by conspecific females to those marked by conspecific males. In a third type of trial,

males presented with a conspecific male odor and a substrate with no salamander scent

did not discriminate between substrates. These results provide compelling evidence

that males are displaying a sex-specific response and are not merely attracted to the

scent of any other salamander and/or avoiding substrates that have been marked by

conspecific males.

Large eastern Plethodon species emerge from their underground burrows at

nightfall to forage and mate. Because these animals occupy and defend their own

burrows, they do not have immediate access to a mating partner on a given night, nor

do they rely on acoustic or visual signals to attract appropriate mates. Instead, the

results of our laboratory tests suggest that a strong sex-specific chemical signal is

produced by the female and this signal can easily be detected by a conspecific male.

When the female deposits this pheromone on a moist, terrestrial substrate in a natural
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setting, the male should be able to locate the female relatively quickly. In Dawley' s

(1984) experiments, males did not respond to female substrate-borne chemical signals

outside of the breeding season. We infer that immature and non-gravid females

produce a signal that is distinct from the odor advertised by gravid females or that this

sex-specific signal is absent altogether in non-breeding females.

Male preferences for the chemical signal of a conspecific female were

straightforward, but results of tests using heterospecific female odors yielded mixed

results. When P. shermani, P. teyahalee and P. montanus males were allowed to

choose between a substrate marked by a heterospecific female and a second substrate

with no odor, the males did not display a preference. Behavioral observations in the

laboratory have revealed that male terrestrial salamanders frequently fail to initiate

courtships with heterotypic females (review by Arnold et al. 1993). Our results

indicate that the odors of the heterospecific females are either not recognized by the

male or that these chemical signals fail to carry reproductive significance and are

simply ignored. Although P. teyahalee males spent more than twice as much time on

substrates bearing P. shermani female odors than on the substrate with no salamander

scent, the results were not statistically significant (Table 2.1). However, P. teyahalee

males may indeed be attracted to P. sherinani female odors given that these two

species hybridize in many areas where theycome jnto contact with each other

(Highton and Peabody 2000).

Both P. shermani and P. teyahalee males failed to respond to a conspecific

female odor when a heterospecific female odor was presented simultaneously. This

result is similar to that observed for female swordtail fish (Xiphophorus nigrensis),



wherein the response to a conspecific chemical cue was stronger when the alternative

choice was water rather than a heterospecific signal (Crapon de Caprona and Ryan

1990). This pattern of discrimination suggests that although these Plethodon males

prefer the odor produced by their own females, males are capable of perceiving

heterospecific female signals. The fact that males are capable of perceiving

differences between these odors supports the notion that the mate-recognition systems

have evolved following speciation, presumably in allopatry (Crapon de Caprona and

Ryan 1990; Paterson 1985).

The P. montanus males, on the other hand, maintained a strong preference for

conspecific female odors when the second scent was that of a P. teyahalee female.

Similarly, P. teyahalee males spent more than twice as much time on conspecific

female odors than on substrates marked by P. montanus females, but this result was

not statistically significant (Table 2.1). The asymmetry in male response to

conspecific and heterospecific female odors (P. teyahalee showed no strong

preference, P. montanus preferred conspecific female odors) is unexplained, as these

two species are sympatric and reproductive isolation is complete (Reagan 1992). Male

P. montanus spent more than twice the amount of time on the substrate without a

salamander odor than on the substrate containing odors of P. teyahalee females

(results were not statistically significant; Table 2.1). Thus, there is strong evidence

that female signals attract conspecific mates, and there is some suggestion that these

signals may also function to repel sympatric, heterospecific males. In any event, the

chemical cue produced by the female salamander provides species-specific

information that may play a large role in maintaining this reproductive barrier. The
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mate-recognition system of large eastern Plethodon species has evolved in allopatry,

but the signaling system is more specialized in areas where the species co-exist.

Summary and future directions

In this terrestrial salamander system, chemical signals are broadcast in the

environment by reproductively active females and are detected by males as they tap

their nares to the substrate. These signals function in mate-recognition and appear to

have evolved in allopatry. There is evidence that these chemical cues have diverged

further in areas where closely related salamander species are sympatric, presumably to

prevent hybridization. Whether the pattern of signal divergence disclosed by this

study reflects true character displacement as defined by Dobzhansky (1937) has yet to

be established. To date, research on hybrid viability in this system has not been

conducted, presumably because of the difficulties that are associated with mass-

rearing terrestrial salamander eggs in the laboratory. A focus on post-mating isolation

is essential, for pre-mating isolation should evolve in response to post-mating

consequences.

Furthermore, the chemical signals involved in sexual isolation and their site of

production have yet to be identified. Proteins are good candidate molecules as sex-

attractants in terrestrial salamanders and warrant investigation. All of the pheromones

that have been characterized for amphibian mating systems are proteins (Rollmann et

al. 1999; Wabnitz et al. 1999, Toyoda and Kikuyama 2000). In addition, a protein

signal may have greater stability in terrestrial environments than other molecules. For

example, rodents release proteins in their urine and these proteins encase a bound
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volatile molecule. In this arrangement, the volatiles are transformed into stable signals

as they are time-released into the environment during the relatively slow process of

protein degradation (Hurst et al. 1998). If the signals used in salamander mate-

recognition are proteins, the sequences for the genes encoding these proteins can be

isolated. Furthermore, the evolution of these genes can be analyzed and the types of

selective pressures that have acted on the gene (i.e., neutral, diversifying or stabilizing

selection) can be determined (Yang 2000). From this analysis, we can gain a better

understanding of the processes shaping the chemical signaling system as a whole.

Ultimately, this system has the potential to help us understand the selective pressures

involved in the evolution of reproductive isolation.
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ABSTRACT

Many proteins that mediate sexual reproduction diverge rapidly as a result of

adaptive evolution. The rapid evolution of these proteins has been attributed to sexual

selection arising from inter- and/or intra-sexual interactions. Little is known,

however, about the nature of selection driving the evolution of pheromones that are

used to mediate reproduction. Plethodontid Receptivity Factor (PRF) is a

proteinaceous salamander pheromone produced by the male and delivered to the

female during courtship. This protein increases female responsiveness, resulting in a

faster time to insemination, and thus enhances male mating success. To estimate

genetic variation and determine the selective forces shaping this pheromone, we

isolated PRF genes from 31 species within the genus Plethodon. Our analyses

revealed that pheromone diversity and/or discordant patterns of selection are present at

multiple levels - within a single individual, at the population level and across species

with different methods of pheromone delivery. Structural models indicate that PRF is

in a family of cytokines characterized by a four-a-helix bundle. Variation in the PRF

gene is maintained by strong positive selection, and several of these positively selected

residues map onto regions important to receptor binding in other cytokines. A

coevolutionary association with female receptors probably drives adaptive changes in

this courtship pheromone. These results open up opportunities to test the hypothesis

that sexual selection plays an important role in the molecular evolution of PRF and

other pheromones involved in sexual communication.
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INTRODUCTION

Sexual selection on traits involved in reproduction may be an important and

ubiquitous source of evolutionary change. Morphological traits involved in

reproduction tend to evolve more rapidly than other phenotypic traits (review by

Anders son 1994). Empirical and theoretical modeling studies suggest that sexual

selection is the likely driving force underlying the rapid evolution of these traits

(Pitnick et al. 2001; reviews by Andersson 1994 and Mead and Arnold 2004).

Technological innovations and advances in evolutionary theory over the past few

years have made it possible to investigate the selective forces operating at the

molecular level. Interestingly, several recent studies have reported rapid, adaptive

evolution in genes that mediate reproduction and fertilization (review by Swanson and

Vacquier 2002a). The signature of positive selection in reproductive proteins suggests

that sexual selection may be as pervasive at the molecular level as it is at the

phenotypic level.

Our understanding of the selective forces directing molecular evolution has

been revolutionized by recently developed codon-substitution models (Nielsen and

Yang 1998; Yang et al. 2000). These models account for variable selective pressures

among amino acid sites of protein coding genes, thus identifying specific sites under

purifying (stabilizing) selection, neutral evolution, or positive (diversifying or

directional) selection. The prevailing view of molecular evolution is that most non-

synonymous (amino-acid altering) substitutions are eliminated by the process of

purifying selection. This purifying process maintains stable proteins, especially three

dimensional structures, over hundreds of millions of years. Against this background



of purifying selection, the composition of the DNA molecule can slowly evolve

through incorporation of selectively neutral mutations (Kimura 1983). Prior to the

advent of codon-substitution models, however, empirical evidence of rapid sequence

divergence driven by adaptive evolution (positive selection) was relatively rare.

Since then, a surprising number of studies have identified genes that experience rapid,

adaptively-driven change (reviews by Yang and Bielawski 2000; Ford 2002; Swanson

and Vacquier 2002a). For example, positive selection has been detected across

numerous taxa for many reproductive proteins that act during the post-copulatory

period (Swanson and Vacquier 2002a). Reproductive proteins have a direct effect on

fertilization success, therefore it is reasonable to suggest that adaptive changes in these

molecules are driven by sexual selection within populations or selection favoring

reproductive isolation between populations (Swanson and Vacquier2002a; Torgerson

et al. 2002).

If this is the case, we might expect positive selection to also operate on other

proteins that are involved in reproduction, such as pheromones. Pheromones are

chemical signals that elicit specific behavioral and physiological responses among

conspecifics (Karlson and Luscher 1959). These chemical cues also may convey

information regarding the sex, social status and/or fitness of an individual, making

pheromones candidate molecular targets for sexual selection. This chapter focuses on

a salamander pheromone component that alters female responsiveness during

courtship (Rollmann et al. 1999). This pheromone is proteinaceous and is produced

by the submandibular (mental) gland of a mature male plethodontid. The mental

gland hypertrophies only during the breeding season and is used to deliver
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pheromones to the female during courtship. This courtship pheromone increases

female receptivity, resulting in a more rapid courtship and increasing the likelihood of

successful sperm transfer (Houck and Reagan 1990; Rollmann et al. 1999). Therefore,

male mating success can be directly influenced by the transfer of a courtship

pheromone to the female.

Chemical signaling in eastern Plethodon

Across the major plethodontid lineages there is remarkable evolutionary stasis

in pheromone delivery systems (Chapter 1). A major transition from 'vaccination' to

'olfactory' pheromone delivery, however, occurred in the genus Plethodon (Houck

and Arnold 2003). The four major Plethodon lineages in eastern North America

include the P. cinereus species group (9 spp.), the P. wehrlei group (2 spp.), the P.

welleri group (5 spp.) and the P. glutinosus group (28 spp.), (Figure 3.1; Highton and

Larson 1979; Larson et al. 2003). Salamanders from the P. cinereus group maintain

the ancestral method of pheromone delivery (called 'vaccination', Chapter 1) shared

by most plethodontids (review by Houck and Arnold 2003). Tn these species, the male

administers the pheromone by scraping the skin on the female's dorsum with his

enlarged pre-maxillary teeth and wiping his mental gland across the abraded site

(Arnold 1972). The mental gland of these species is crescent-shaped and located at

the tip of the chin (Figure 3.2; Highton 1962). When a male salamander scrapes the

female's skin and applies his mental gland to the abraded site it is likely that the

pheromone is 'vaccinated' directly into the female's circulatory system (Arnold 1977;

buck and Reagan 1990).
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Figure 3.1. Phylogenetic relationships of the four eastern Plethodon species groups
and estimated time of divergence (adapted from Larson and Highton 1979; Maxson et
al. 1979; Maxson et al. 1984; Highton et al. 1989; Highton and Peabody 2000).
Transitions in pheromone delivery behavior are denoted by dotted lines.



Figure 3.2. Changes in mental gland morphology in eastern Plethodon. (A)
crescent-shaped mental gland of P. cinereus, (B) flat, round gland of P. dorsalis,
(C) large, protruding round mental gland of P. glutinosus. Adapted from Highton
1962.

A different method of pheromone delivery in Plethodon species is present in

the more recently derived P. glutinosus species group (Houck and Arnold 2003).

Males in this dade lack sexually dimorphic premaxillary teeth and rely on an

'olfactory' mode of pheromone delivery. In contrast to male salamanders that deliver

pheromones via vaccination, the mental glands of species within the P. glutinosus

group are circular, significantly larger, and occupy a more posterior position on the

chin (Figure 3.2; Highton 1962; Houck and Sever 1994). Instead of 'vaccinating' the

pheromone into the female's skin, males with the olfactory delivery mode 'slap' their

enlarged mental glands directly across the female's nares (Organ 1958; Arnold 1976).

Once the pheromone is delivered to the female's nares it moves by capillary action up

the nasolabial grooves to her vomeronasal organ(Dawley and Bass 1988; 1989), where

the proteins stimulate receptors in the vomeronasal organ (VNO) epithelium (Wirsig-

Wiechmann et al. 2002). VNO receptor neurons begin a series of projections that

subsequently result in a change in female sexual responsiveness (cf Halpern 1987;

Halpern and Martinez-Marcos 2003).
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Changes in male secondary sex characteristics in species of the P. welleri and

P. wehrlei groups indicate that these species may represent and early evolutionary

transition from vaccination to olfactory delivery. Although species in this 'transition'

group share several morphological characteristics with species in the P. cinereus

group, two modifications of male sex characters set this group apart from Plethodon

species with vaccination delivery (Highton 1962). The first noticeable difference is

that males within the transition species group (P. welleri and P. wehrlei groups) do not

have the enlarged, highly modified premaxillary teeth characteristic of males from the

P. cinereus species group (vaccination delivery). The premaxillary teeth of both sexes

in the transition species group are similar in shape and, in fact, tend to be larger in

females than in males in P. welleri (Coss 1974). Secondly, shape and position of

mental glands of the P. welleri and P. wehrlei species are most similar to glands of the

P. glutinosus species, although they are much smaller in absolute size (Figure 3.2;

Highton 1962). These differences in secondary sexual characteristics are used in the

current study to make inferences regarding transitions in pheromone delivery

behaviors.

Courtship observations for salamanders of the P. welleri and P. wehrlei species

groups are difficult to obtain in the laboratory, so little is known about the method of

pheromone delivery for these species. Two reports by separate authors describe a

behavior in P. welleri (-10 pairs total) in which the male places his chin on the

dorsum of the female and slowly slides forward to the female's head while

maintaining contact with her skin (Organ 1960; Arnold 1972). This 'head sliding'

behavior is present in many plethodontids and may result in pheromone delivery via
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diffusion through the skin (Arnold 1972). In addition, head sliding and head rubbing

(another behavior common in plethodontid courtship) also were observed in four P.

dorsalis courtship encounters (Dyal submitted). Pheromone delivery is likely to occur

during 'head rubbing' as the male swings his chin back and forth across the female's

body, head and flares. Insemination in these P. dorsalis pairs was successful even

though 'olfactory' and/or 'vaccination' pheromone delivery behaviors (i.e., slapping

and snapping) were not unambiguously observed (Dyal submitted).

The first unambiguous report of pheromone delivery for the P. welleri species

group was recently made by A. Picard (pers. comm.). In three of five P. dorsalis

courtship encounters observed, the male salamander approached the female and

'slapped' his mental gland to her nares prior to tail-straddling walk (TSW, defined in

Chapter 1). In addition, male 'head rubbing' was frequently observed in these P.

dorsalis courtship sequences, with the exception of one courtship where the pair

immediately entered TSW and abandoned the persuasion phase of courtship altogether

(A. Picard pers. comm). These observations support morphology-based predictions

that species within the transition group use olfactory pheromone delivery. However,

the lack of slapping or snapping pheromone delivery behaviors in several P. dorsalis

and P. welleri courtship observations remains puzzling. The absence ofthese

behaviors may be attributable to: (1) small sample sizes and/or courtship trials

containing a biased sample of highly receptive females, for which pheromone delivery

is unnecessary; (2) males favoring a more subtle method of pheromone delivery such

as head rubbing or head sliding; or (3) a minimization or loss of pheromone delivery

behaviors in some of these species. Although our recent efforts to observe courtship



behaviors for P. wehrlei and P. welleri in the laboratory were unsuccessful, we were

able to obtain pheromone gene sequences for five species in this 'transition' group.

Plethodontid Receptivity Factor (PRF)

Most of what is known about Plethodon courtship pheromones has been

obtained through behavioral and biochemical research on P. sher,nani, a species from

the P. glutinosus group with olfactory delivery. Biochemical analyses have

established that the courtship pheromone of P. shermani is composed of glycoproteins,

including two major proteins that comprise over 80% of the total pheromone blend

(Feidhoff et al. 1999). Behavioral studies indicate that application of one of these

major components (a 22-kD protein) by itselfcan significantly increase female

receptivity during courtship and has been named 'Plethodontid Receptivity Factor'

(PRF) (Rollmann et al. 1999). PRF is structurally related to the 'IL-6-type' family of

cytokines. These secreted proteins consist of four tightly packed a-helices (helix A, B,

C and D) connected in an antiparallel up-up-down-down arrangement by three

polypeptide loops (Hill et al. 2002). Although they have a low level of sequence

similarity, members of the IL-6 family of cytokines have the same conserved 3-

dimensional structure, three topologically conserved binding sites and they all unite

with a common receptor subunit (gp 130) for signal transduction (Hinds et al. 1998;

Hill et al. 2002). In general, these cytokines are a diverse group of soluble proteins

that mediate communication between cells, regulate the survival and growth of cells

and tissues, and have important functions in fertility, inflammation and the immune

response (Hill et al. 2002; Heinrich 2003). PRF is the first report of an IL-6-type
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cytokine known to function as a pheromone in a chemical signaling system (Rollmann

et al. 1999).

In this chapter, we will discuss PRF gene diversity and evolution across the

radiation of eastern Plethodon species. Evolutionary shifts in gland morphology, pre-

maxillary teeth specialization and pheromone delivery behaviors have occurred in this

genus. Valuable insights regarding mechanisms underlying the evolution of

sensory/mating systems can be gained by comparing transitions in the signaling

complex (mental gland, specialized teeth and associated pheromone delivery

behaviors) with changes that have occurred at the molecular level. This chapter

includes inferences that we have previously reported (Watts et al. 2004), and expands

our initial investigation by including representative genes from all four eastern

Plethodon lineages. This greater sampling effort makes it possible for us to determine

the rate and direction of PRF evolution within and among populations, species, and

across delivery modes. From this perspective we will be able to determine if the PRF

pheromone evolved rapidly during the transition from vaccination to olfactory

delivery as we predict. Furthermore, we can measure the forces of selection that have

shaped the PRF gene and determine if PRF is evolving in a fashion similar to other

reproductive proteins. We apply codon-substitution models to measure the selective

pressures (i.e., purifying selection, neutral evolution or positive selection) acting on

the PRF protein. By mapping the patterns of selection onto an alignment with

cytokines of known structure, we are able to identify functionally important regions on

the pheromone gene and discuss the mechanisms that may have shaped the evolution

of this chemical signal.
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METHODS

RT-PCR, Cloning and Sequencing

Mature males with enlarged submandibular glands were collected from various

localities during the breeding season. Samples were obtained from the primary study

groups; P. glutinosus, P. wehrlei, P. welleri and P. cinereus species groups (27 spp; 34

populations Table 3.1). A single male/female breeding pair of P. shermani was

collected from Macon Co., North Carolina (Table 3.1) in August 2003 to obtain skin

samples from cloacal regions and from the dorsal regions of the tail base. In addition

to obtaining samples from our primary study species, mental glands from the

following species also were sampled: Aneidesferreus, Batrachoceps wrighti,

Desmognathus ocoee, D. monticola, D. quadramaculatus, Eurycea guttolineata, E.

bislineata, Plethodon dunni, P. stormi, P. vehiculum , Rhyacotriton variegatus and

Taricha granulosa.

The Rhyacotriton and Taricha samples included skin from the chin of sexually

active males (mental glands were not apparent) as well as cloacal glands at the base of

the tail which may secrete pheromones into the water during the breeding season. Our

survey, which included western Plethodon species as well as taxa sampled from

various salamander tribes, subfamilies and families (see Chapter 1), was designed to

isolate the ancestral form of the PRF gene. We sampled the skin and cloacal gland

tissues to determine if PRF is involved in mate attraction (Chapter 2) and to gain

insights regarding the evolutionary origin of PRF in the mental gland.



Table 3.1. Plethodon species from which Plethodontid Receptivity Factor (PRF) sequences were obtained and PRF allele diversity
found. Sequence dissimilarity was calculated as the number of nucleotide changes per site and is reported as (%) dissimilarity at the
nucleotide level. 'Hybrid' is a P. shermani X P. teyahalee cross. *Plethodon wehrlei from Pocahontas County, WV were kindly
provied by Dr. Thomas K. Pauley.

COLLECTION SITE
Plethodon No.

species glands County State Lat (N) Long (W)
Olfactory delivery

PRF ALLELES

Clones Unique Unique Sequence
Sequenced Sequences Translation Dissimilarity

P. amplus 4 Bumcombe NC 35 27'40" 082 22'09" 39 9 9 0.42
P. aureolus 2 Monroe TN 35 27'29" 084 0l'24" 10 5 3 0.56
P. chattahoochee 6 Towns TN 34 52'28" 083 48'41" 16 8 8 0.71
P. cheoah 4 Swain NC 3521'30" 083 43'04" 39 13 13 1.51
P. cylindraceus 1 Johnson TN 3023'52" 081 57'84" 10 5 4 0.41
P.fourchensis 1 Scott AR 34 39'20" 093 57'OO" 4 2 2 0.16
P. grobmani 1 Toombs GA 32 20'24" 082 32'12" 10 2 2 0.31P. jordani 5 Sevier TN 35 36'34" 083 26'50" 44 3 2 0.21
P. kentucki 1 Buchanan VA 37 30' 10" 082 02'25" 7 3 3 2.47
P. metcalflHBS 5 Macon NC 3501'50" 083 08'49" 46 4 3 0.26
P. metcalfi CW 6 Macon NC 35 19'40" 083 20' 10" 35 17 15 1.24
P. meridianus 5 Burke NC 35 36'05" 081 37'43" 43 3 3 0.21
P. mississippi 1 Scott MS 32 24'37" 089 29'02" 7 5 3 0.50
P. montanus 4 Madison NC 35 50'24" 082 57'll" 39 17 15 1.55
P. ouachitae 1 Le Flore OK 34 40'59" 094 22' 16" 6 2 2 0.31
P. ouachitae 1 Le Flore OK 34 43' 10" 094 32'33" 9 3 3 0.31
P. savannah 1 Richmond GA 33 19'48" 082 03'49" 8 5 3 0.88
P. shermani WA 4 Macon NC 35 l0'48" 083 33'38" 37 16 13 2.04
P. shernuini DG 4 Clay NC 35 02'26" 083 33' 10" 39 16 16 0.77Hybrid 4 Macon NC 35 02'20" 083 27'33" 34 16 14 1.40
P. teyahaleeMP 4 Madison NC 35 50'24" 082 57' 11" 31 4 2 0.36

fji



Table 3.1. (continued)

COLLECTION SiTE

Plethodon Number
species of glands County State Lat (N) Long (W)

Offactory delivery
P. teyahalee SG 3 Swain NC 35 21'30" 083 43'04"
P. yonahiossee 2 McDowell NC 35 42'58" 082 19'56"
Transition group
P. dorsalis 1 Madison AR 36 14'25" 093 40'27"
P. websteri 1 Jefferson AL 33 43'32" 086 49'20"
P. wehrlei** 2 Pocohontas WV
P. wehrlei 1 Floyd VA 36 47'22" 080 27'34"
P. welleri 1 Madison Unicoi NC/TN 36 06'36" 082 21'40"
P. vent ralis I Jefferson AL 33 43' 32" 086 49' 20"
Vaccination delivery
P. cinereus 5 Giles VA 37 22'02" 080 31'34"
P. hoffinani 1 Pocahontas WV 38 13'43" 079 47'58"
P. richmondi 3 Wise VA 36 53'OO" 082 37'58"
P. serratus 1 Henry GA 33 29'59" 084 iO'58"
P. serratus 1 Stoddard MO 36 57'02" 090 09'31"
Total

PRF ALLELES

Clones Unique Unique Sequence
Sequenced Sequences Translation Dissimilarity

23 6 4 0.52
19 3 3 0.31

10 2 2 0.16
9 2 2 0.80
11 3 3 0.21
10 2 2 0.16
5 3 3 0.53
5 1 1 n/a

27 14 13 9.85
8 3 3 12.79
16 13 11 10.13
9 4 4 12.32
10 3 2 0.52

675 217 191 8.61

0\
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Animals were anesthetized using a 20% benzocaine solution and glands (or

skin) were surgically removed and immediately frozen at -80 C. Total RNA was

extracted from the tissues using Trizol® reagent (Invitrogen #15596-026) and re-

suspended in 30.0 ul RNase-free dH2O. Single-stranded cDNA was synthesized from

1.0 ul total RNA using oligo-DT and the ImPromllTM reverse transcriptase system

(Promega #A3800). Primers designed from the 3' and 5' untranslated regions were

used to amplify a 757-805 bp region that included the PRF coding sequence

(Rollmann 1999; P22.3: 5'- AGC ATC AAC GGA GGC AAG AG '3' and Pjord22.0:

5'- CCC AAT GCA AGA TAG CTC -3'). The following PCR conditions were used

for amplification: 95 °C for 3.0 mm then 40 cycles of 95 °C for 1.0 mm, 53 °C for

45.0 see, 72 °C for 1.5 mm and a final extension time of 10 mm at 72 °C. To avoid

random PCR amplification error, a proofreading DNA polymerase (Pfu Ultra High-

Fidelity, Stratagene #600382) was used in all PCR reactions. PCR products were

visualized and excised from a 1.5% agarose gel, purified (QlAquick gel extraction kit;

Qiagen #28706), and cloned using the Zero Blunt® Topo® PCR cloning kit (Invitrogen

#K2800-20). Ten PRF clones per individual were purified (QlAprep spin miniprep

kit, Qiagen #27 106) and sent for sequencing in both the forward and reverse directions

using universal T3 and T7 primers.

Construction ofmental gland cDNA libraries

Gland removal and extraction of total RNA from mental gland tissue were

performed using the protocol described above. Three separate mental gland cDNA

libraries were constructed for the following species: (1) P. sherinani (N= 10 glands

pooled); D. ocoee (N=20 glands pooled); and P. dunni (single mental gland). The P.
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shermani library was constructed in Lambda-ZAP vector (uni-zap XR; Stratagene).

Messenger RNA was prepared using the Stratagene mRNA isolation kit (#200347)

with the optional enrichment protocol. Double stranded cDNA was synthesized, then

directionally ligated (adapters: 5' EcoR I - 3' oligo-dT/Xho I) into the lambda-ZAP

express phage vector and packaged into active phage using the ZAP Express XR

Library Construction Kit (Stratagene #20045 1). The size selection protocol was

omitted, but unincorporated nucleotides and adapters were removed with a QlAquick

PCR purification kit (Qiagen #28104). The primary library was plated using standard

procedures and 300 primary clones were cored, excised and sequenced by automated

dye-terminator sequencing.

The D. ocoee and P. shermani mental gland cDNA libraries were prepared

using the SMARTTM eDNA library construction kit (BD Biosciences Clontech

#K1053-1). Inserts were generated from 50 ng total RNA by the long distance PCR

protocol. Small amplification products were removed by gel purification followed by

CHROMA SP1N-400 column size fractionation. The inserts were ligated into the

plasmid vector and primary transformants were generated as per the kit protocol.

Primary clones (D. ocoee = 300; P. dunni = 200) were minipreped (QlAprep spin

miniprep kit, Qiagen #27106) and sequenced from the 5' end by automated dye-

terminator sequencing.

Database searches and related sequences

BLASTX searches on GenBank (www.ncbi.nlm.nih.g0vIBLAST) were used to

find sequences related to PRF. Protein structure predictions were made using PROF

(Rost 1996) from PredictProtein (www.embl-heidelberg.de/predictprotein).
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Sequences used for selection analysis of JL-6 (26 taxa) were obtained from GenBank

using BlastX and key word searches. IL-6 sequences included: Aotus nancymaae

(AADO 1536), Aotus lemurinus (AF097323), Bos taurus (NP_776348), Bubalus

bubalis (AAQ5430 1), Camelus bactrianus (BAC75393), Canisfamiliaris

(AAF86275, U12234), Capra hircus (BAA131 18), Cercocebus torquatus (L26032),

Deiphinapterus leuca (AAD42929), Enhydra lutris (AABO 1428), Equus caballus

(AAB62246, AAC04574, U64794), Felis catus (L16914), Gallus gallus (CAC40812),

Homo sapiens (NP_000591), Lama glama (BAC75384), Macacafascicularis

(AB000554), Macaca mulatta (L26028 ), Marmota monax (AAF28873, Y14139),

Mus musculus (NM_03 1168), Orcinus orca (L46803), Oryctolagus cuniculus

(AAF86660), Ovis aries (X62501 ), Rattus norvegicus (NM_012589 ), Saimiri

sciureus (AAK92044), Sigmodon hispidus (AF42 1389) and Sus scrofa (AAM74938,

AF30965 1, AF493 992, M86722) A structural alignment of PRF with human four-a-

helix cytokines was produced using ciliary neurotrophic factor (NP_000605),

leukemia inhibitory factor (NP_002300), growth hormone (NP_000506), and

interleukin-6 (NP_00059 1).

Phylo genetic analysis

Amino acid sequences were aligned using the Clustal_X software (version

1.83; Thompson et al. 1994) and minor refinements were made by visual inspection.

Nucleotide sequences were then aligned accordingly. Data sets were built from

unique DNA haplotypes for analysis at the following levels:

(1) within populations when the number of unique sequences was> 10

(2) within species (unique sequences> 10)



(3) for all species having olfactory delivery

(4) for species having vaccination delivery gene 'A'

(5) for species having vaccination delivery gene 'B'

(6) for species with vaccination delivery gene A and B combined

(7) for species within the P. welleri and P. wehrlei ('transition') groups

(8) all species of eastern Plethodon (8a: one sequence from each population

(N=34), 8b: two most divergence sequences from each population (N=61) and

8c: 22 sequences from species with vaccination delivery, 13 gene sequences

from P. welleri and P. wehrlei species groups and 22 sequences from species

with olfactory delivery), and

(9) for the related cytokine, interleukin-6 (IL-6).

Maximum likelihood trees were reconstructed using Bayesian inference

(MrB ayes version 3.0b4; Huelsenbeck and Ronquist 2001), with a random start tree

and without the use of a molecular clock. The Bayesian method seeks the most likely

trees given the data (the alignment) and a particular model for nucleotide substitution.

The general time reversible model was used, which assumes that the overall rate of

change from base ito basej is the same as from basej to i (Swofford et al. 1996).

Rates were specified as gamma-distributed across sites. Four Monte Carlo Markov

chains were run simultaneously for 1,000,000 generations with one heated chain at the

default setting of 0.2. Sample trees were acquired every 100 generations and the first

2,000 trees were discarded as 'burn-in' (trees generated before likelihood values

reached stationary). The remaining 8,000 trees were used to construct a 50%

consensus tree on PAUP* version 4.OblO (Swofford 2003).
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Estimating gene divergence and evolutionary change

Sequence dissimilarity was measured as the number of unique nucleotide

changes per nucleotide site for a pair of sequences following a correction for multiple

hits (Tamura-Nei method on MEGA version 2.1; Kumar et al. 2001). The computer

program MEGA was also used to conduct relative rates tests using Tajima's (1993)

method to test the null hypothesis that the PRF gene is evolving at an equal rate in all

Plethodon lineages. To test across lineages, the mouse cardiotrophin-2 cytokine gene

(accession NM_198858) was used as an outgroup. In a second test, the ancestral

vaccination gene A was used to test for differences in evolutionary rates between

species from the 'transition' group and species with olfactory delivery. The

hypothesis of equal evolutionary rates across lineages was also tested by estimating

the average number of synonymous and non-synonymous substitutions per site using

the method of Nei and Gojobori (1986) with the Jukes-Cantor correction for multiple

hits (MEGA version 2.1; Kumar et al. 2001). In these tests, the rate of evolution is

estimated as the average number of changes per non-synonymous or per synonymous

site that have accumulated in pairs of homologous sequences since their divergence.

Standard errors were determined using 500 bootstrap replicates. P. wehrlei was

excluded from this analysis because it does not form a monophyletic dade with any of

the other species groups. Divergence times for each lineage and across all lineages

were determined from immunological and electrophoretic studies (Highton and Larson

1979; Maxson et al. 1979; Maxson et al. 1984; Larson et al. 2003). Macdade, version

4.0 (Maddison and Maddison 2000) was used to reconstruct the pattern of character

(amino acid) change across using gene trees generated by Mr. Bayes. These patterns
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were used to calculate the number of parallel and convergent evolutionary events

across gene lineages. Lastly, physiochemical changes of amino acid sites were scored

according to Grantham's (1974) index, which considers composition of the side chain,

polarity and molecular volume. Amino acid replacements were deemed 'conservative'

if the score was less than 100 and 'radical' otherwise.

Tests for selection

Tests of adaptive molecular evolution were performed using phylogeny-based

maximum likelihood models of codon evolution implemented by the PAML computer

program CODEML (version 3.12; Yang 2002). The nucleotide alignment and

maximum likelihood tree for each of the nine data sets were used as input. The PAML

models allow the nonsynonymous/synonymous substitution rate ratio (dN/ds) to vary

among amino acid sites or along lineages in a phylogeny. A dN/ds ratio of 1 (w=1)

indicates neutrality, whereas o< I indicates purifying (stabilizing) selection, and co> 1

indicates positive selection. Three site-specific models were implemented: MO (the

"one-ratio" model with a single 0 averaged among sites), Ml ("neutral" model which

assumes two site classes, o = 0 and co = 1), and M3 ("discrete" model that has three

class sites, o, o and o all estimated from the data). In addition, three lineage-

specific models were used to determine if selective pressures varied among branches

in the tree. The 'one-ratio' model assumes one site class for all lineages, the 'free-

ratio' model estimates o from the data for each lineage, and the 'three-ratios' model

estimates a separate o for branches leading to the groups distinguished by their mode

of pheromone delivery (vaccination, 'transition' and olfactory). We predict that a

signature of strong positive selection will occur at branches leading to changes in
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pheromone delivery behavior. The model that provided the best fit to the data was

determined by comparing the likelihood ratio test statistic to a Chi-square distribution

with two degrees of freedom (Yang 1998). The empirical Baye's approach was used

to determine the posterior probability that a particular codon site was positively

selected (Nielsen and Yang 1998; Yang et al. 2000).

RESULTS

PRF expression is restricted to the mental glands of eastern Plethodon

PRF was isolated from mental glands of all eastern Plethodon species

surveyed. The 34 populations sampled yielded 191 unique haplotypes. Our

phylogenetic analysis revealed two genes in the P. cinereus species group (vaccination

delivery; Figure 3.3). One of these genes, PRF gene 'A' is restricted to species with

vaccination delivery. Sequence comparisons across delivery mode (vaccination to

olfactory) indicate that 'transition' and 'olfactory' PRF sequence types are more

similar to vaccination gene B than to vaccination gene A (Figure 3.3).

Average nucleotide sequence dissimilarity for species with olfactory delivery

compared to vaccination gene A and gene B is 24.5% and 17.3%, respectively (Table

3.2). PRF protein sequences for species with olfactory delivery have a six amino acid

deletion at the N-terminus and a 5-8 amino acid deletion at the C-terminus that is

absent in both of the vaccination gene types (Figure 3.4). Although the coding region

of the PRF gene is variable, the 5' and 3' untranslated regions are relatively conserved

across species and across delivery modes.
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Figure 3.3. (A) Maximum likelihood tree of Plethodontid Receptivity Factor (PRF)
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Average PRF nucleotide sequence dissimilarity across all eastern Plethodon

species was 8.61%, with variable levels of diversity within populations (Table 3.1).

Interestingly, individual species within the 'transition group' have a form of the PRF

gene that is nearly equally divergent from olfactory-type and vaccination gene B-type

PRF genes (Figure 3.3; Table 3.2). Overall, there are only 61 amino acid residues that

are conserved across all delivery modes, representing 29.1% of the molecule (Figure

3.4). As in many reproductive proteins, the level of diversity in the pheromone protein

is rather high, ranging from 25.6-58.0% sequence dissimilarity across these Plethodon

lineages.

Table 3.2. Plethodontid Receptivity Factor (PRF) sequence dissimilarity in eastern
Plethodon lineages. Sequence dissimilarity was estimated as the number of base pair
changes per nucleotide site between two sequences after correcting for multiple hits.
Percent sequence dissimilarity is shown above the main diagonal; the number of
nucleotide differences out of 630 bps is shown below the main diagonal. Average
nucleotide dissimilarity within olfactory-type, vaccination gene A, vaccination gene B
and intermediate PRF types is 2.24%, 2.72%, 1.5 1% and 7.53%, respectively.

Olfactory Vaccination

Gene Gene
A B p. wehrlei

Transition Species

P. websteri P. welleri P. dorsalis P. ventralis
Olfactory 24.5 17.3 14.2 12.8 14.6 14.8 14.3
GeneA 130.5 18.1 23.6 23.2 23.3 24.2 23.0
GeneB 96.8 100.0 15.5 13.7 16.9 17.8 16.7

P. wehrlei 81.2 126.2 87.3 12.3 8.7 9.4 8.6
P. websteri 73.8 124.6 78.5 70.7 14.1 14.8 14.0

P. welled 83.5 125.4 94.7 51.8 81.0 2.0 1.3
P. dorsalis 84.6 129.4 99.2 55.5 84.5 12.5 1.0

p. ventralis 82.0 123.9 93.7 51.0 80.0 8.0 6.5



Figure 3.4. Alignment of Plethodontid Receptivity Factor (PRF) amino acid
sequences from eastern Plethodon across all delivery modes. Representative
vaccination (Vac.) gene A and gene B sequences are from P. cinereus and the
olfactory sequence is a P. shermani isoform. The dots represent amino acids residues
that are identical to the consensus sequence. The protein signal sequence is
highlighted in gray, unique deletions are shown in yellow and putative a-helices are
written in brown on the consensus sequence. Green boxes highlight positively
selected sites with posterior probabilities 60%. Black vertical bars indicate residues
that are conserved across all delivery modes.
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PRF was not found in the skin of P. shermani of either sex, nor was it present

in the glands or chin skin of species outside of the eastern Plethodon group (i.e.,

Aneidesferreus, Batrachoceps wrighti, Desmognathus ocoee, D. monticola, D.

quadramaculatus, Eurycea guttolineata, E. bislineata, Plethodon dunni, P. stormi, P.

vehiculum, Rhyacotriton variegatus and Taricha granulosa). This survey used a PCR

approach, therefore it is possible that PRF is present in these species but is divergent

enough from the eastern Plethodon form of the gene that sequence-specific primers

were unable to anneal to DNA. However, random sequencing of mental gland cDNA

libraries from Desmognathus ocoee (-300 clones) and Plethodon dunni (-200 clones)

failed to isolate PRF from these species. This suggests that PRF is not expressed, or is

expressed at very low levels, in the mental glands of D. ocoee and P. dunni and is not

a major courtship pheromone component for these species.

Desmognathus ocoee belongs to an ancient radiation (subfamily

Desmognathinae) that forms the sister taxon to the subfamily Plethodontinae (which

includes Plethodon). It is estimated that these two subfamilies diverged

approximately 100 MYA (Ruben et al. 1993). The Plethodon species, P. dunni,

belongs to an assemblage of salamander species found primarily across western North

America. Time of divergence between western and eastern Plethodon is

approximately 42 million years (Larson et al. 2003). Since PRF is absent in all

lineages except the eastern Plethodon species, it is unlikely that PRF was ever a part

of the mating repertoire of western Plethodon and other lineages (not secondarily lost).

The most parsimonious explanation for the absence of PRF in the mental glands of

many species is that PRF evolved in the ancestor that gave rise to the eastern



Plethodon radiation (-27 MYA). Furthermore, the absence of PRF in the skin of P.

sherniani males and females indicates that this protein is not a sex attractant

pheromone (Chapter 2).

Multiple PRF haplotypes exist at the individual, population and species levels

Genetic variation within the P. Riutinosus group: The PRF gene in species

with olfactory delivery was 648 bps (216 amino acids) and had 542 monomorphic and

106 polymorphic sites. Sampling from 23 populations (18 spp.) yielded a total of 167

distinct PRF sequences. Each population had a unique compliment of sequences, but

twelve sequences were conserved (100% identity) across populations and species,

reducing the total number of unique haplotypes to 148. These conserved sequences

were restricted to species within the P. jordani and P. glutinosus species complexes

(Highton et al. 1989; Highton and Peabody 2000). Sequence conservation across

these species suggests that these haplotypes originated before the origin of these

complexes and have been maintained for approximately eight million years (Highton

and Peabody 2000). Some individuals possessed up to seven variant alleles, indicating

that at least four PRF genes are expressed in the mental gland. Some populations and

species had more PRF alleles than others (e.g., P. shermani vs. P. jordani; Table 3.1),

suggesting that there may be different selective pressures maintaining polymorphism

at the population level. Alternatively, reductions in the number of unique haplotypes

within populations/species may have resulted following genetic drift or founder

events.

Approximately one half of the populations had amino acid substitutions that

were unique at the population level. Many of these substitutions included radical
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changes. Unique polymorphisms were especially prevalent in P. chattahoochee, P.

amplus and P. ouachitae. Average nucleotide sequence dissimilarity within

populations varied from 0.16 to 2.47% (Table 3.1). DNA sequence dissimilarity

across species within the P. glutinosus group varied from 0.40 - 4.9%, with an

average level of divergence of 2.24% (Table 3.2). The most divergent sequences for

this group were from P. ouachitae and P. fourchensis (Figure 3.5), the most basal

members of the P. glutinosus group (Figure 3.1; Larson et al. 2003). Average

sequence dissimilarity for these two species versus other olfactory-type PRF genes

was 4.5%, whereas only 0.5% dissimilarity was measured between these species. The

gene tree (not shown) for 167 sequences revealed groups of gene clusters with low

branch support and numerous polytomies. The topology of the gene tree indicates at

least six possible gene duplication events for the olfactory-type PRF gene (Figure 3.5).

At the protein level, amino acid residue changes were detected at 62 of the 215 sites.

While most of these changes were conservative, 17 radical changes occurred that may

have had important functional consequences.

Two PRF sequence-types were not included in the analysis above, but deserve

special comment because they are relatively common in species with olfactory

delivery. The first sequence type had a 79 bp deletion from position 50 (causing a

nonsense frameshift) and was found in three species from the P. jordani complex

(Highton and Peabody 2000). The second sequence type was found in 10 species

across the P. glutinosus group and consisted of a 130 bp deletion at bp 50. For both

haplotypes, the sequence outside of the deleted region varied interspecifically but was

highly conserved within species, matching functional alleles of the respective species
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Figure 3.5. Maximum likelihood tree of a sub-set of Plethodontid Receptivity Factor
(PRF) sequences from 23 populations of species with olfactory pheromone delivery.
Bayesian posterior probabilities are labeled at nodes. Species represented by more
than one population have locality designators (DG, HBS, MP, WA, SG) following
their names. The number label identifies an individual and the letter indicates a
particular allele for that individual. The distance bar represents 0.1 nucleotide
substitutions per site. The gene phylogeny was rooted with a P. websteri PRF gene.
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100%. These untranslated sequences may have resulted from infrequent splicing

errors during transcription and are not true pseudogenes.

Genetic variation within the P. cinereus group: The PRF gene in species

with vaccination delivery was between 681-690 bps (227-230 amino acids), with 526

invariable and 155 polymorphic sites. Thirty-seven unique sequences were obtained

from the four species sampled. A single individual within this group had up to eight

unique sequences, but the number of variant sequences differed among populations.

More individuals from this species group should be sampled to determine if the

differences in number of unique sequences per population is an artifact of unequal

sample size. Only one sequence was conserved across species (100% identity in P.

cinereus and P. richmondi), yielding a total of 36 unique haplotypes.

There were unique amino acid substitutions, including radical changes, in the

PRF gene for all species in this group. P. richmondi had the highest number of unique

changes, with four conservative and two radical amino acid substitutions. Average

intraspecific nucleotide sequence dissimilarity ranged from 0.52-12.8% (Table 3.1),

whereas average interspecific dissimilarity was 9.7%. Of 229 residues, there were 88

sites across the protein that differed in amino acid composition and 18 of these sites

have undergone radical changes. All of the species sampled in this group appear to

have two distinct PRF genes, 'gene A' and 'gene B', lending to this high level of

divergence, and arising from a duplication event that occurred prior to the radiation of

the P. cinereus group (Figure 3.6). The one eiception was a single P. serratus

individual from Missouri, which yielded only one form of the gene (PRF gene B;

dissimilarity score = 0.52%; Table 3.1).
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In this study, thirteen of the 36 unique haplotypes were of the 'gene A' type,

whereas the remaining 23 sequences were 'gene B'. Average interspecific variation in

gene A was 2.7% compared to only 1.5% in gene B (Table 3.2). Gene A andgene B

proteins had different amino acid residues at approximately 60 sites and seven of these

sites have undergone radical changes. The 12 amino acids prior to the stop codon (C-

terminus) were relatively well conserved within gene types but differed in length

between the two types (Figure 3.4). Exceptions included two alleles of gene A (P.

cinereus 1D and P. richmondi 2C; Figure 3.6), which had a C-terminal sequence (-20

residues) similar to gene B, whereas the remaining 11 gene A sequences had a very

different compliment of residues on this end (Figure 3.4). A recombination event,

such as gene conversion, would explain the resemblance to gene B sequences at the C-

terminus in these two genes.

Genetic variation within the P. welleri and P. wehrlei species group: For species

within the 'transition' group, the PRF gene had 516 monomorphic and 114

polymorphic sites. Thirteen unique haplotypes were obtained from the five species

sampled from this group. A single individual had up to three divergent PRF

sequences. Overall, the number of unique sequences was relatively low in these

species (Table 3.1), but this may reflect small sample sizes. Average intraspecific

sequence dissimilarity varied from 0.16-0.80% (Table 3.1), whereas average across

species dissimilarity was relatively high at 7.5%. The PRF protein was variable, with

75 amino acid substitutions (out of 222 residues) detected across species, 10 of which

were radical changes.
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Figure 3.6. Maximum likelihood tree of Plethodontid Receptivity Factor (PRF)
sequences for the P. cinereus species group (4 spp.). Bayesian posterior probabilities
are labeled at nodes having over 60% support. The number following the species
name identifies an individual and the letter indicates a particular allele type for that
individual. The distance bar represents 0.1 nucleotide substitutions per site. The
gene phylogeny was rooted with a P. wehrlei PRF gene.
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Unlike the olfactory- and vaccination-type PRF genes, the gene tree for species

of the 'transition' group showed no evidence of gene duplication (Figure 3.7). The

PRF gene of P. websteri was the outlier of this group, with an average sequence

dissimilarity estimate of 13.8% compared to sequences from all other members of this

'transition' group (Table 3.2, Figure 3.7). P. websteri is a member of the P. welleri

species complex (Figure 3.1), yet P. websteri PRF sequence dissimilarity averaged

14.3% when compared with other members of this complex (e.g.; P. dorsalis, P.

ventralis and P. welleri). In contrast, P. wehrlei (a member of the P. wehrlei complex)

PRF sequence dissimilarity was only 8.6-9.4% compared to sequences from P. welleri,

P. dorsalis and P. ventralis. PRF genes from P. welleri, P. dorsalis and P. ventralis

formed a tight cluster with only 1.0-2.0% sequence dissimilarity between them (Table

3.2; Figure 3.7). In addition, these three species shared a unique, two amino acid

deletion near the N-terminus region and had a deletion at the C-terminal end of the

protein similar to the PRF gene in species with olfactory delivery (Figure 3.4).

Outside of the close associations seen in the welleri cluster, the pattern of

residue deletions varied among vaccination-type genes, olfactory-type genes, P.

websteri and P. wehrlei genes. Unlike all species in the 'transition' group and the P.

glutinosus group, however, P. wehrlei genes lacked the six amino acid deletion near

the N-terminus region of the molecule, a pattern similar to species having vaccination

delivery (Figure 3.4). However, average PRF nucleotide sequence dissimilarity for

species in the transition group versus species with vaccination gene A, vaccination

gene B and olfactory delivery was 23.5%, 16.0% and 14.2%, respectively.
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Analyses of evolutionary processes

Evolutionary rates vary across delivery modes: Tajima's (1993)

nonparametric relative rates test was used to test the molecular clock hypothesis that

the rate of evolution was the same across PRF lineages. In the first test, mouse

cardiotrophin-2 (accession NM_ 198858) was used as the outgroup and a single allele

from each population was randomly selected to conduct pair-wise tests across the

phylogeny. In all comparisons, the molecular clock hypothesis could not be rejected.

In the second test, vaccination type gene A was used as the outgroup and, again, the

molecular clock hypothesis could not be rejected for species in the transition group

versus species with olfactory delivery. This result does not stipulate that PRF genes in

all eastern Plethodon lineages are evolving at equal rates, nor is it able to reject this

hypothesis (Li 1997). Furthermore, the relative rates test does not distinguish

between rates of non-synonymous and synonymous evolution for these groups.

An estimate of time of divergence is required to determine if rates of non-

synonymous and synonymous substitutions differ across species groups. Divergence

times for the eastern Plethodon lineages have been determined from electrophoretic

and immunological data (Larson et al. 2003; Maxson et al. 1984; Highton and Larson

1979; Maxson et al. 1979). An estimate of the rate of evolution, approximated as the

number of substitutions per site per year, suggests that the rates of non-synonymous

and synonymous substitutions in the vaccination type B gene have occurred at a faster

rate than any other form of the gene (Table 3.3). Similarly, the synonymous

substitution rate was higher in the 'transition' species group than it was in vaccination

gene A or in species with olfactory delivery (Table 3.3). The rate of evolution reflects



the intensity of purifying selection, which is determined by the structural and

functional constraints placed on the protein. This rate comparison across Plethodon

lineages indicates that the vaccination PRF gene B evolved approximately 2.5 times

faster than PRF gene A. A comparison of the average evolutionary rate in PRF from

all lineages to a rate averaged from many genes across several taxa suggests that

synonymous substitutions in PRF (0.92 x 10) have accumulated at a lower rate than

average (3.51 x 10), whereas non-synonymous changes (1.2 x 10-p) have occurred at

almost twice the average rate (0.74 x i09; Li 1997). The low rate of synonymous

substitutions in this gene may reflect selective pressures for efficiency and accuracy of

translation (Li 1997).

Table 3.3. Numbers of synonymous substitutions per synonymous site (d5) and
nonsynonymous substitutions per nonsynonymous site (dN) for plethodontid
receptivity factor (PRF) within each eastern Plethodon lineage (P. wehrlei excluded
from the transition species analysis). Rates are in units of substitutions per site per i09

years. oz1 indicates purifying selection, o=1 denotes neutrality and a>1 signifies
positive selection. Divergence is estimated in millions of years (Highton and Larson,
1979; Maxson et al. 1979; Maxson et al. 1984; Larson et al. 2003).

PRF Gene Divergence d5 rate dN dN rate dN/ds (w)

Vaccination
species gene A 11 0.033 ±0.010 1.51 0.026 ± 0.004 1.18 0.78
Vaccination
species gene B 11 0.074 ± 0.011 3.36 0.066 ±0.007 2.99 0.89
Olfactory
species 10 0.018 ± 0.006 0.92 0.024 ±0.005 1.20 1.30
Transition
species 18 0.083 ± 0.017 2.30 0.065 ±0.009 1.80 0.78
All eastern
Plethodon 27 0.073 ± 0.010 1.35 0.085 ±0.008 1.57 1.16



Purifying selection, which eliminates disadvantageous substitutions and is the

most common form of selection acting on protein coding genes, can slow down the

rate of evolution. The ratio of non-synonymous to synonymous substitution rate (0))

provides an accurate measure of the selection regime that has acted on a gene. A

value of one (w=l) indicates neutrality, whereas ozl or o)>l suggests purifying or

positive selection, respectively. Although the signature of positive selection is very

difficult to detect when substitution rates are averaged across the protein (Yang 1998),

PRF for species with olfactory delivery had an omega value suggestive of positive

selection (to = 1.30, Table 3.3). In contrast, PRF genes for species in the transition

group and for species with vaccination gene A and B appear to have evolved neutrally

(to = 0.78, to=0.89 and o)=0.78, respectively; Table 3.3). Since this analysis averages

rates of change across the entire protein, we cannot reject the hypothesis that positive

selection has operated on specific PRF residues in all of the PRF gene types. To

investigate the pattern of selection on PRF at each amino acid residue and across

branches of the gene tree, codon-based models of molecular evolution developed by

Nielsen and Yang (1998) and Yang et al. (2000) were employed.

Positive selection was detected in olfactory and vaccination PRF genes

Positive selection at the population and species levels in olfactory PRF: The

PRF datasets for populations with olfactory delivery included Plethodon cheoah, P.

metcafl (CW), P. montanus, P. sherinani (WA), P. shermani (DG) and a population

of hybrids (P. shermani X P. teyahalee); (Table 3.1). The discrete model (M3), which

allows for positive selection, was the best fitting model for all of these data sets (Table

3.4). The proportion (p) associated with each of the to values shown in Table 3.4
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provides an estimate of the percentage of amino acid residues assigned to each

category. On average, there was a signature of strong positive selection at

approximately 10% of the amino acids in these populations, while the remaining 90%

of the residues are predicted to have experienced purifying selection. However, not all

sites are assigned to (0>1 with equal probability. Restricting our focus to sites having

0)> 1 with 60.0% or greater probability indicates that the percentage of positively

selected sites in the PRF gene ranges from 4.2% (P. shermani DG) to 9.3% (P.

metcaW CW) (Table 3.4). The posterior probabilities for all site classes (w) can be

visualized in Figure 3.8. Several of the same residues in the olfactory form of the PRF

gene were positively selected in these populations, with four specific residues

adaptively selected in every one of them (positions 24, 74, 103 and 215; Figure 3.8).

The similarity in the pattern of positive selection may reflect incomplete lineage

sorting; wherein this group of closely related species acquired the same assortment of

PRF genes from their common ancestor and these genes have not yet diverged

substantially.

The second level of analysis combined sequences from two populations to

measure selection within species of P. metcaW (CW + HBS), P. shermani (DG +

WA), and P. teyahalee (MP + SG). The one-ratio model (MO) was the best fitting

model for P. teyahalee, suggesting that the entire PRF gene for this species has

experienced purifying selection (data not shown). In contrast, M3 (discrete model)

provided the best fit for the P. sherniani and P. metcalfi datasets, with positive

selection measured in 26% and 11% (respectively) of the gene and with the remainder



Table 3.4. Non-synonymous to synonymous substitution rate ratios (co), prior
probabilities (p[w]) and model significance (X2 p-value) for selection models fitted to
Plethodontid Receptivity Factor (PRF) and interleukin-6 (IL-6) genes. A conservative
estimate of total % positive selection was calculated as the number of amino acid
residues identified as positively selected with 60 posterior probability across all
amino acid sites for a given gene type.

Selection Model
#

Gene Sequences Ml (neutral) M3 2 selection
Within Populations - Olfactory delivery

P. cheoah

P. metcalfi CW

P. montanus

P. shermani WA

P. shermani DG

p(w =0) = 0.37
13 p(o = 1) 0.63

p(o = 0) = 0.72
17 p(co=1)=O.28

p(co=O)=O.78
17 p(w = 1) = 0.22

p(o =0) 0.54
16 p(w=1)=O.46

p(o) = 0) = 0.80
16 p(w=l)=0.2O

p(0 = 0) = 0.72
Hybrid 16 p(w=l)=0.28

Within species - Olfactory delivery

p(co = 0) = 0.74
P. metcalfi 21 p(co = 1) 0.26

p(o = 0) = 0.70
P. she rmani 32 p(co = 1) = 0.30

Within species - Vaccination delivery

p(co = 0.42) = 0.88
p(w= 14.42)= 0.11
p(0=O)= 0.45
p(w=O)=O.44

= 22.96) = 0.11
p(w= 0) = 0.33
p(co= 0) = 0.57
p(co= 17.19)= 0.10
p(w = 0.27) = 0.61
p(o = 0.27) = 0.28
p(w= 9.18) =0.11
p(w=O)=O.94
p(co = 37.28) = 0.05
p(w = 91.78) = 0.01
p(w = 0.30) = 0.92
p(w= 23.13) 0.07
p(co= 139.04)=
0.01

p(w = 0.02) = 0.82
= 0.02) = 0.07

p(w = 20.60) =
0.11
p(o=O.11) = 0.74

= 2.00) = 0.22

p(o-22.6l)
0.04

=0.001 7.4

0.001 9.3

0.001 8.3

<0.001 7.0

0.001 4.2

0.001 5.6

0.001 9.7

0.001 7.4

p(o = 0.18) = 0.65
p(0 = 2.70) = 0.33

p(co=O)=O.4O p(co=ll.88)= =
P. cinereus 14 p(o = 1) = 0.60 0.02 0.001 30.1

=0) = 0.45
p(co = 0) = 0.36 p(co = 1.85) = 0.53

P. richmondi 13 p(co = 1) = 0.64 p(co = 9.60) = 0.01 = 0.01 35.0



Table 3.4. (continued)

Selection Model
% (+)

Gene # Sequences Ml (neutral) M3 2 selection
Within delivery mode

p(co = 0.07) = 0.72
Olfactory p(0 = 0) = 0.68 p(w = 1.77) 0.20
delivery 167 p(o) 1) = 0.32 p(co = 9.56) 0.08 <0.001 23.7

p(o) = 0.09) = 0.72
Vaccination p(o) = 0) = 0.47 p(o) = 2.74) = 0.20
delivery 36 p(co = 1) = 0.53 p(co = 24.84) = 0.08 <0.001 37.6

p(o = 0) = 0.72
Vaccination p(co = 0) = 0.64 p(w = 3.81) = 0.25
Gene A 14 p(co = 1) = 0.36 p(o) = 37.76) = 0.03 <0.00 1 17.3

p(o 0.13) = 0.72
Vaccination p(co = 0) = 0.66 p(w = 0.13) = 0.20
Gene B 22 p(o = 1) 0.34 p(o = 6.34) = 0.08 <0.00 1 8.0

Across delivery modes
= 0.08) = 0.26

p(o =0) = 0.28 p(o = 0.95) = 0.60
All PRF 32 = 1) = 0.72 p(ci) = 4.64) = 0.14 <0.00 1 10.0

= 0.03) 0.22
p(o =0) = 0.27 p(co = 0.88) = 0.62

All PRF 61 p(o) = 1) 0.73 p(o = 4.04) = 0.16 <0.001 12.9

p(o = 0.06) = 0.28
p(o 0) = 0.29 p(co = 0.96) = 0.56

All PRF 57 (= 1)=0.71 p(o=4.l4)=O.l6 <0.001 12.9
Other cytokines

p(w= 0) = 0.06
p(co =0) = 0.01 p(o = 0.35) = 0.47

IL-6 33 p(o) = 1) = 0.90 p(o = 1.06) = 0.46 <0.001 N/A
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Figure 3.8. Maximum likelihood identification of amino acid sites under positive
selection from the PRF genes of six populations of Plethodon with olfactory
pheromone delivery. A discrete model (M3) was used to fit the three site classes (0)

values) to the gene. 0)<1 indicates purifying selection, whereas 01 denotes positive
selection. Bars give the posterior probability that a given site is in each site class.
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of the molecule(s) governed by purifying selection (Table 3.4). A restricted analysis

of sites having (0>1 with at least a 60% probability reduced the frequency of positive

selection in the P. metcafi PRF gene to only 9.7% and 7.4% in P. shermani (Table

3.4). Three sites (o>1) identified in P. sherinani DG were not recognized in the

species level analysis, whereas one novel site (position 209) was revealed in the

interspecific analysis for P. metcalfi. Overall, however, the level of selection was in

close agreement with the population level analyses for these species and suggests that

geographically distinct populations of the same species are evolving in a similar

manner or, alternatively, that incomplete lineage sorting exists in these closely related

salamander species. The signature of strong purifying selection detected for the P.

teyahalee population, however, is somewhat puzzling. P. teyahalee is closely related

to P. sherinani, P. metcalfi, P. cheoah and P. montanus, yet the pattern of selection in

PRF across these species was very different. Purifying selection has operated on P.

teyahalee PRF genes, whereas strong diversifying selection has acted at particular

amino acid sites in P. she rmani, P. metcafi, P. cheoah and P. montanus PRF genes.

Low genetic variation and the corresponding signature of positive selection in the P.

teyahalee PRF gene sequences may represent selection pressure differences between

population/species but more likely reflect an ancient founder event.

The final analysis for species with olfactory delivery combined PRF alleles

from 18 species and 23 populations. The discrete model (M3) provided the best fit to

the data and indicates that 28% of the residues in the olfactory-type PRF gene have

experienced positive selection, whereas only 72% of the molecule experienced

purifying selection (Table 3.4). When residues with <60% probability of being



assigned to the o)>l class are dropped from the analysis, the percentage of strongly

selected sites decreases to 23.7%. This level of positive selection is significantly

higher than the levels found within species, highlighting several residues on the

protein with co>1 that were not detected in the previous analyses (Figure 3.9). Unlike

the population level tests, the analysis across all species with olfactory delivery takes

into account 10 million years of evolutionary potential and shows that adaptive

changes in the PRF gene have accumulated during that time. Alternatively, it is

possible that the greater sample size, coupled with a higher level of sequence diversity,

improved the predictive power of the codon-substitution models, thereby increasing

the probability of detecting positively selected sites (Anisimova et al. 2001).

Positive selection at the population and species levels in vaccination PRF

genes: A species-level analysis of selection was performed on P. cinereus and P.

richmondi datasets with PRF gene A and gene B combined in the analysis. In both

species, the discrete model (M3) provided the best fit to the data (Table 3.4). Thirty-

five percent of the P. cinereus PRF gene is predicted to have experienced strong

positive selection, while the remaining 65% has been conserved by purifying

selection. The more stringent analysis, requiring at least a 60% probability of being

assigned to the o>1 class, reduces the proportion of positively selected sites to 30.1%.

Tests for selection in P. richmondi estimate that 54.0% of the molecule has

experienced positive selection but, similar to P. cinereus, only 35% of these sites meet

the >60% probability criteria. Interestingly, 96% of the predicted selected sites in P.

cinereus are the same sites estimated to be positively selected in P. richmondi (Figure

3.4). Similar to the patterns of homogeneity present in species with olfactory delivery,
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Figure 3.9. Maximum likelihood identification of amino acid sites under positive selection for all olfactory-type sequences (top), all
vaccination-type sequences (middle) and for all PRF sequences (olfactory + vaccination) combined (bottom). A discrete model (M3)
was used to fit the three site classes (o values) to the gene. o<1 indicates purifying selection, o=1 implies neutrality, and oi>1 is a
sign of positive selection. Bars give the posterior probability that a given site is in each site class.
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the selective pressures acting on PRF are equivalent within these two species with

vaccination delivery.

When alleles from all species with the vaccination delivery mode (4 spp.) are

combined into one data set, 41% of the PRF molecule is predicted to have experienced

positive selection while the rest of the protein appears to have been maintained by

purifying selection (Table 3.4). This estimate decreases to 37.6% when the analysis is

restricted to sites with a probability of placement in the > 1 class greater than 60%.

In all cases, the estimate of frequency of positively selected sites is higher in species

with the vaccination-type PRF gene than species with olfactory delivery mode. This

high level of adaptive change in the vaccination-type PRF gene may have occurred

following an ancient gene duplication even, leading to rapid divergence between the

two gene types (Lynch et al. 2001). Interestingly, only 23.4% of the positively

selected residues in vaccination-type PRF are the same sites that are diverging in the

olfactory-type gene. These discordant levels and patterns of selection between

delivery modes may signify functional differences in the signaling systems.

The final two datasets for species with vaccination-type delivery tested for

adaptive evolution in vaccination-type PRF genes A and gene B separately. In both

analyses, the discrete model (M3) provided the best fit to the data and detected 28%

and 11% positively selected sites in gene A and gene B, respectively. These tests also

predict that purifying selection has stabilized 72% of gene A and 89% of gene B

(Table 3.4). A restricted analysis of sites having o> 1 with at least a 60% probability

reduces the level of positive selection in gene A to only 17.3% and 8.0% in gene B.

Gene A has 39 residues that have experienced positive selection, compared to only 18
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Figure 3.10. Maximum likelihood identification of amino acid sites under positive selection across the PRF genes of two populations
of Plethodon with vaccination pheromone delivery. All species with vaccination delivery have two distinct PRF genes. In the top two
histograms, the two genes were combined for the species-level analysis. In the bottom two histograms, tests for selection were
performed separately for PRF gene A and gene B and sequences from four species with vaccination delivery were combined. A
discrete model (M3) was used to fit the three site classes (o values) to the gene. o<1 indicates purifying selection, whereas o>-1
signifies positive selection. Bars give the posterior probability that a given site is in each site class.



residues in gene B, with surprisingly few diverging residues at shared sites (-20.5%;

Figure 3.4, Figure 3.10). Twenty-three percent of the selected sites in gene A and

33.0% of the sites in gene B are identical to sites under positive selection in the

olfactory-type PRF gene (Figure 3.4),

The different patterns of positive selection across the two vaccination-type

PRF genes may reflect differences in function. A gene duplication event can result in

three alternative outcomes, nonfunctionalization, neofunctionalization or

subfunctionalization of the gene copy (Lynch and Force 2000). Nonfunctionalization

refers to the accumulation of mutations that result in pseudogene formation and does

not apply in this case. Neofunctionalization results in the maintenance of the original

function in one gene copy and the acquisition of a new function in the second copy

(Lynch and Force 2000). Subfunctionalization leads to a partitioning of the ancestral

gene task. During subfunctionalization, the two genes generated during a gene

duplication event evolve in such a way that the role of the ancestral gene is shared

between them (Lynch and Force 2000). Both scenarios, neofunctionalization and

subfunctionalization of gene copies, can result in two or more genes bearing disparate

patterns of selection. In order to distinguish between these two hypotheses, we must

first identify the functional properties of vaccination genes A and B individually. That

endeavor is beyond the scope of the current study.

PRF evolution in transition group species is neutral: The PRF alleles for the

five species (P. welleri, P. dorsalis, P. ventralis, P. websteri and P. wehrlei) within the

transition from vaccination to olfactory pheromone delivery were combined for tests

of positive selection. Surprisingly, the one-ratio model (Ml) provided the best fit to
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the data, suggesting that 29.0% of the PRF gene for these species has been conserved

by purifying selection and 71% of molecule is free of selective pressures (data not

shown, P= 0.04). Unlike all other eastern Plethodon species, these data suggest that

PRF may have experienced an entirely different evolutionary process within the

'transition' group. Additional PRF sampling within the transition group is necessary

to fully explore this hypothesis.

Plethodontid PRF evolution: For tests across all delivery modes, the 217

unique sequences were categorized in an effort to equalize the number of gene types in

the analysis. The data sets included: (1) one randomly selected allele from each

population, (2) the two most variable alleles from each population, and (3) a pool of

22 alleles from the vaccination-type gene, 22 alleles from the olfactory-type gene and

all 13 alleles from the transition-type PRF gene.

The results of the site-specific models for the three data sets are in close

agreement, on average predicting that 25.3% of the PRF gene has been conserved by

purifying selection, 59.3% has evolved neutrally and 15.3% of the molecule has

experienced strong positive selection (o--4.27, Table 3.4, Figure 3.9). In comparison

to selection tests within delivery modes, the percentage of selected sites across

delivery modes is reduced and more sites are estimated to have evolved neutrally.

This may be attributable to discordant patterns of selection in different lineages

canceling out in the combined analysis. Alternatively, it could be due to a loss of

predictive power. The probability of detecting positive selection at amino acid sites

increases when large numbers of sequences and moderate levels of sequence diversity

are included in the analysis. However, the predictive powers of the test level off once



92

sequence divergence levels increase beyond a maximum level. This happens, for

example, when multiple substitutions occur at the same site, wherein the most recent

changes overwrite previous substitutions and cause a loss of information (Anisimova

et al. 2001).

Positive selection was detected in PRF at many branches within delivery

modes: Evolutionary analyses of morphology and behavior show that the

plethodontid pheromone delivery complex has undergone long periods of stabilizing

selection on either side of the transition from vaccination to olfactory delivery. We

compared this result to patterns of selection on the signal molecule. We predicted that

the strongest signature of positive selection would occur on branches where transitions

in pheromone delivery have occurred. In our selection analysis, we used a PRF

sequence alignment and gene tree consisting of a pool of 22 sequences from the

vaccination-type gene, 22 sequences from the olfactory-type gene and all 13

sequences from the transition-type PRF gene.

In all lineage specific tests, an estimate of o for each branch in the PRF

phylogeny rejected stabilizing (purifying) selection within delivery modes (P <0.001)

in favor of models in which multiple lineages are under positive selection (Figure

3.11). Several branches for species with olfactory and vaccination gene A delivery

have experienced strong positive selection, whereas the o values for branches to

transition group and vaccination gene B genes suggest purifying selection has

occurred (Figure 3.11). The highest omega value (o=3.03) leads to the division

between species with vaccination delivery and transition group species (Figure 3.11).

The second highest omega value (co=2.37) occurs at the division between the P.
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ouachitae/P. fourchensis dade and the transition/vaccination groups (Figure 3.11). In

the three-ratio models, however, there was no support for models in which selection at

these branches is greater than for the branches within delivery modes (P0.40).

Vaccination species group

Transition species group

Olfactory species group

-fIR cine,pus lB
P dne,uus 3C
P cinerpus IC
P senaft,S IC
P sentus 2C
P senfl,s 2APsentus2Bene
P hoffmanl 18
P hofftnani IA
P ,lthmondilC
P ,ithmondi ID
P rIchmond! 18
P cinereus 2B
P rIchmond! 2E
P c!nemus 2A
P senfus IA

Gene A
P ,Ithmondi 28
P rIchmond! 20
P rIchmond! 2C
Fl c!nereus 10

-L

P welle,I IA
P welle,I IC
P wellen IS
P dorsails IA
P rsaEs IS
P ventndls 1A
P wel-tIel IA
P weh,IeiIB
P welelei 2A
P weh,Iei3A
P weh,Iei 3B
P webste,I IA

I CpwebstenlB
P ouachitoe IA

fourchonsis IA
.P cheoah IA

kenflicki IA
gmbme,i IA
sairanah IA
mississippi IA
yonahlossee IA
amplus IA
me,Id,anus IA
metcalll CWIA
monta,us IA
Jordan! IA
metcalfi HBS IA
shermarw WA IA
challahoothee IA
sherman! OG IA
teyahalee SG IA
teyahalee MR IA
cy!ndiaceus IA
aureok,s IA

Figure 3.11. Unrooted maximum likelihood tree of Plethodontid Receptivity Factor
(PRF) sequences for all eastern Plethodon lineages (27 spp.). The number following
the species name identifies an individual and the letter indicates a particular allele type
for that individual Circles identify branches that are under positive selection (o>1).
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Positive selection in PRF occurs at receptor binding sites: We analyzed

conserved and variable regions on the PRF gene throughout its evolutionary history

and used codon-substitution models to identify the evolutionary forces shaping the

protein. We then compared our analyses to IL-6-type cytokines in an effort to

estimate the protein's functionally important regions. Despite nearly doubling the

PRF sequences in the present analysis, our results are very similar to those reported in

Watts et al. (2004). A brief summary is provided below.

BLASTX searches on Genbank and predictions of the secondary structure of

the PRF protein confirm its structural relationship with the secreted cytokines of the

IL-6-type family. PRF is predicted to have a signal peptide 23 amino acids in length,

four a-helices and a long-short-long loop pattern that maps onto the structure of the

IL-6 type cytokines (Figure 3.12). Sixty-one amino acid residues in PRF were

conserved across all lineages, 62% of which map onto predicted helical regions

(Figure 3.12). At least two of these conserved residues are predicted to play an

important role in binding with the signaling receptor LIF-R (Bravo and Heath 2000).

Tests for selection on the IL-6 cytokine reveal that, unlike PRF, 56% of this

protein has experienced strong purifying selection and the remainder of the molecule

has evolved neutrally (co= 1.06; Table 3.4). PRF residues identified as positively

selected with a 99.0% or greater probability were mapped onto the secondary structure

and compared with IL-6-type cytokine sites known to play an important role in

receptor binding (Clackson 1995; Ciapponi 1995; Panayotatos 1995; Wells 1996;

Hudson 1996; Behncken 1997; Kallen, 1999; Bravo and Heath 2000; Hill et al. 2002).

Approximately 39.0% of the positively selected sites in the vaccination type PRF
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Figure 3.12. Structural alignment of PRF sequences from P. shermani (PRF-OLF)
and P. cinereus (PRF-VAC1 and VAC2) with the human four-a-helix cytokines,
ciliary neurotrophic factor (HOM-CNTF), leukemia inhibitory factor (HOM-LIF),
interleukin-6 (HOM-1L6) and growth hormone (HOM-GH). Putative a-helical
regions for PRF are aligned with conserved a-helical regions of the human cytokines
and are highlighted in gray. Residues in the human cytokines that give less than 50%
reductions in receptor affinity after mutagenesis are in purple, blue and yellow,
according to three conserved receptor recognition sites (sites I to III). Amino acid
residues in PRF under positive selection (posterior probability 99%) are highlighted
in red. Residues that are conserved across all PRF sequences are marked with an
asterisk.



F.F-OLF -23 MRSTSLLTFLVSLSTATSLAMA DVALSDTI-VFSE Q2c.r.1RSTALLIFLVVSVRATSLTIS ----- PvKRSTSSDvALSTTI-VLFETQ26
FRF-VftC2 MRSTAL LIF LVVSVRATSLTI ----- APVKRST5SDVALSTTI-VL F ETQ26
1n4-CP4rF --------------------------------- MAFTEISPLTPRR-DLC5RSI
1L14-LIF -22 MKVLAAGVVPLLLVLF4WKHGAG ----- 5PLPITPV.ATCAIRHPCHN-NLMt.IR27
IU4-1L6 - ---------------------------------------- FPPLS-RFDAM2
Fi.F-OLF . KFAEDIQSSADSLLPTY-- -LSFQGAPL5DPDY2LPRIKVNLPTADYDIjF72
R.F-Vi. 7 KFEZMKDADSLLTTV--

.F-V2 27

FLM-CMrF 22WLA
IDI-LIF QLAsLNGS.AALFILY---YTAQGEPF--PN-LDKLCGPVT----DFPPFHA72
IU4-1L6 27
FD4--I 26 A L

FF-OLF Q---TDETRLNNLYFYSAIVEFLKA---MTEQED-LNPA-LL-K.AKFEEAM 1.17
F-VPC1 123

FRF-V2 g Q---TDEIRLKNLYFYSAIVQFLQVA---MTEQED-LPAE-ESL-KUKFQEAL 123
}-f34-CPWF
Ifl4-LIF 73 G--TEKAKLELYRIVVYLGTSLGI---TRDQKI-LP5A-LSL-HSKLhATA1ia
1134-1L6 SG-NEETCL\KIITGLLEFEYLEYL ------ QhR-FESS ------ EEQARAVQI.1,;
IIJA-GH 80 K--SNLELLRISLLLIQSWLEPVQFL-RSVFANSLVGASD-S -------- VY121
FRF-QIF iia AP1sNTLIsKIsDIMTQMG-rVTI--TLPKP ----- LVVPGAY[j--FS(KLR12
FRF-V1 124 ----- MVESYIGSAI--FKKLR168
RF-V2 124 ANSNTLISKISAIMTQMG-MSVTV--TFPDP ----- LVVPYCSAI--FKQKLRis
Ifl.-CNrF 113 LQVAFAYQIEELMILLE-YKIPR--P4EADG ----- MPIvGDGGL--FEKKLWi7
urJu-IIF u DLRLLVLCRLCSKY-HVGNV--DVT-Y ------ GPDTSGDV--FQKKKL1M.
FD4-1L6 ii MTKLIQFLQKKAK----NLD.AI--TTPDPTTPASLLTKLQAQNQ--WLQDMT12
1H4-GH 122 DLLKLEIqijLMGRLE-DGsPRTGQIFKq -----
F9.F-OLF 163
FRF-V1 G V I C R E V K E R V L T R D F E F A K K V L PPF residue under positive selection
PRF-VPC2 169 GG%iICKEYKERVLLTKRDFEFF-AKKVHEQL sitelspecificnon-signallingreceptor
ICM1F 18 G L K V L Q E L S Q ñ' T V P S I H L F I S S 14 Q T G I Site II common signalling receptor Igpl3O)

4-LIF 162 G C Q L L 6 K V K I I A V L A F Site Ill signalling receptor (LIF-R gpl3O OSM-R)I-IL6 163 THLILSFKLFSALQM d IIPRF
$LP.i-GH 170 t V 6 L L C F D W V V Q P E 6 S esi ues conserve in a sequences

Figure 3.12.
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genes match residues important to receptor binding and an additional 16.0% are in

very close proximity to these sites (Figure 3.12). Similarly, 35.0% of the diversifying

sites in olfactory-type PRF align with the receptor binding sites and another 24.0%

map nearby (within one residue). The majority of the vaccination gene A and

olfactory-type selected sites are located in the AB loop region (20.5% and 19.6%,

respectively) and helix D (15.4% and 21.7%, Figure 3.12). The C-terminus of the

vaccination-type PRF gene has also experienced rapid, adaptive change.

Importantly, codon substitution models, in conjunction with structural models,

can be used to predict the functionally significant sites of a gene that are under

adaptive evolution. Strongly selected sites on the PRF gene that are not associated

with regions of known structural/functional significance are good candidate residues

for future site-directed mutagenesis experiments. In the case of PRF, such candidate

sites are olfactory PRF 1, 2, 7, 64, 69, 80, 95, 107, 109, 151, 152, 156, 159, 191 and

192, vaccination gene A positions 1, 13, 59, 60, 62, 93, 112, 114, 117, 151, 164, 195,

196, and 197, and vaccination gene B residues 13 and 118 (Figure 3.12).

Parallel and convergent evolution occur within delivery modes

Codon-substitution models detected several positively selected residues in both

olfactory- and vaccination-type PRF genes but tell us nothing about the direction or

magnitude of these changes. Our analysis indicates that selected sites in these genes

do no accumulate a random assortment of nucleotide changes. Instead, a limited

number of substitutions are acceptable at each site. Most positively selected sites

show a vacillating pattern of substitutions involving just two or three different amino

acids. This continual cycling of amino acids leads to a tremendous number of unique



alleles because many sites appear to fluctuate independently of the others. Notable

exceptions to this pattern of restricted substitutions are three sites in the olfactory-type

(residues 87, 132 and 207, Figure 3.12) and three sites in the vaccination-type form of

the gene (sites 83, 224, 225, Figure 3.12), which have up to five different amino acid

substitutions. All but one of these sites includes a radical amino acid change. These

selected sites are not associated with IL-6 residues known to have important functional

roles, so it is difficult to determine the importance of polymorphisms at these

locations. Many of the vacillating sites, however, map onto or very near residues

associated with receptor binding and are representative of parallel and convergent

adaptations. In fact, there is a very strong relationship between these fluctuating sites

and residues that are predicted to be under positive selection within delivery modes

(Figure 3.13).

Whereas parallel amino acid changes are relatively uncommon, convergent

changes are exceedingly rare (Nei and Kumar 2000). In parallel changes, the same

amino acid change occurs in two or more distinct lineages at a site (e.g., amino acid A

changes to amino acid B in both lineages). In contrast, convergent change refers to an

event in which two different amino acids change to the same amino acid in two or

more different lineages (e.g., amino acids A and C both change to amino acid B; Nei

and Kumar 2000). Using the gene tree and protein sequence data as input in

MacClade, we were able to estimate the number of parallel and convergent amino acid

changes that occurred across the gene tree. Twenty-eight amino acids sites in the

olfactory-type PRF have evolved in parallel and two additional sites show evidence of

convergent evolution (Figure 3.13). Similarly, in the vaccination form of the gene, 30
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Figure 3.13. Alignment of selection histogram with Plethodontid Receptivity Factor (PRF) amino acid sites under parallel or
convergent evolution in species from the P. glutinosus species group (top two histograms) and species in the P. cinereus species group
(bottom two histograms). Dark bars in the selection histograms depict the posterior probability that a given residue is assigned to that
site class (co<1 purifying selection; co>l = positive selection). Dark bars in the sequence histograms represent the number of parallel
(blue) or convergent (white) events for a given residue. Y-axis for species with olfactory delivery is (0-20) and for vaccination
delivery (0-5). Stars indicate amino acid residues that have experienced radical changes.



amino acid residues evolved parallel changes across the gene lineages (Figure 3.13).

Both convergent and parallel evolution imply positive selection, thus this analysis

lends additional support to the patterns of selection that were identified using codon

substitution models. Nevertheless, a remaining issue is to determine what factor(s) in

the 'molecular environment' have driven adaptive changes in this salamander

pheromone protein.

DISCUSSION

PRF is a rapidly evolving reproductive protein

In many cases, genes involved in reproduction evolve at a much faster rate

than do genes that are expressed in non-reproductive tissues. Swanson and Vacquier

(2002b) defined rapidly evolving genes as those that encode proteins with a higher

than average percentage of amino-acid altering substitutions between species.

Sequence divergence in rapidly evolving proteins is usually in the neighborhood of

30-70% at the amino acid level. This estimate is based on a survey that compared

1,880 protein-coding genes from humans and rodents (Swanson and Vacquier 2002b).

Human-rodent divergence time is estimated to be 80 million years. In the mammalian

survey, eight reproductive proteins were identified as being among the 10% most

rapidly evolving genes (31-68% divergence; Swanson and Vacquier 2002b).

PRF increases female receptivity during courtship interactions (olfactory

delivery; Rollmann et al. 1999) and so is considered a reproductive protein in this

study. Amino acid sequence diversity in the Plethodon pheromone protein (PRF)

ranges from 32-58%, across a time of divergence of only 27 million years. Therefore,
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in comparison to mammalian genes, this courtship pheromone ranks among the top

10% of rapidly evolving genes.

Positive selection is driving the rapid evolution ofPRF

Defining genes as rapidly evolving according to total percentage divergence is

limited in that this assignment tells us nothing about the causes of rapid evolution

(Swanson and Vacquier 2002). Is the gene nonfunctional and accumulating mutations

free of the constraints of purifying selection, or is the gene responding to selective

forces that are promoting amino acid diversity? Tests using codon-substitution models

provide convincing evidence that divergence is driven by positive selection in post-

copulatory genes (Swanson and Vacquier 2002a; 2002b) as well as in genes involved

in sexual communication prior to insemination (Watts et al. 2004; this study). The

functional consequences of rapid evolution in reproductive proteins of both types have

yet to be determined.

Genetic variation is present at multiple levels

The plethodontid salamander system provides a unique opportunity to examine

the functional significance of adaptive divergence in reproductive proteins. In this

system, pheromone gene diversity is present at multiple levels - within a single

individual, at the population level and across species with different methods of

pheromone delivery. The topography of the PRF gene tree and the presence of more

than two PRF alleles within individuals suggests that gene duplication events have

occurred in the past. Duplicated genes can follow three evolutionary pathways: (1) the

loss of either gene through degenerative mutations (nonfunctionalization); which may
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account for the loss of vaccination gene A in salamander species with olfactory

delivery; (2) the emergence of a new gene with a novel function

(neofunctionalization); or (3) subfunctionalization of the ancestral gene and the

duplicate gene following a bout of positive selection, resulting in a partitioning of the

tasks of the ancestral gene (Lynch and Conery 2000; Lynch et al. 2001). The

subfunctionalization of genes accounts for the perseverance of two or more gene

copies in many animals (Lynch et al. 2001) and offers the most likely explanation for

the persistence of multiple PRF genes within in these salamanders.

The two very divergent PRF genes present in species with the ancestral

'vaccination' pheromone delivery mode are noteworthy. Following an ancient gene

duplication event, these two genes evolved at different rates and experienced different

patterns of selection. It is unclear whether evolutionary change in these two genes

resulted in a partitioning of the tasks of the ancestral gene or if the genes have

acquired vastly different functions. The effect(s) vaccination-type PRF proteins have

on female receptivity, and the location of target receptors for these proteins, are

currently unknown. Future behavioral and molecular work geared toward identifying

target receptors, assessing female behavioral responses and determining the functional

significance of gene duplicate preservation in these species should prove rewarding.

Different evolutionary processes may coalesce on the same function?

Plethodontid receptivity factor vaccination gene 'B' is the ancestral gene to the

PRF gene in species with olfactory delivery (Figure 3.3). There is, however, a

considerable degree of PRF protein diversity across delivery modes, as well as a

moderate level of diversity within delivery modes. The expression of numerous and
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sometimes ancient PRF alleles within delivery modes implies that polymorphism has

been actively maintained rather than neutrally generated. Furthermore, the olfactory-

type PRF gene evolved at a different rate than the vaccination-type forms of the gene

and the patterns of positively selected sites are dissimilar. It would be informative to

test the functional significance of these differences and determine what level(s) of

PRF protein divergence affect female behavior within and across delivery modes.

Would vaccinationtype PRF stimulate VNO receptors and increase female receptivity

in species with olfactory delivery? A recent experiment by Rollmann et al. (2003)

indicates that delivery of heterospecific PRF elicits the same female response

(increased receptivity) as the conspecific protein in species having the same delivery

mode. Behavioral and/or electrophysiological experiments are necessary to determine

if this phenomenon holds true across delivery modes. It is possible that these

reproductive proteins, which share the same three-dimensional structure, are following

two very different evolutionary trajectories to achieve the same functional goal (e.g.,

increasing female receptivity).

PRF evolved neutrally in some Plethodon species

The species within the 'transition group' provide another exciting avenue for

future studies. We predicted that species within this group use olfactory delivery and

therefore are likely to possess a form of the PRF gene that is most similar to species

with olfactory delivery. This prediction was based on the similarities in gland shape

and position, the presence of sexually monomorphic dentition and their genetic

relationship to species having olfactory delivery (Highton 1962; Highton and Larson

1979). Instead, species within this group have PRF gene types that are equally
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divergent from vaccination (gene B) and olfactory forms of the gene. More surprising,

however, was the indication that the majority of PRF protein in this group has evolved

neutrally, whereas -30% of the gene has been maintained by purifying selection.

In 'transition' species, delivery of pheromones via olfaction was observed in

only three of 19 staged courtship encounters (Organ 1960; Arnold 1972; Dyal

submitted; Picard pers. comm.). Males of these species may deliver pheromones

through more subtle behaviors (e.g., head rubbing, head sliding). Alternatively, the

courtship observations may have included a biased sample of highly receptive

females. The male plethodontid may by-pass the persuasion phase of courtship (e.g.,

pheromone delivery) when he is paired with a very receptive female (Arnold 1976;

buck and Arnold 2003). On the other hand, this 'transition' group may represent a

relatively recent divergence event, wherein males of these species no longer rely on

PRF during courtship interactions. Additional courtship observations and a larger

sampling of PRF genes for these species are required to test the hypothesis that males

in this group rely less strongly on pheromone delivery to stimulate females than do

species from the P. cinereus and P. glutinosus species groups.

Coevolution between PRF and female receptors

The PRF protein is a four-helix bundle that is structurally similar to the IL-6

group of cytokines (i.e., ciliary neurotrophic factor (CNTF), leukemia inhibitory factor

(LW), interleukin-6 (IL-6), interleukin- 11 (IL-il), oncostatin M (OSM),

caridotrophin-1 (CT-i) and cardiotrophin-like cytokine (CLC)), sharing up to 3 1.0%

amino acid sequence identity with members of this group. These cytokines are

pleiotrophic, having multiple biological activities and acting on many different target
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cells, and are effective at very small concentrations (Ozaki and Leonard 2002).

Despite the multifunctional nature and high levels of sequence divergence in IL-6-type

cytokines across species, there is no indication that positive selection is responsible for

this variation (Watts et al. 2004; Table 3.4). In contrast, strong positive selection has

been detected at dozens of amino acid residues throughout the PRF gene in species

with the olfactory and vaccination delivery modes. Interestingly, many of the

diverging residues are located in regions known to be important to receptor binding in

the IL-6-type cytokines (Figure 3.12). A common theme among many genes for

which adaptively-driven evolution has been detected is that an arms race or some other

coevolutionary process is responsible for the rapid change. Examples include proteins

involved in male/female reproduction (review by Swanson and Vacquier 2002), genes

involved in immune response (Wang et al. 2003), gastropod toxins that are used to

subdue prey (Palumbi 2000), and plant chitinases that mediate defenses against

pathogenic fungi (Bishop et al. 2000). Similarly, the PRF protein may be under

selection directed by changes in the female receptors, essentially locking the two sexes

in a perpetual coevolutionary process. Our analysis cannot distinguish whether this

dynamic is driven by natural or sexual selection. However, PRF is a courtship signal

that increases male mating success and may convey information to help facilitate

mating decisions. For these reasons, we predict that sexual selection is the major force

shaping this proteinaceous pheromone (discussed below).

Natural versus sexual selection

The salamander courtship pheromone is a private signal between the male and

the female that is not likely to be subject to selective pressures from the external
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environment. Natural selection may, however, play a role if the female receptors

evolve in response to internal regulating mechanisms or external stimuli (e.g.,

microbes; Swanson and Vacquier 2002a). If this is the case, the evolving male

pheromone may track changes in the female receptors, resulting in adaptive

divergence in PRF residues that are important to receptor binding. Alternatively, a

Fisherian process or a molecular coevolutionary 'arms race' may develop between the

male signal and the female receptors under the direction of sexual selection (Mead and

Arnold 2004). In this scenario, female preference mediated by VNO receptors

produces sexual selection (Blaustein 1981). For example, female receptor types

within a population may vary among individuals and differ in their binding affinities

with particular PRF alleles. Since both male and female Plethodon mate multiple

times during a breeding season, a male with an assortment of PRF alleles may increase

his chances of inseminating numerous females, thereby boosting his mating success

(Sappington and Taylor 1990). On the other hand, females may simply prefer males

who advertise a complex signal because signal complexity indicates high male quality

(Rantala et al. 2002; Thorston et al. 2001). Similarly, a blend of multiple PRF alleles

may be functionally equivalent to a 'magnified dose' if the composite signal is able to

maximize the number of female receptors that are stimulated, thereby enhancing

female response. Female mating preference is the force driving complexity in the

male signal in all of these cases.

Positive selection via sexual conflict

Similarly, strong positive selection at the PRF receptor binding epitopes may

occur through sexual conflict. Males normally benefit from mating with numerous
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females whereas females benefit from being choosier because they have a lower

reproductive rate and invest more in the offspring (Trivers 1972). In the salamander

system, the male signal may be viewed as a manipulative tactic that has evolved to

exploit a pre-existing sensory bias of the female and nullify female mate choice. This

scenario creates suboptimal mating on the female side of the system, which in turn

intensifies selective pressures on female resistance and leads to an antagonistic

coevolution between the sexes (Holland and Rice 1998; Gavrilets 2000). Sexual

conflict can produce very strong selective pressures on both sexes and can perpetuate

within-population diversity of the male PRF protein as well as the female receptors.

Chemical signaling and species recognition

In closely related species chemical signals may encode for species recognition

and provide a mechanism for reproductive isolation, as is evidenced by the widespread

diversity in the pheromone blends of lepidoptera (Christensen et al. 1991; Wu et al.

1996; Innomata et al. 2000). In moths, species recognition is promoted by minor

changes in existing pheromone components as well as alterations in the concentrations

of the various components, not through the development of highly divergent

components (Sorensen 1996). Furthermore, species isolation may arise following

minor amino acid changes in a pheromone. An example is sodefrmn, a decapeptide

secreted into the water by the cloacal glands of male newts (Cynops pyrrhogaster) to

attract gravid females (Kikuyama et al. 1999). Female C. ensicauda are responsive to

sex attractants from conspecific males but fail to respond to sodefrin from C.

pyrrhogaster. The two forms of the gene differ by only two amino acid changes,

minor substitutions that result in strong sexual isolation (Iwata et al. 1999).



Female plethodontids may receive pheromones and yet actively terminate

courtship before insemination can occur. Termination of courtship is commonly

observed during mating trials in which the female is paired with a male of another

species (Reagan 1992; Verrell and Arnold 1989) This selective termination of

courtship suggests that courtship pheromones may prevent species from interbreeding.

In the wild, some species within the P. glutinosus species group exhibit complete

isolation, whereas other species produce hybrid zones ranging from narrow bands to

extensive hybrid swarms (Highton 1970; Highton and Peabody 2000). This variation

in contact zones may reflect variation in sexual isolation which is known to vary

between congenerics (Arnold et al. 1993; Regan 1992). Although the degree of

sequence divergence in the PRF gene for these species is modest, the single amino

acid polymorphisms and/or a unique combination of alleles present in this group may

encode species identity and maintain species barriers (e.g., moths; Lofstedt et al. 1991,

Wu et al. 1996; Inomata et al. 2000).

Two Plethodon species, P. teyahalee and P. she rmani, hybridize extensively in

most regions where they come into contact (Highton and Peabody 2000). A

comparison of PRF diversity across these two species shows that P. teyahalee males

have fewer alleles than P. shermani males (Table 3.1). Sequencing 54 clones from

two geographically distant P. teyahalee populations revealed eight unique alleles that

translate into four minor variant protein types. The amino acid substitutions in these

protein variants are identical to those found in P. shermani alleles, excepting a single

conservative residue substitution in one allele. Thus, lack of signal variation between
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these species may fail to provide females with an important species-specific cue that is

necessary to prevent hybridization.

Rollmann et al. (2003) assessed female behavioral response to the courtship

pheromones of heterospecific males. They found that P. shennani females respond in

the same manner (increased receptivity) when presented with PRF from P.

yonahiossee or P. montanus males as they do to pheromones from conspecific males

from their own population. As in the example above, P. yonahlossee PRF lacks allelic

complexity and the three proteins sampled from this species differ consistently from P.

shermani PRF by only two, conservative amino acid changes. Likewise, although P.

montanus PRF is much more variable (Table 3.1), comparisons with P. shermani

sequences fail to reveal consistent differences in amino acid composition.

The animals used by Rollmann et al. (2003) were collected from different

localities where they were not capable ofhybridizing. An analysis of PRF diversity

from completely reproductively isolated sympatric species (P. teyahalee and P.

montanus; Chapter 2) reveals higher levels of diversity. For example, all of the PRF

amino acid sequences in P. teyahalee differ consistently from P. montanus alleles at

four independent residues, and two of these substitutions include radical changes.

These results suggest that PRF may be important for species identification and the

rapid evolution of PRF could play a role in speciation. Patterns of sexual isolation in

natural populations may correlate with patterns of complexity in the courtship signal.

A more rigorous analysis of PRF diversity between salamander species for which

levels of reproductive isolation are known will allow us to test this hypothesis.
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Future investigation offemale receptors is warranted

A molecular coevolutionary dynamic between the sexes may direct the

evolution of salamander courtship pheromones and may also be responsible for the

rapid change in post-copulatory reproductive proteins. Whether this dynamic is driven

by natural or sexual selection is currently under debate (Swanson and Vacquier 2002).

Many of the hypotheses surrounding the functional significance of sequence diversity

in reproductive proteins have overlapping predictions. In the salamander signaling

system, future studies assessing sequence diversity in female receptor genes are of the

utmost importance. These studies will allow us to test some of the above hypotheses

by evaluating correlations between female receptor and male pheromone gene

diversity.

Predicted signaling complex for PRF

Mapping positively selected sites of the pheromone gene onto a structural

alignment of well studied IL-6-type cytokines provides valuable information regarding

the functional significance of adaptive change at these sites (Watts et al. 2004).

Further evaluation indicates that many positively selected sites are associated with

residues that have an important function in receptor binding and motivates research

focusing on female receptors. Conservation of numerous amino acids across all

eastern Plethodon species, however, suggest that these residues are important for a

common function/structure shared by these genes. A few of these residues are highly

informative because they can be used to make predictions regarding the PRF/receptor

signaling complex and, therefore, provide an excellent starting point for future

receptor work.
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All members within the IL-6 group of cytokines elicit a biological response by

forming a signaling complex that includes the gpi3O receptor. Three distinct epitopes

in these cytokines interact with receptors (sites I, II and ifi). Every member of the IL-

6 group binds the gp 130 signaling receptor at site II. However, some cytokines must

first unite with a nonsignaling a-receptor at site I before they can efficiently bind to a

signaling receptor (e.g., CNTF, IL-6, IL-Il and CT-i; Bravo and Heath 2000). All

IL-6 type cytokines use site Ill for a second association with a signaling receptor, but

the particular receptor that binds this site can vary. IL-6 and IL-i 1 both bind the

gpl3O a second time at site ifi, whereas LIF, CNTF, CT-i and CLC bind the LIF-R at

this site (Bravo and Heath 2000). Residues at key regions within the binding epitopes

are highly conserved and, because they are universally stable, can be used to predict

the type of signaling complex that a particular cytokine requires (Bravo and Heath

2000). For example, cytokines that have three highly conserved amino acids in the

site II epitope (i.e., HOM-LIF: Q29, Gi24 and N128, Figure 3.13) react with gpi3O

with high affinity and do not require a nonsignaling receptor (e.g., LIP and OSM;

Bravo and Heath 2000). Furthermore, cytokines with the conserved motif F-X-X-K at

site HI all bind with the LIF-R with high affinity (e.g., LIP, CT-i and CNTF; Bravo

and Heath 2000; Figure 3.12).

Three predictions regarding the PRF signaling complex can be made based on

the structural model of PRF inferred from closely related cytokines, the lack of

conservation at key residues at site II and based on the persistence of the F-X-X-K

motif at site HI across all PRF lineages (i.e., PRF-Olf 157F-X-X-160K, Figure 3.12).
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These three predictions are:

PRF binds with a gpl3O-signaling receptor at site II
PRF requires binding to a nonsignaling a-receptor at site I before binding with
gpl3O at site II
PRF complexes with the signaling receptor LIF-R at site III.

Although PRF receptor binding assays have yet to be performed, it is likely that this

protein forms a trimeric complex composed of one copy of gpl3O, one copy of PRF,

one copy of LIF-R, and one copy of a non-signaling receptor.

Summary and future directions

In summary, our sampling of PRF genes across the four major eastern

Plethodon lineages revealed moderate to high levels of sequence diversity at multiple

levels; within a single individual, at the population level and across species with

different methods of pheromone delivery. Evolution of PRF has been driven by

strong positive selection, whereas other cytokines of the IL-6 family (e.g., IL-6) have

evolved neutrally. Several positively selected residues on the PRF gene map onto

regions important to receptor binding. A coevolutionary association with female

receptors may drive the evolution of this courtship pheromone. Studies are currently

underway to test this hypothesis and to determine if this dynamic is shaped by natural

or sexual selection. Furthermore, our results indicate that PRF is not present in the

skin of reproductive salamanders, nor is it produced in mental glands of non-eastern

Plethodon species. The latter suggests that the PRF gene was only recently recruited

to a pheromone function (ca 27 MYA). This event represents a major shift in the

signaling system of these terrestrial salamanders. A similar study, examining two
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additional plethodontid pheromone components, is currently underway to assess the

stability of chemical signaling systems in these terrestrial salamanders.
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ABSTRACT

The evolutionary dynamics underlying chemical communication in terrestrial

vertebrates are poorly understood. The mating system of plethodontid salamanders

represents the most intricate chemical signaling system ever reported in amphibians.

In plethodontids, long periods of stasis in morphology and mating behavior indicate

that this system is characterized, in part, by strong stabilizing selection. We recently

reported that stasis at the organismal level does not characterize selective dynamics

operating at the molecular level. This discordance was illustrated by the signature of

strong positive selection driving diversity in the pheromone component gene

Plethodontid Receptivity Factor (PRF). In the present study, we measure the selective

pressures exerted on two additional pheromone components (PMF and SPL).

Whereas PRF is restricted to species ofeastern Plethodon, PMF and SPL genes are

present in all the major plethodontid lineages sampled (spanning -100 MY). Like

PRF, however, the PMF and SLP protein coding genes have experienced rapid,

adaptively driven change. In comparison, strong purifying selection has acted on a

salamander non-reproductive mitochondrial gene (ND4), suggesting that rapid

evolution may be a characteristic of the signaling system rather than the taxonomic

group. Lastly, we coupled our molecular data with past behavioral and biochemical

assays to assess macro-evolutionary changes in the plethodontid system. We conclude

that a major change in the phenotype of the male signal (i.e., component composition)

also is masked by stabilizing selection acting at the morphological/behavioral level.
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INTRODUCTION

Many animals use multi-component chemical signals as part of their sexual

dialogue. Hundreds of pheromones have been characterized in insects and several

dozen have been described in vertebrates. It is well established that chemical signals

can effectively coordinate conspecific reproductive behaviors. Chemical compounds

are released into the environment to attract mates (Kikuyama et al. 1997; Wabnitz et

al. 1999; reviews by Sorensen 1996 and Johnston 2000) or are delivered at close range

to 'prime' or stimulate mating behaviors (review by Sorensen 1996; Rollmann et al.

1999). Chemical communication can be facilitated via volatile compounds (most

insects and mammals; reviews by Johnston 2000; Phelan 1997; Sorensen 1996),

hormone derivatives (goldfish; review by Sorensen 1996), or peptides and proteins

(amphibians; Kikuyama 1998; Wabnitz et al. 1999; Rollmann et al. 1999). Despite a

wealth of knowledge surrounding behavioral, physiological, and biochemical aspects

of chemical signaling systems, little is yet known about the evolutionary forces

operating on these systems.

Olfactory communication in Lepidoptera represents the most rigorously

studied and best understood chemical signaling system. In most moth species, the

female emits a multi-component volatile pheromone into the environment to attract

males. It had been previously believed that female pheromones are under strong

stabilizing selection, and that male pheromone receptors are narrowly tuned to the

blend produced by the conspecific female (review by Phelan 1997). In this scenario,

strong purifying selection acts against novel pheromone blends to preserve the species

recognition system. Recently, however, the importance of sexual selection in
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chemical signaling systems hasbeen emphasized (West-Eberhard 1983; review by

Andersson 1994), and the hypothesis of asymmetric tracking has been proposed

(Phelan 1997). In this view, discordant levels of selection act on the sexes. Females

typically invest more in parental care than males and are more discriminating of their

mating partners. The benefit of maximizing male response to a signal is low for the

female. Therefore, less selective pressure is exerted on the female side of the system,

and female chemical signals are free to vary (evolve neutrally). Males, on the other

hand, benefit by maximizing the number of reproductive partners they obtain in a

given breeding season. Thus, males pheromone receptors are under strong selection to

track changes in the female signal (Phelan 1997). Support for the asymmetric tracking

hypothesis came in 2002, when Roelofs and collaborators showed that major changes

in a pheromone blend can arise in a population. Even more importantly, rare males

within the population were capable of detecting and responding to the novel signal

(Roelofs et al. 2002).

In mating systems characterized by male signaling, the asymmetric tracking

hypothesis postulates that positive selection drives change in the male signal to track

modifications in the female response. This type of signaling system, wherein the male

is the signaler and the female is the receiver, is common in many vertebrate systems

(review by Sorensen 1996). Unfortunately, virtually nothing is known about the

evolutionary dynamics of vertebrate chemical signaling systems. However, a recent

evolutionary study of a salamander courtship pheromone component (Plethodontid

Receptivity Factor) revealed that the male signal has experienced strong positive

selection (Watts et al. 2004). Furthermore, there is some evidence that this courtship
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pheromone component has evolved in response to changes in female receptors (Watts

et al. 2004). Thus, Watts et al. (2004) provided the first description of the type of

selective force implicated in shaping a vertebrate chemical signaling system. In the

present paper, we draw from conclusions made by Watts et al. (2004) and move to the

next level of complexity to estimate macro- and micro- evolutionary changes in the

terrestrial salamander signaling system.

Chemical signaling in amphibians

Chemical communication plays an important role in sex recognition and

mating in most urodeles. Prior to the late 1990s, however, the pheromones mediating

these interactions had not been characterized. Tn 1997, a female sex attractant was

characterized from the abdominal glands of male aquatic breeding newts, Cynops

pyrrhogaster (Kikuyama et at 1997). This newt sex attractant, named sodefrmn, has a

rather simple molecular structure. The pheromone itself is a decapeptide which is

cleaved from a 189 amino acid residue precursor protein. This ten amino acid peptide

is secreted into the water and then wafted toward the female by the male. Sodefrin

stimulates the vomeronasal epithelium of the female newt (Toyoda and Kikuyama

2000), and elicits a mating response (i.e., attraction). A similar decapeptide, silefrin,

mediates chemical signaling in the related newt, C. ensicauda. Interestingly, these

two decapeptides (sodefrin and silefrin) differ by only two amino acid residues and yet

they fail to elicit responses from heterospecific females (Iwata et al. 1999).

Acoustical communication is important for sex recognition and mating in

anurans, thus chemical signaling in frogs had not been considered until a surprising

discovery was made by Wabnitz et al. (1999). These researchers isolated a peptide
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from the parotid and rostral glands of male magnificent tree frogs, Litoria splendida.

Behavioral experiments demonstrated that this 25 amino acid peptide, splendiferin,

attracts female frogs when secreted in the water and yet has no effect on males or

females of different species. This sex attractant pheromone is produced only by the

male and only during the breeding season (Wabnitz et al. 1999). A related peptide,

caerin 2.1, also is produced by the male glands during the breeding season but shows

no pheromone activity. Caerin 2.1 differs from splendiferin by eight amino acid

residues. The newt (Cynops) and the frog (Litoria) signaling systems are similar in

that they both employ a single peptide that is released into an aquatic environment to

attract mates, and minor changes in these compounds fail to elicit a response from the

female.

Chemical signaling in plethodontid salamanders

Similar to aquatic amphibians, terrestrial salamanders rely on chemical

signaling to attract mates (review in Chapter 2), but the attractant pheromone and its

site of production have yet to be identified. The male plethodontid, however, also

delivers a unique pheromone to the female during the persuasion phase of courtship

(Houck and Reagan 1990; Rollmann et al. 1999), and components of this courtship

pheromone have been identified. Rollmann et al. (1999) characterized a 22 kDa

courtship pheromone component in Plethodon shermani that functions to enhance

female receptivity during courtship interactions. This proteinaceous pheromone

component, termed Plethodontid Receptivity Factor (PRF), is produced by a

specialized gland located on the chin of a mature male salamander. During

plethodontid courtship, the female walks forward with the male while straddling his
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tail with her fore- and hind-limbs (i.e., tail straddling walk; Chapter 1). During this

phase of courtship, the P. shermani male turns back toward the female and delivers the

courtship pheromone to her nares ('olfactory' delivery) (Arnold 1977). When the

pheromone is delivered directly to the nares it stimulates receptors in the female's

vomeronasal epithelium and, through a series of neuronal projections, results in

changes in female receptivity (Rollmann et al. 1999; Wirsig-Wiechmann et al 2002).

The method of sperm transfer (tail-straddling walk) is conserved in all

plethodontids, but transitions in mental gland morphology and behaviors associated

with pheromone delivery evolved in species of eastern Plethodon (Houck and Arnold

2003). 'Olfactory' pheromone delivery (described above for P. shermani) evolved

from the 'vaccination' delivery mode used by most plethodontids. Plethodontids are

divided into two subfamilies, Desmognathinae and Plethodontinae, the latter of which

includes three tribes, Hemidactyliini, Plethodontini and Bolitoglossini (Fig 4. 1A). The

ancestral 'vaccination' delivery mode is present in the four major lineages (sub-family

Desmognathinae and the three tribes; Figure 4. 1A) and has been maintained for -100

MY (Arnold 1972; Houck and Arnold 2003). In this method of courtship pheromone

delivery, the male first rasps the skin on the female's dorsum with his enlarged

premaxillary teeth. He then vaccinates pheromones into her circulatory system by

rubbing his mental gland across the abraded site (review by Houck and Arnold 2003).

The transition to olfactory pheromone delivery arose in species of eastern Plethodon

and has been maintained for -19 MY (Figure 4.1B). Rather than vaccinating the

pheromone into the female's circulatory system, a male with olfactory delivery 'slaps'

his mental gland directly onto the female's nares (as described above).
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Figure 4.1. (A) Phylogenetic relationships of the major lineages of the salamander
family Plethodontjdae (from Lombard and Wake 1986). (B) Phylogenetic
relationships of eastern Plethodon from the tribe plethodontini (Highton and Larson
1979; Highton and Peabody 2000; Larson et al. 2003). A transition from vaccination
to olfactory pheromone delivery is indicated by the dotted line.
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The plethodontid courtship pheromone represents the most complex chemical

signal ever characterized for amphibians. Not only is the salamander courtship signal

composed of several components, the components themselves are highly variable

(Rollmann et al. 1999; Rollmann 2000; Watts et al. 2004). For example, a single

Plethodon mental gland can have up to eight unique PRF mRNA transcripts,

indicating that at least four variable PRF genes are expressed in an individual (Watts

et al. 2004; Chapter 3). This genetic diversity has been actively maintained and strong

positive selection has driven adaptive changes at PRF residues that interact with

female receptor sites (Watts et al. 2004; Chapter 3). PRF diversity is limited,

however, when the distribution of the PRF gene across the entire plethodontid

radiation is considered. This pheromone component is a rather recent innovation in

the signaling system of these terrestrial vertebrates, originating in the ancestor that

gave rise to the eastern Plethodon (-27.0 MYA; Chapter 3; Figure 4.1). This is not a

substantial amount of time considering that the family Plethodontidae is

approximately 100 million years old (Ruben et al. 1993).

The pheromone Plethodontid Modulating Factor (PMF)

Behavioral assays for Plethodon shermani indicate that PRF is capable of

increasing receptivity when it is delivered to the female as a single protein component

(Rollmann 1999). However, the pheromone that the female receives during courtship

is a rich blend, consisting of two major components and approximately 18 minor

components (Feldhoffet al. 1999). The two primary components make up nearly 85%

of the total blend, and include PRF (22 kDa) and a 7kDa protein, which are expressed

in a constant 2:1 ratio (7 kDa:22 kDa; Feldhoff et al. 1999). The consistency of the
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molecular ratio of these two components suggest an important role for the 7 kDa

protein in chemical communication. Interestingly, when the two components are

delivered together during behavioral trials in the laboratory, the increase in female

sexual responsiveness is significant. However, when the 7 kDa protein is

administered independently of PRF, a decrease in female receptivity results (Houck et

al. submitted). Due to the delaying effect that this pheromone component has on time

to insemination when delivered alone, and the stimulating effect it has when delivered

with PRF, this 7 kDa protein has been named Plethodontid Modulating Factor (PMF;

buck et al. submitted.).

Plethodontid Modulating Factor (PMF) differs markedly from PRF in both

function and molecular structure. PRF is a four a-helical bundle protein that is

structurally similar to members of the IL-6-type cytokine family (Rollmann et al.

1999). PMF, on the other hand, is a small globular protein that shares sequence

identity with xenoxin and members of the uPARICD59JLy-6/snake toxin superfamily

(Rollmann 2000). This family of 'three-finger' shaped proteins (uPAR/CD59ILy6/

snaketoxins) all share an ancient scaffold that is characterized by eight to ten

conservatively spaced cysteine residues with a distinct folding pattern (Alape-Giron et

al. 1999). The snake toxins in this family include long- and short-chain neurotoxins,

fasciculins, cardiotoxins/cytotoxins, calciseptines and mambins (Ricciardi et al. 2000).

Although these small snake toxins are structurally homologous, they have very diverse

functions and exhibit tissue and taxon specificity (Alape-Giron et al. 1999). In

contrast, xenoxin is a non-toxic protein that was isolated from the dorsal gland of the

African clawed frog, Xenopus laevis (Kolbe et al. 1993). In vitro volume-change
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bioassays indicate that xenoxin is capable of directly activating dihydropyridone-

sensitive CA2+ channels in mammalian epithelial cells (Macleod et al. 1998), but its

functional role in amphibian skin remains unknown. Members of the

uPARICD59ILy6 family, on the other hand, are relatively well characterized proteins

that have diverse functions, including roles in the immune response and in

reproduction (Qian et al. 2000).

Discovery ofa novel plethodontid courtship pheromone component

Recent analysis (by R. Watts) of sequences from a P. shermani mental gland

cDNA library revealed yet another protein that likely plays an important role in

plethodontid sexual communication. Interestingly, this protein shares up to 22%

amino acid sequence identity with the newt sodefrin precursor protein. Several lines

of evidence suggest that this novel plethodontid protein functions as a pheromone that

is capable of increasing female receptivity. A behavioral experiment showed that

female Desmognathus ocoee treated with a whole pheromone extract produced from

male mental glands completed courtship 28% faster than females treated with a saline

control (Houck and Reagan 1990). Recently, this experiment was repeated with a

fraction of the whole extract that contained only proteins having molecular weights

within the 21-25 kDa size range (L. Houck). Females that received this protein

fraction completed courtship significantly faster than control females. This result,

increased female receptivity, mimics the effect PRF has on female salamanders of the

genus Plethodon (Rollmann et al. 1999). However, RT-PCR results and random

sequencing of a D. ocoee mental gland cDNA library indicate that PRF is not present

in the mental gland of this species (Chapter 3). Instead, approximately 43% of the
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library clones isolated from D. ocoee mental gland tissue were a novel -23.0 kDa

protein related to the sodefrin precursor protein. We suggest that this novel protein is

a major pheromone component in D. ocoee that presumably functions to increase

female receptivity. Based on its structural similarity to the Cynops pheromone

precursor gene, we tentatively name this molecule Sodefrin Precursor-Like protein

(SPL).

The aims of the present study are to estimate distribution and diversity in

Plethodontid Modulating Factor (PMF) and Sodefrin Precursor-Like (SPL) genes

across plethodontid lineages. We employ the codon-substitution models of Nielsen

and Yang (1998) to assess patterns of selection across these protein coding genes.

Many proteins involved in mating and fertilization have experienced rapid, adaptively

driven change (Chapter 3; Watts et al. 2004; review by Swanson and Vacquier 2002).

We predict that all three pheromone component genes of the plethodontid courtship

signaling system (PRF, PMF and SPL) are characterized by the signature ofstrong

positive selection, despite long periods of evolutionary stasis in morphology and

courtship behaviors (-100 MY vaccination; -19 MY olfaction). Our study is designed

to address three questions: (1) have the pheromone components PMF and SPL

evolved in response to adaptively driven change; (2) has the male signal (pheromone

composition) remained stable throughout the plethodontid radiation or is the signaling

system labile; and (3) what is the rate of evolution and selection profile for a

plethodontid gene not involved in reproduction? To address this last question, we

include an analysis of the salamander ND4 mitochondrial gene.
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METHODS

Taxon sampling and RNA/DNA isolation

The species sampled in this study are listed in Table 4.1. Plethodontid

Modulating Factor (PMF) and Sodefrin Precursor-Like (SPL) genes were isolated

from male mental gland tissue from 17 and 18 plethodontid species (respectively). In

addition, a single male/female breeding pair of P. shermani from Macon Co., NC

(August, 2003) was used to obtain skin samples from cloacal regions and from the

dorsal tail base. Mitochondrial DNA sequences were obtained from the tail tips (1-5

individuals) of both sexes across 30 populations (22 species), with representative

samples from three out of four plethodontid lineages (Desmognathinae, plethodontini

and hemidactyliini; Figure 4.1).

The animals were anesthetized in the laboratory using a topically applied 20%

(wlv) benzocaine (ethyl-p-amino-benzoate: Sigma)! polyethylene glycol (MW 200:

Sigma) solution. Tissues were surgically removed and stored individually at -80 C.

Whole genomic DNA was prepared from tail tissue by standard proteinase K

digestion, phenol-chloroform extraction and ethanol precipitation methods. Total

RNA was extracted from the mental gland and skin tissues using Trizol® reagent

(Invitrogen #15596-026) and reverse transcribed into first strand cDNA using oligo-

DT and the 1mPromI1m reverse transcriptase system (Promega #A3800).

Characterizing Plethodontid Modulating Factor

A primer pair (P7NF: 5'-CAC CTG GAA TCC AGA ATG A-3' and P7NR:

5'-AAG AGT GTG TGA CTA GTT GCA GA-3') was designed from the untranslated
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Table 4.1. Locality data for plethodontid species examined in this study. Superscript
letters denote: (M) isolation of mtDNA from tail tip tissues, (P) isolation of PMF from
RNA of mental gland tissue, (S) isolation of SPL from RNA of mental gland tissue.
Plethodon wehrlei'' S from Pocahontas County, WV (not listed in table) were kindly
provided by Dr. Thomas K. Pauley.
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Table 4.1.

Species name County State Lat (°N) Long (°W)

Aneidesferreus P, S, M
Lane OR 43 47' 15" 123 49' 06"

Desmognathus monticola "s Macon NC 35 01' 50" 083 08' 49"
Desmognathus ocoee P S, M

Clay NC 35 02' 20" 083 33' 08"
Eurycea bislineata S

Swain NC 35 10' 43" 083 33' 44"
Eurycea guttolineata S Graham NC 35 02' 36" 083 09' 37"
Eurycea wilderaeM Clay NC 35 02' 26" 083 33' 10"
Plethodon amplusTM Bumcombe NC 35 27' 40" 082 22' 09"
Plethodon chattahoochee M Towns TN 34 52' 28" 083 48' 41"
Plethodon chiorobryonis M Craven NC 35 17' 19" 077 07' 39"
Plethodon cylindraceus M Yancey NC 35 45' 53" 082 15' 55"
Plethodon cheoah P, S, M

Swain NC 35 21' 30" 083 43' 04"
Plethodon cinereus P,S

Giles VA 37 22' 02" 080 31' 34"
Plethodon dunni P,M Lane OR 43 49' 51" 123 45' 40"
Plethodon elongatus M Curry OR 42 24' 56" 124 13' 29"
Plethodonjordani F, S, M Sevier TN 35 36' 34" 083 26' 50"
Plethodon meridianus M Burke NC 35 36' 05" 081 37' 43"
Plethodon metcalfi F, S,M CW Macon NC 35 19' 40" 083 20' 10"
Plethodon metcalfi M CF Transylvania NC 35 17' 00" 082 53' 57"
Plethodon metcalfi M CO Macon NC 35 06' 26" 083 17' 08"
Plethodon metcalfi M HBS Macon NC 35 01' 50" 083 08' 49"
Plethodon mississippi M Scott MS 32 24' 37" 089 29' 02"
Plethodon montanus P, S, M MP Madison NC 35 50' 24" 082 57' 11"
Plethodon montanusM WT Grayson VA 36 37' 37" 081 35' 23"
Plethodon ouachitae F, S, M Le Flore OK 34 40' 59" 094 22' 16"
Plethodon richmondi F, S

Wise VA 36 53' 00" 082 37' 58"
Plethodon serratusM Henry GA 33 29' 59" 084 10' 58"
Plethodon shermani F, S, MWA Macon NC 35 10' 48" 083 33' 38"
Plethodon shermani M DO Clay NC 35 02' 26" 083 33' 10"
Plethodon stormi S

Jackson OR 42 06' 23" 123 01' 18"
Plethodon teyahalee FS MMP Madison NC 35 50' 24" 082 57' 11"
Plethodon teyahaleeM SG Swain NC 35 21' 30" 083 43' 04"
Plethodon teyahalee M CF Transylvania NC 35 16' 20" 082 53' 39"
Plethodon teyahalee M CG Macon NC 35 06' 26" 083 17' 08"
Plethodon vehiculum" Benton OR 44 30' 38" 123 28' 02"
Plethodon ventralisM Jefferson AL 33 43'32" 086 49'20"
Plethodon websteri PS, M Jefferson AL 33 43'32" 086 49'20"
Plethodon yonahiossee M McDowell NC 35 42' 58" 082 19' 56"
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regions of PMF sequences acquired from the P. shermani cDNA library. PCR

reactions were prepared using 1.0 ul cDNA, 2.5 units TAQ polymerase, 5.0 ul lox

buffer, 0.2 mM of each DNTP, 2.5 mM MgC12, 100.0 pmol of each primer and enough

sterilized water to make a final 50.0 ul reaction. Amplification was carried out using a

3 minute denaturation step at 95 °C and then thermocycled 40 times as follows: 95 °C

for 1 mm, 51 °C for 45 sec and 72 °C for 1 mm, followed by a final extension at 72 °C

for 10 minutes. Amplified PCR products were visualized and excised from a 1.5%

agarose gel, purified (QlAquick gel extraction kit; Qiagen #28706), and cloned using

the Topo® TA cloning kit (Invitrogen # K4575-01). A minimum of 20 PMF clones

per individual were purified (QlAprep spin miniprep kit, Qiagen #27106) and sent for

sequencing in both the forward and reverse directions using universal T3 and T7

primers.

Characterizing Sodefrin-Precursor-Like (SPL) protein

A set of primers (forward: SOD-O-F 5'-TGA ACG CCT TCC TTA CTG

GTG TC-3'; reverse: SOD-O-R 5'-AGT TGG CAG CCC GCT GTC AT- 3') were

designed from SPL sequences obtained from a P. shermani cDNA library. A 50.0 ul

PCR reaction was prepared with 1.0 ul template cDNA, 2.5 units PfuUltraTM High-

Fidelity DNA Polymerase (Stratagene #600382), 5.0 ul lOX reaction buffer, 0.2 mM

of each DNTP, and 100.0 pmol of each primer. Amplification was carried out using

initial denaturation at 95 °C for I mm, followed by 40 cycles each of, (1) denaturation

at 95 °C for 30 sec, (2) primer annealing at 58 °C for 30 sec, and (3) an extension at 68

°C for I mm. Amplification was finalized with a single extension at 68 °C for 10 mm.

PCR products were visualized and excised from a 1.5% agarose gel, purified
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(QlAquick gel extraction kit; Qiagen #28706), and cloned using the Zero Blunt®

Topo® PCR cloning kit (Invitrogen #K2800-20). Ten SPL clones per individual were

purified and sequenced as described above.

Characterizing NADH dehydrogenase subunit 4

The primers ND4 and LEU (Arevalo et al. 1994) were used to amplify a 648

bp region of the protein-coding gene NADH dehydrogenase subunit 4 (ND4). PCR

reactions were prepared using 2.0 ul DNA (1:10), 0.6 units TAQ polymerase, 5.0 ul

lox buffer, 0.2 mM of each DNTP, 2.5 mM MgCl2, 10.0 pmol of each primer and

enough sterilized water to make a final 50.0 ul reaction. PCR amplification was

carried out under the following conditions: 5 minute denaturation at 95 °C, 40 cycles

of denaturation (93 °C, 45 sec), annealing (48 °C, 45 sec) and extension (72 °C, 1 mm

30 see), with a 5 mm extension at 74 °C following the last cycle. PCR products were

purified (QlAquick PCR purification kit, Qiagen #28106) and sent for sequencing in

the forward and reverse directions.

The GenBank database was searched for additional plethodontid ND4

sequences to supplement our data set. Those sequences and their accession numbers

include: A. ferreus (AF329323, AF329324), A. hardii (AF329327), A. flavipunctatus

(AF329325, AF370015), A. lugubris (AF329329, AF329328), Ensatina eschsholtzii

eschscholtzii (AF3293 18), E. e. ore gonensis (AF3293 19), E. e. xanthoptica

(AF329321), Plethodon cinereus (AF329330, AF329330), P. dunni (AF370019,

AF329344), P. elongatus (AF329345, AF329348, AF329346), P. hoffinani

(AF329333), P. neomexicanus (AF329353, AF329352), P. ouachitae (AF329335),
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P. richmondi (AF329339), P. serratus (AF329337, AF329338), P. storini

(AY179261), P. vehiculum (AF370022), and P. wehrlei (AF329342).

Construction of mental gland cDNA libraries

Gland removal and extraction of total RNA from mental gland tissue were

performed using the protocol described above. Three separate mental gland cDNA

libraries were constructed for the following species: (1) P. shermani (N= 10 glands

pooled); D. ocoee (N=20 glands pooled); and P. dunni (single mental gland). The P.

shermani library was constructed in Lambda-ZAP vector (uni-zap XR; Stratagene).

Messenger RNA was prepared using the Stratagene mRNA isolation kit (#200347)

with the optional enrichment protocol. Double stranded cDNA was synthesized, then

directionally ligated (adapters: 5' EcoR I - 3' oligo-dT/Xho I) into the lambda-ZAP

express phage vector and packaged into active phage using the ZAP Express XR

Library Construction Kit (Stratagene #20045 1). The size selection protocol was

omitted, but unincorporated nucleotides and adapters were removed with a QlAquick

PCR purification kit (Qiagen #28104). The primary library was plated using standard

procedures and 300 primary clones were cored, excised and sequenced by automated

dye-terminator sequencing.

The D. ocoee and P. shermani mental gland cDNA libraries were prepared

using the SMARTTM cDNA library construction kit (BD Biosciences Clontech

#K1053-l). Inserts were generated from 50 ng total RNA by the long distance PCR

protocol. Small amplification products were removed by gel purification followed by

CHROMA SPIN-400 column size fractionation. The inserts were ligated into the

plasmid vector and primary transformants were generated using the kit protocol.
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Primary clones (D. ocoee = 300; P. dunni = 200) were minipreped (QiAprep spin

miniprep kit, Qiagen #27 106) and sequenced from the 5' end by automated dye-

terminator sequencing.

Phylogeny reconstruction

The set of programs in the Lasergene package (DNASTAR, Madison Wi) were

used for sequence alignments and editing. Alignments were performed using the

Clustal_W algorithm with a gap penalty of 15.0 and a gap length penalty of 0.5 with

minor adjustments made manually. Datasets were built from unique DNA haplotypes

and maximum likelihood trees were reconstructed from the aligned DNA sequences

using Bayesian inference (MrBayes version 3.0b4: Huelsenbeck and Ronquist 2001).

Gapped positions were considered ambiguous and treated as missing data during

phylogeny reconstruction. Bayesian analyses were performed using the general time

reversible model with rates specified as gamma-distributed across sites. Four Monte

Carlo Markov chains were run simultaneously for 1,000,000 generations with a

random tree assigned at the start of each chain. A molecular clock was not enforced.

Trees were sampled every 100 generations, for a total of 10,000 trees generated. The

first 2,000 trees were discarded as 'bum-in' (Huelsenbeck and Ronquist 2001) and the

remaining 8,000 trees were used to generate a 50% majority rule consensus tree on

PAUP* (version 4.OblO; Swofford 2003) depicting the posterior probability values of

the observed clades (Huelsenbeck and Ronquist 2001).
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Estimating gene dissimilarity and rates ofevolution

Sequence dissimilarity was measured as the number of unique nucleotide

substitutions per nucleotide site for a pair of sequences with a correction for multiple

hits (Tamura-Nei method on MEGA, version 2.1; Kumar et al. 2001). The hypothesis

of equal evolutionary rates for each data set (PMF, SLP, ND4) was tested by

estimating the average number of synonymous and non-synonymous substitutions per

site using the method of Nei and Gojobori (1986) with the Jukes-Cantor correction for

multiple hits (MEGA version 2.1, Kumar et al. 2001). The rate of evolution was

estimated as the average number of changes per synonymous or per non-synonymous

site that have accumulated in a pair of homologous sequences since their divergence.

Standard errors were determined using 500 bootstrap replicates. To compare the rate

of evolution of PMF, SLP and ND4 to PRF (Chapter 3) we restricted our analysis to

sequences obtained from species of eastern Plethodon. Albumin immunology, protein

electrophoresis, and morphology of eastern Plethodon have been extensively studied

and suggest that eastern Plethodon form a monophyletic group arising approximately

26.6 million years ago (Highton and Larson 1979; Maxson et al. 1979, Maxson et al.

1984; Mahoney 2001; review by Larson et al. 2003).

Database searches and related sequences

BLASTX searches on GenBank (www.ncbi.nlm.nih.govLBLAST) were used to

find sequences related to PMF and SPL. Gene sequences used for selection analysis

of snake three-finger toxins, CD59, and phospholipase A2 inhibitors were obtained

from GenBank using BLASTX and key word searches, to include:
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Cardiotoxins (N=28): Naja atra (AFO3 1473, AFO3 1474, AJ007796,

AJ007797, AJ238734, AJ238736, U42583, U42585, U42586, U58481, U58482,

U58483, U58484, U58485, U58486, U58487, U58488, U58489, U58490, U77487,

U77489, X94316, X94317, Y08727, Y12491, Y18957, Z54226, 154228).

CD59 (N=10): Homo sapiens (NM....00061 1), Macacafascicularis

(AB072018, AB072017), Mus musculus (AF292401, NM_007652, NM_18 1858),

Rattus norvegicus (NM_012925), Saimiriine herpesvirus 2 (NC_001350, Y13 183),

and Sus scrofa (AF058328).

Phospholipase A2 inhibitors (N=22): Elaphe quadrivirgata (ABO2 1425),

Crotalus durissus terrificus (CDU08289), Gloydius blomhoffii siniticus (ABO 18372),

Lachesis muta muta (AY425346, AY425347), Notechis ater (AAF23778, AAF23779,

AF21 1163), Notechis scutatus (AJ249827, AJ249828, AJ249830, CAB56617),

Oxyuranus microlepidotus (AAF23785, AAF2 1049, AF21 1157), Oxyuranus

scutellatus (AAF23782, AF21 1156(3), Pseudonaja textilis (AAF21O5O, AF21 1160),

Python reticulatus (AF23 277 1), and Trimeresurusfiavoviridis (AB003472,

AB003473).

Analysis ofSelection

Tests of adaptive molecular evolution were performed using phylogeny-based

maximum likelihood models of codon evolution implemented by the PAML computer

program CODEML (version 3.12, Yang 2002). The nucleotide alignment and

maximum likelihood tree were used as input for each dataset. The PAML models

allow the nonsynonymous/synonymous substitution rate ratio (dN/ds) to vary among

amino acid sites or along lineages in a phylogeny. A dN/ds ratio of 1 (o= 1) indicates
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neutrality, whereas w< 1 indicates purifying (stabilizing) selection and w> 1 indicates

positive (diversifying) selection. Three site-specific models were implemented: MO

(the "one-ratio" model with a single w averaged among sites), Mi ("neutral" model

which assumes two site classes, Ct) = 0 and 0)i = 1) and M3 ("discrete" model that has

three class sites, o, o and o all estimated from the data). The model that provided

the best fit to the data was determined by comparing the likelihood ratio test statistic to

a chi-square distribution with two degrees of freedom (Yang 1998). The empirical

Baye's approach was used to determine the probability that a particular codon site was

positively selected (Nielsen and Yang 1998; Yang et al. 2000).

RESULTS

Plethodontid Modulating Factor (PMF) is maintained across plethodontid lineages

PMF was isolated from the mental glands of all plethodontid species surveyed

in this study (17 spp). Sequencing of 342 PMF clones resulted in 128 unique DNA

haplotypes. PMF sequence length varies among these haplotypes from 2 16-273 bps

(72-91 amino acids), with 167 polymorphic sites. The variation in sequence length is

the result of several deletions and/or insertions (each 3, 9, 12 or 27 bps in length) that

have occurred at various regions throughout the PMF gene.

Our gene tree indicates that the PMF sequences are members of a gene family

that is characterized by numerous duplication events (Figure 4.1). A single individual

mental gland may express several unique PMF alleles. The number of different PMF

alleles in a single individual, however, varies depending on which salamander lineage

is under scrutiny. For example, five to twenty-six unique PMF alleles were isolated
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from a single mental gland in species of eastern Plethodon and Aneidesferreus (Table

4.2). In contrast, sampling of Desmognathus and western Plethodon species yielded a

maximum of only three unique alleles per individual (Table 4.2). Differences in the

number of PMF sequences obtained per species is not likely due to primer bias during

PCR amplification. Random sequencing of a D. ocoee cDNA library (-P300 clones, 20

mental glands) revealed only two additional unique PMF sequences in this species,

and a P. dunni cDNA library (-200 clones, 1 gland) revealed none. In contrast, a

single P. sherinani gland yielded 26 unique PMF sequences, suggesting that an

individual of this species expresses at least 13 PMF genes. Furthermore, the cDNA

library for P. shermani (-300 clones, 10 glands) returned eight additional unique PMF

nucleotide sequences (Table 4.2). It is likely that we have not yet identified all PMF

alleles for this species.

PMF diversity and phylogenetic associations

Levels of PMF nucleotide sequence dissimilarity also varied depending on

which plethodontid lineage was analyzed. Average percent PMF nucleotide sequence

dissimilarity within each major plethodontid lineage ranged from 23.2% in eastern

Plethodon (21.4% within olfactory delivery, 14.3% within vaccination delivery),

30.6% in western species (35.0% within Aneides; 0.23% within western Plethodon) to

only 6.5% in Desmognathus. Average dissimilarity scores between pairs of

plethodontid species are depicted in Table 4.3. In many cases, sequence dissimilarity

was higher for the within species comparisons than the between species comparisons.

Even more striking is the discovery that PMF sequence dissimilarity was higher within

some individuals than across species (Table 4.2, Table 4.3). For example, average
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Table 4.2. Plethodontid Modulating Factor (PMF) diversity within 17 plethodontid
species. Sequence dissimilarity was calculated as the number of nucleotide changes
per site and is reported as percent dissimilarity at the nucleotide level within each
sample. Superscript letters denote (V) vaccination pheromone delivery and (0)

olfactory delivery. Unique amino acid sequences (unique translations) were deduced
using standard computer based methods. * denotes sequences obtained from mental
gland cDNA libraries.

(%)
# Clones Unique Unique Nucleotide

Species name individuals sequenced sequences translation dissimilarity

Mental gland
AneidesferreusV

1 20 5 4 35.01
Desmognathus
montico1a' 1 20 2 1 0.47
Desmognathus ocoee' 1(20*) 15 3 (+2*) 3 0.66
Plethodoncheoah° 1 20 10 7 18.35
Plethodon cinereu.s' 1 20 5 5 0.56
Plethodondunni' 1(1) 18 2 1 0.47
Plethodonjordani° 1 17 9 9 19.75
Plethodon tnetcalfi° 1 19 9 6 16.84
Plethodon montanus0 1 20 5 7 22.72
Plethodon ouachitae° 1 20 5 5 9.31
Plethodon richmondi" 1 20 14 10 13.92
Plethodon she rnuini0 1 39 26 (+8*) 27 22.76

(+10*)
Plethodonteyahalee° 1 17 11 9 17.68
Plethodon vehiculum' 1 20 1 1 n/a
Plethodon websteri07 1 19 13 8 16.18
Plethodon wehrlei 1 18 6 5 23.25
Plethodon yonahlossee° 1 20 12 10 16.36

TOTAL 342 148 87 23.2 ave.
Skin samples
P. she rmani

Female cloacal 1 10 1 1 n/a
Female tail base 1 10 4 3 11.63
Male cloacal 1 10 10 9 18.77
Male tail base 1 10 6 5 13.13

TOTAL 40 21 18 15.4 ave.
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sequence dissimilarity for the 26 unique PMF nucleotide sequences obtained from a

single P. shermani mental gland was -19.8%, whereas average sequence dissimilarity

between two species that diverged approximately 42 MYA (P. ouachitae and P.

dunni; Figure 4.1) was -18.7%.

Table 4.3 suggests that A. ferreus PMF sequences represent the most divergent

form of the gene. Two A. ferreus genes in particular contributed largely to this

variation. However, one highly divergent P. shermani sequence was also identified

but its contribution was obscured by averaging dissimilarity scores across several

sequences. This divergent P. sher,nani sequence clustered with Aneides to form a

separate group outside of the major PMF dade (45.0% dissimilarity; Figure 4.2). In

general, PMF sequences from eastern Plethodon species tended to cluster according to

gene type rather than as distinct species groups. One exception was the eastern

Plethodon vaccination-type form of the gene. A cluster of vaccination-type PMF

sequences (P. cinereus and P. richmondi) fell within the major eastern Plethodon

group, whereas a second vaccination-type PMF group (P. richmondi only) fell directly

outside of this dade (Figure 4.2). PMF sequences from the remaining species groups

sorted together according to lineage on the gene tree (Figure 4.2).

Shared sequences and pseudogenes

Eight different PMF sequences were conserved (100% identical) across species

that diverged 2.5-5 MYA (6 spp. in the P. jordani complex; Highton and Peabody

2000). More interesting, however, was the discovery of a PMF sequence that was

identical in P. vehiculum, P. dunni and P. montanus. Eastern and western Plethodon

diverged in the Eocene, suggesting that this sequence has been maintained for



Table 4.3. Plethodontid Modulating Factor (PMF) sequence dissimilarity for 17 plethodontid species. Average sequence
dissimilarity was estimated as the number of base pair changes per nucleotide site between sequence pairs after correcting for multiple
hits. Percent sequence divergence is shown above the main diagonal; the number of nucleotide differences out of 216 bps is shown
below the main diagonal.

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17.
l.A. ferreus 38.62 38.62 43.12 41.96 33.81 42.85 41.50 43.37 41.64 42.90 44.03 41.78 33.36 43.03 45.24 41.72
2. D. monti cola 62.50 6.46 29.81 25.29 18.58 29.59 28.34 27.84 27.52 29.80 31.87 29.22 18.26 30.53 30.05 30.12
3. D. ocoee 60.60 13.30 28.48 23.53 17.39 29.10 26.65 28.02 24.24 29.00 30.99 28.13 17.09 27.22 29.90 29.22
4. P. cheoah 67.66 52.60 50.46 21.50 23.02 18.35 17.10 20.39 15.32 26.59 20.22 16.95 22.75 19.01 21.22 17.78
5. P. cinereus 65.12 46.10 43.40 39.50 19,58 22.85 18.57 22.78 17.66 16.70 24.22 20.48 19.27 18.80 22.57 20.75
6. P. dunni 53.70 35.00 33.30 42.20 37.10 24.66 20.73 20.45 18.68 24.47 25.22 22.61 00.23 21.63 24.61 24.39
7.P.jordani 67.20 52.33 51.53 34.14 41.82 44.94 18.60 20.28 18.64 27.92 20.94 18.38 24.33 21.28 22.39 19.00
8. P. metcalfi 65.58 50.50 48.00 32.04 35.16 38.67 34.72 19.62 14.83 24.49 20.45 16.34 20.45 17.80 20.69 16.92
9. P. montanus 67.04 49.50 49.52 37.36 41.40 37.10 37.09 36.13 20.12 28.87 22.74 20.40 20.13 22.82 23.49 21.12

10.P. ouachitae 65.60 49.30 44.40 28.80 33.72 35.50 34.89 28.42 37.08 22.36 20.49 16.37 18.37 14.13 19.72 16.53
11. P. richmondi 67.37 52.79 51.40 47.59 31.14 44.57 49.74 44.58 50.87 41.33 29.33 25.92 24.15 23.61 28.31 26.57
12. P. shermani 68.92 55.14 53.72 36.35 43.31 45.40 37.69 36.10 40.70 37.09 51.24 19.67 24.92 21.36 23.99 20.35
13. P. teyahalee 66.16 51.77 50.05 31.74 38.15 41.64 34.32 30.82 37.51 31.13 46.78 35.51 22.36 18.90 21.02 16.89
14. P. vehiculum 53.20 34.50 32.8 41.80 36.60 0.50 44.44 38.22 36.60 35.00 44.07 44.91 41.27 21.36 24.44 24.10
15. P. websteri 67.54 53.50 48.78 35.32 35.45 39.96 39.39 33.64 41.66 27.03 43.18 40.64 35.47 39.54 21.43 19.20
16. P. wehrlei 69.27 52.33 51.73 38.72 41.27 44.08 41.00 37.96 42.47 35.97 49.73 42.78 38.62 43.83 38.90 22.06
17. P. yonahlossee 66.38 53.08 51.57 33.33 38.68 44.58 35.51 32.06 38.70 31.42 47.78 36.74 31.89 44.17 36.02 40.51
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Figure 4.2. Maximum likelihood tree of Plethodontid Modulating Factor (PMF)
sequences from 17 salamander species. Bayesian posterior probabilities are labeled at
nodes having at least 60% support. The distance bar represents 0.1 nucleotide
substitutions per site. The gene phylogeny was rooted with a Xenopus xenoxin
sequence (accession Q09022). PMF pseudogenes and sequences obtained from the
skin of P. shermani are not included in this gene tree. At least six gene duplication
events have occurred (denoted by the gray circles) in the history of the plethodontid
PMF gene. (1 & 2) represent duplication events in the ancestor of the P. glutinosus
species group, (3 & 4) represent duplications of the PMF gene in the ancestor of
eastern Plethodon and (5 & 6) depict duplication events that occurred in the ancestor
of western and eastern Plethodon.
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approximately 42 MY (Larson et al. 2003). In addition, we isolated four PMF

pseudogenes (from D. ocoee, P. wehrlei, P. jordani, P. montanus). These non-

functional genes are characterized by a point mutation and/or nucleotide deletions (1

bp, 2 bps and 75 bps) in the coding regions of the genes, causing nonsense frameshifts.

A single sequence (P. yonahiossee) contained a 81 bp insertion and, although the

reading frame of this PMF sequence seemed to be intact, it was not included in the

analyses.

PMF is present in the skin ofmale and female if... she rmani

Plethodontid Modulating Factor (PMF) is not restricted to mental gland tissue.

Our survey of 40 clones from skin tissues (cloacal and dorsal tail base regions)

obtained from both sexes of P. shermani revealed 15 unique PMF haplotypes.

Average sequence length of skin PMF was 249 bps (83 amino acids), with 109

polymorphic sites. The PMF skin sequences did not possess the complex patterns of

deletions and/or insertions found in mental gland PMF sequences. Of the 15 unique

skin PMF sequences obtained, one sequence had two (3 bp) deletions, and another

carried a 3 bp insertion. In addition, one PMF sequence out of 40 sequences cloned

had an 81 bp insertion (similar to the P. yonahiossee sequence described above) and

this sequence was excluded from the analyses. Also omitted from the evolutionary

analyses was a male skin PMIF pseudogene that contained a point mutation causing a

nonsense frameshift.

A summary of PMF sequences isolated from each tissue type is provided in

Table 4.2. Whereas the PMF sequences isolated from male cloacal skin were variable

(9 unique sequences; 18.8% sequence dissimilarity), analysis of female cloacal skin
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yielded a single sequence that was nearly identical to a PMF sequence isolated from a

male P. jordani mental gland. Overall, average sequence dissimilarity for PMF

expressed in the skin was 15.14% (Table 4.2). Two female PMF tail base skin

sequences shared 100% identity with male cloacal skin sequences. Similarly, one

male PMF tail base skin sequence was identical to a mental gland sequence from P.

shermani. A second skin sequence (male cloacal) was identical to the gland PMF

sequences forming the P. vehiculum/P.dunni/P. montanus gene sequence cluster

(discussed above; Figure 4.2). With the exception of this one gene, the remaining

sequences clustered in three primary groups within the major eastern Plethodon dade

depicted in Figure 4.2.

PMF amino acid diversity and relatedgenes

Standard translation of PMF nucleotide sequences resulted in amino acid

sequences that were extremely diverse in terms of residue composition and

deletion/insertion patterns. The 26 unique PMF sequences isolated from a single P.

she rmani individual exhibited up to 78.0% amino acid sequence divergence. The P.

shermani PMF sequences had unique deletions 3-9 amino acids in length and few

monomorphic sites (Figure 4.3). Of 74 shared amino acid residues there were only 29

conserved residues (Figure 4.3). The active PMF protein has a 19 amino acid signal

sequence that is cleaved from the mature protein (Rollmann 2000). In our analysis,

seventeen of the 29 conserved residues were located in this highly conserved signal

sequence. The remaining 12 stable residues included eight cysteines and amino acids

at positions L', L6, K25 and N66 on the mature protein (consensus sequence; Figure

4.3). An alignment of a subset of PMF protein sequences from the mental glands



-19 M R T T A L L I L L V V L V S T G E A Q N T ! D G G T E E P P G N D E A V H Y 25 Consensus

-19 ............. A R M V N . N S R W M L . 25 Psi
-19 ............. A R MV N.NSRW D MR. 25Ps2
-19 ............. F . . I . . I Y N V . . . 23 Ps3
-19 . . IRS 25Ps4
-19 . . L . . . . A V M Y . 25 Ps5
-19 ............. F ........ . I.. IYNV . . . 23Ps6
-19 .................... R K NENSDF ..........ML. 25Ps7
-19 . . . SDDY-V . . . 23Ps8
-19 . . IRS 25Ps9
-19 R K NENSDF ..........ML. 25PsiO
-19 . . . . . .G .SDDYN . . . 23Ps11
-19 . . I . . I Y N V . . . 23 Ps12
-19 ............. F . . I . . I Y N V . . . 23 Ps13
-19 . . . E . . . - SDDYD - . . . 25Ps14
-19 . . I. .IYNV . . . 23Ps15
-19 . L....AV MY. 25Psi6
-19 . . .SDDY-V . . . 24Ps17
-19 R K N E N S D F M L . 25 Ps18
-19 . . IRS 25 Ps19
-19 ............. F . . ........ I - . I Y N V . . . 23 Ps20
-19 . . IRS 25 Ps21
-19 ............. A . . IRS 25Ps22
-19 . . - E. . . . SDDY-V . . . 23Ps23
-19 . . .SDDYN . . . 25Ps24
-19 .1 ................... . . IRS 25Ps25
-19 ............. A ...... R MV N.NSRW ...... 0. MR. 25Ps26

Figure 4.3. Alignment of 26 unique Plethodontid Modulating Factor (PMF) amino acid sequences from the mental gland of a

Plethodon shermani individual. The dots represent amino acids residues that are identical to the consensus sequence. The protein

signal sequence is highlighted in gray, unique deletions are shown in yellow, black vertical bars highlight residues that are identical

across all sequences, and green boxes denote positively selected sites having >80% posterior probabilities. Gapped regions were not

included in the selection analyses.
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nsensus
26.TGM ..LG.A.T..- .G.. .66Ps126.I.V.I ...Q ..W..A....-.LE...M .GE. .66Ps2
24 ..... YKS GI.EE EDA.G --------- ATV P... .58Ps326.I.L.v - .G.. .66Ps426F....YKD GGPDA TE.RDDFT.NENEHGI.I E... .67Ps5
24 ..... YKS GI.EE EDA.G --------- ATV P... .58Ps626.TGM -.LE.S.M .G.V .66Ps724Y-.V R..P .VVKE...AF-..EGTII S... .64Ps826.I.L.V - .GE. .66Ps926.TGM ..LG.A.T..- .GE. .66Ps1O
24Y . . . . YKS GI . EG EDA . G --------- ATV P. . . . 58Ps11
24 ..... YKS GI.EE EDA.G --------- ATV P... .58Ps12
24 ..... YKS GI . EE EDA . G --------- ATV P. . . . 58Ps13
26F ..... K GI . DE T .A GDEPD----YPMV S.. . . 63Ps14
24 ..... YKS GI . EE EDA . G --------- ATV P. . . . 58Ps1526F...GYKD GGPDA TE.RDDFT.NENEHGI.I E... .67Ps1625y..v R..P .TVKDA..A.-..EGV.I S... .65Ps1726.TGM ..LG.A.T..- .G.. .66Ps1826.I.L.V .S ........ - .G.. .66Ps19
24 ..... YKS GI . EE EDA . G --------- ATV P. . . . 58Ps2O26.I.L.v - .GE. .66Ps2126.I.L.v - .G.. .66Ps22
24 V - . V . . . R . . P . V V K E . . . A F - . . E G T I I S . . . . 64 Ps2326Y..v R..P .TVKDA..A.-..EGV.I S... .66Ps2426.I.L.V -.LE.S.M .G.V .66Ps2526.TGM.... ........................ ..LG.A.T..- ........ .GE. .66Ps26

Figure 4.3. (continued)
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of 17 plethodontid species and the skin of male and female P. shermani depicts the

sequence variation and deletion/insertion complexity of this protein across

plethodontid lineages (Figure 4.4). Of 91 shared amino acid residues, only 13 residues

were identical across lineages and eight of these residues were conserved cysteines.

Four additional conserved residues were located in the signal peptide and the final

conserved residue was located near the C-terminus of the protein (Figure 4.4).

The PMF protein is structurally related to members of the 'three-finger'

superfamily, to include xenoxins, snake toxins (e.g., neurotoxins, cardiotoxins) and

proteins in the CD59ILy-6/uPAR protein family. Although members of this 'three

finger' superfamily differ substantially in function, they all maintain a conserved

structural motif of eight to ten similarly spaced cysteine residues. Conserved cysteine

residues can be revealing because disulfide bond formation plays a crucial role in

maintaining the three-dimensional structure of these proteins. A protein alignment of

PMF, xenoxin, snake toxins and CD59 is depicted in Figure 4.5, and shows a

tremendous amount of amino acid diversity tightly bracketed by a conserved scaffold

of cysteines. The PMF cysteine residue spacing pattern (8 cysteines) is similar to

snake short-chain neurotoxin, cardiotoxin, muscarinic toxin and xenoxin, whereas

mammalian CD59 proteins contain 10 cysteines (Figure 4.5). Despite the extra

disulphide bridge found in CD59 (also present in snake long-chain neurotoxins), all

'three finger' proteins share the same topology, with disuiphide bridges forming a

hydrophobic core with three loops protruding from this core (Tsetlin 1999). The

alignment (Figure 4.5.) suggests that the PMF protein folds in a four disulphide bridge

fashion similar to these 'three finger' proteins (Figure 4.5).
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-19 . A . I . . . . F . A . . . . . . A T . . . . G . I . 23 P. dunni
-19 . . . . . . R K. . NVNSDF .......EA ML 23P.jordanl
-19 . . . A . . . . . . G I . I Y N . . . 23 P. metcalfI
-19 . . . . . . . . . L . . . A . M Y 23 P. montanus
-19 . . . . . . . . . . S D D Y . A . . 23 P. ouachitae
-19 . . . . . . K . . . N . . I V Q S - . . G Q A . . 22 P. richmondi
-19 . S V . F.A. F.. K KS YAKNALED. IVT . TER.N II 25P.shermani
-19 . . . . . . R K V N - - N S R W A M R 23 P. sherm c'(DP)
-19 . . . A . . . . I K . . . A . . . E E V A M Y 23 P. sherm ?(CL)
-19 . . . . . . . . . . S D D Y N A . . 23 P. sherm (DP)
-19 . . . A . . . . . . . E A I R 23 P. sherm 5(CL)
-19 . . . F . . . . . . I S . I Y N . . . 23 P. teyahalee
-19 . A . . . . F . A . . . A T . . . . G . I . 23 P. vehiculum
-19 N . . . . . . . K F P . . . D D Y . . . 22 P. websteri
-19 . . . . . . . . K . . . T . . . . A . K Y 23 P. wehrlei
-19 . . . ........... . . . K . . N . I D H T . - . A . 20 P. yonahiossee

Figure 4.4. Alignment of Plethodontid Modulating Factor (PMF) amino acid sequences from the mental glands of 17 plethodontid

species and from the skin of male and female P. shermani. The dots represent amino acids residues that are identical to the consensus

sequence. The protein signal sequence is highlighted in gray, unique deletions/insertions are shown in yellow, black vertical bars

highlight residues on the PMF sequences that are conserved across all lineages, and green boxes highlight positively selected sites

having >99% posterior probabilities. Gapped regions were not included in the selection analyses.
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Figure 4.4. (continued)
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Figure 4.5. Alignment of A. ferreus, D. monticola and P. shermani Plethodontid
Modulating Factor (PMF) amino acid sequences with CD59, xenoxin and 'three-
finger' snake toxin protein sequences. The dots represent amino acid residues that are
identical to the consensus sequence. Cleaved protein signal sequences are highlighted
in gray. Positively selected sites with posterior probabilities >80% are marked in red.
The three 'fingers' of CDS9 and snake toxins are comprised of: (1) loop 1 sheet
strand 1 (yellow) and strand 2 (green), (2) loop 2 - 3 sheet strand 3 (light blue) and
strand 4 (purple), and (3) loop three 3 sheet strand 5 (dark blue), with a sixth strand
in CD59 (brown). Disuiphide bonding patterns for cardiotoxins occur at residues
(Cys3 & Cys21), (Cys'4 & Cys38), (Cys42 & Csy53) and (Cys54 & Cys59). Disuiphide
bonds in CD59 form at residues (Cys3 & Cys26), (Cys6 & Cys13), (Cys19 & Cys39),
(Cys45 & Cys63), and (Cys64 & Cys69). The sequence motif CCXXXXCN at the C-
terminal end is shared by all members of the three-finger protein family (Adermann et
al. 1999), and is vitally important to the three-dimensional structure (Betzel et al.
1991). GenBank accession numbers for the three finger proteins are: CD59 (Homo
sapiens NM 00061 1), CD59 (Sus scrofa AF05832), muscarinic toxin (Dendroaspis
angusticeps P18328), Short-chain neurotoxin (Laticauda semfasciatax P01435),
cardiotoxin (Naja atra U42585), and xenoxin (Xenopus laevis Q09022).
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Sodefrin Precursor-Like (SPL) gene is maintained across plethodontid lineages

Like PMF, SPL is a variable and ubiquitous plethodontid pheromone

component. SPL was present in the mental glands of all 18 species sampled,

representing the subfamily Desmognathinae (2 spp) and two of the three

Plethodontinae tribes, hemidactyliini (2 spp.) and plethodontini (16 spp). Sequencing

172 SPL clones revealed 59 unique sequences, 58 of which were unique haplotypes.

Nucleotide sequence length across all species ranged from 573 to 618 bps (191-206

amino acids) with 307 polymorphic sites. Variation in sequence length resulted from

a six amino acid insertion in SPL sequences of eastern Plethodon species, a two

residue deletion in Eurycea and two deletions (three and five amino acids) in Aneides.

SLP was not found in the cloacal or tail base skin of P. shermani and, presumably, is

not expressed in the skin of this species.

Average nucleotide sequence dissimilarity for all plethodontid SPL sequences

surveyed was 15.6%. Within each lineage, nucleotide dissimilarity ranged from

19.6% across western species (Aneides + Plethodon stormi), 8.6% within Eurycea (2

spp.), 7.7% within Desmognathus (2 spp.) and 6.4% across eastern Plethodon (4.0%

within species with olfactory delivery and 1.2% across species with vaccination

delivery). The level of sequence dissimilarity within a species (individuals) was low

compared to PMF, ranging from 0.18% in P. yonahlossee to 9.18% in Desmognathus

ocoee (Table 4.4). Average nucleotide dissimilarity between plethodontid species is

shown in Table 4.5. Unlike PMF, SPL sequence dissimilarity is typically much higher

in the between-lineage comparisons than the within-lineage comparisons.
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Table 4.4. Sodefrin Precursor Like (SPL) sequence diversity within 18 plethodontid
species. Sequence dissimilarity was calculated as the number of nucleotide changes
per site and is reported as percent dissimilarity at the nucleotide level within each
sample. Superscript letters denote (V) vaccination pheromone delivery and (0)

olfactory delivery. Unique amino acid sequences (unique translations) were deduced
using standard computer based methods.

Species name

#

individuals
Clones

sequenced
Unique

sequences
Unique

translation

(%)
Nucleotide
divergence

Mental gland
Aneidesferreus 1 9 2 2 8.10
D. montico1a' 1 6 5 5 7.82
D. ocoee' 1 10 4 3 9.18
E. bislineataV 1 10 1 1 n/a

E. gutto1ineata' 1 10 1 1 n/a

P. cheoah° 1 8 4 3 4.08
P. cinereus" 1 9 3 3 0.23
P.jordani° 1 9 4 3 3.83
P. metcalfl° 1 10 5 5 3.77
P. montanus0 1 8 3 3 4.77
P. ouachitae° 1 9 3 2 0.23
P. richmondi" 1 10 6 4 1.27
P. shermani0 1 10 2 2 6.78
P. stormi" 1 9 2 2 6.38
P. teyahalee° 1 20 7 5 2.95
P. websteri°7 1 8 3 3 5.02
P. wehrlei 1 10 2 2 0.53
P. yonahlossee° 1 7 2 1 0.18

Total 172 59 50 15.6 ave.



Table 4.5. Sodefrin Precursor-like (SPL) sequence dissimilarity for 18 plethodontid species. Average sequence dissimilarity was
estimated as the number of base pair changes per nucleotide site between sequence pairs after correcting for multiple hits. Percent
sequence divergence is shown above the main diagonal; the number of nucleotide differences out of 573 bps is shown below the main
diagonal.

1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18.
1. A. ferreus 23.53 23.41 39.95 37.43 22.50 25.77 22.62 22.61 22.79 22.75 25.33 22.24 19.64 22.72 24.83 23.74 23.08
2. D. monticola 115.4 7.67 34.82 33.68 20.71 24.17 21.31 21.19 20.87 21.69 23.58 20.73 16.72 21.34 21.82 21.24 21.88
3. D. ocoee 114.9 41.0 34.75 33.72 20.76 24.35 21.35 21.26 20.93 2L75 23.76 20.82 16.90 21.45 21.74 21.22 21.88
4. E. bislineata 176.5 159.0 158.8 8.60 36.44 37.83 36.78 36.70 36.76 36.81 37.09 36.80 33.74 36.80 38.55 37.87 3675
5. E. guttolineata 168.0 154.6 154.8 47.0 33.40 34.40 33.66 33.62 33.94 33.78 33.62 33.73 32.87 33.70 35.93 35.05 33.29
6. P. cheoah 111.1 103.3 103.5 164.3 153.8 11.72 3.53 3.58 3.43 4.19 11.52 3.46 14.34 3.93 6.27 5.18 4.35
7. P. cinereus 124.5 117.4 118.0 169.0 157.3 61.8 11.41 11.85 12.49 10.99 11.96 11.67 17.37 11.37 12.09 10.91 11.63
8. P. jordani 111.6 105.9 106.0 165.5 154.8 19.5 60.3 3.16 3.92 2.90 11.21 3.59 14.84 3.21 6.35 4.62 3.19
9. P. metcalfi 111.6 105.4 105.7 165.2 154.6 19.8 62.4 17.5 3.69 3.24 11.65 3.58 14.80 3.25 6.40 4.62 3.59
10. P. montanus 112.3 104.0 104.3 165.3 155.7 18.9 65.3 21.6 20.3 4.80 12.29 3.74 14.50 4.23 6.71 5.64 5.01
11. P. ouachitae 112.2 107.5 107.8 165.7 155.3 23.1 58.3 16.1 17.9 26.3 10.79 3.78 15.19 2.19 5.96 3.18 1.38
12. P. richmondi 122.8 115.2 115.8 166.5 154.5 60.8 7.67 59.3 61.4 64.3 57.3 11.47 16.88 11.20 11.96 10.71 11.43
13. P. she rmani 110.0 103.4 103.8 165.5 155.0 19.0 61.5 19.8 19.7 20.5 20.8 60.5 14.37 3.75 6.15 4.71 4.08
14. P. stormi 98.8 85.7 86.5 155.0 152.0 74.6 88.5 77.0 76.8 75.3 78.7 86.3 74.8 15.04 16.16 15.58 15.70
15. P. teyahalee 112.0 106.0 106.4 165.7 155.0 21.7 60.1 17.8 18.0 23.3 12.2 59.3 20.64 77.9 6.18 3.94 2.66
16. P. websteri 120.8 108.2 107.8 171.7 163.0 34.3 63.7 34.8 35.0 36.6 32.7 63.0 33.7 83.2 33.9 4.61 5.74
17. P. wehrlei 116.3 105.6 105.5 169.5 160.0 28.5 58.0 25.5 25.5 30.8 17.8 57.0 26.0 80.5 21.9 25.5 3.76
18. P. yonahlossee 113.5 108.3 108.3 165.5 153.5 24.0 61.5 17.8 19.9 27.5 7.83 60.5 22.5 81.0 14.8 31.5 21.0

00
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The number of unique SPL nucleotide sequences isolated from an individual

gland varied depending on which species was assayed. In most cases, our RT-PCR

approach isolated a minimum of two and a maximum of seven unique sequences from

a single mental gland (Table 4.4), suggesting that up to four unique SPL genes are

expressed in the mental glands of some species. However, our genetic survey within

the tribe hemidactyliini (spp. Eurycea bislineata and E. guttolineata), yielded only a

single sequence type (for each species) out of ten clones sequenced. It is possible that

these species express multiple SPL alleles and we failed to capture the diversity

because we used a PCR approach (e.g., our primers were too specific to anneal to the

DNA). SLP was first discovered during random sequencing of the P. shermani cDNA

library (10 glands). Of approximately 300 clones, only one SLP sequence was

present, suggesting that SPL is not highly expressed in the mental gland of this eastern

Plethodon species. In contrast, random sequencing of the D. ocoee cDNA library

(-300 clones; 20 glands) recovered 111 SPL sequences (not analyzed in this study).

Most of the D. ocoee library sequences that we isolated represented unique

haplotypes, and at least three highly divergent SPL genes were found in this species.

Our PCR approach, however, failed to reveal the phenomenal level of SPL diversity in

Desmognathus and may account for the low level of sequence diversity present in

species basal to eastern Plethodon, such as Eurycea.

The maximum likelihood gene tree depicts five primary SPL clades: a Eurycea

dade, an Aneides dade, a Desmognathus dade, a western Plethodon dade and an

eastern Plethodon dade (Figure 4.6). Although the SPL gene tree is not characterized
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by numerous duplication events (as seen in PMF), the topology suggests that SPL

duplications occurred in Desmognathus and in eastern Plethodon (Figure 4.6).

Sequence conservation and pseudogeneforination

Ten SPL sequences were obtained from a P. teyahalee individual (not reported

in Table 4.4) but were excluded from our analyses. The SPL sequences from this

individual had deletions (268 bps and 415 bps long) in the coding region and, although

the reading frame was intact, it likely does not encode a functional protein.

Additionally, a single P. montanus SPL pseudogene, which had a 90 bp insertion that

resulted in a nonsense frameshift, was not included in the evolutionary analyses. Two

closely related, allopatric eastern Plethodon species (P. metcaW and P. jordani) shared

a single SPL allele (100% identity). This allele may have been selectively maintained

in both species but, more likely, it is an example of incomplete lineage sorting.

SPL amino acid diversity and related genes

SPL amino acid diversity varied intra- and interspecifically. Across taxa, SPL

sequences exhibited up to 75% sequence dissimilarity. Within taxa, the highest level

of amino acid sequence variation was found in Desmognathus ocoee (37.0%).

Because we adopted a PCR approach, we were not able to isolate many of the diverse

SPL genes that are expressed in D. ocoee mental glands. For this reason, we maintain

that this level of sequence variation is at the low end for D. ocoee. SPL amino acid

sequence homology of 18 plethodontid species is depicted in Figure 4.7. Of 190

shared amino acid residues, 58 residues (30% of the gene) are conserved across the
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Figure 4.6. Maximum likelihood tree of Sodefrin Precursor-Like (SPL) protein for 18
plethodontid species. Posterior probabilities are denoted at nodes having over 60%
support. The number following the species name identifies a unique sequence for a
particular individual and the distance bar represents 0.1 nucleotide substitutions per
site. The gene phylogeny was rooted with the Triturus carnfex sodefrmn precursor
sequence (accession AF446080). The gray circles denote a gene duplication event in
SPL of eastern Plethodon and Desmognathus..
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three plethodontid lineages (Figure 4.7). It is likely that these conserved residues play

an important structural and/or functional role in the protein. Fifteen of the 58

conserved residues are located in the putative signal sequence (residues M' to G8;

Figure 4.7), and 16 additional conserved sites are cysteine residues that likely provide

protein conformational stability via the formation of disulfide bonds. The remaining

conserved residues are located at positions G13, D'5, G'8, E19, T28, K49, E63, T67, T68,

Q71, T9, D80, N83, N94, T95, N97, G98, K100, E119, D123, R142, T'45, N146, P'54. E'68, G172

and 1173 (consensus; Figure 4.7).

BLASTX searches on GenBank (www.ncbi.nlm.nih.gov/BLAST) were used to

find sequences related to SPL. Our database search indicated that approximately 22%

of the SPL sequence is identical with the sodefrin precursor protein (Figure 4.8). SPL

sequences also possess nearly 25% amino acid similarity to snake phospholipase A2

inhibitors (PU). The primary function of PLIs is to inhibit phospholipase A2

isozymes in snake venom (Dunn and Broady 2001), but recent studies suggest that

they also have powerful anti-inflammatory effects and are likely to have important

applications in medicine (Thwin et al. 2002). The three classes of PUs (a, and y)

have been grouped according to their ability to neutralize different types of

phospolipase A2 enzymes. The SPL gene shares structural homology with the y- type

PLIs, which exhibit a broad range of inhibition toward all groups of venom PLA2s

(review by Dunn and Broady 2001). Interestingly, y-type PLIs and SPL proteins

contain cysteine residue patterns characteristic of the 'three finger' snake

toxin/PMF/CD59/Ly-6/uPAR family (Figure 4.7; Figure 4.8; Nobuhisa et al. 1997;

Thwin et al. 2000; Dunn and Brody 2001). Whereas PMF, CD59 and snake toxins
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have one conserved motif of 8-10 similarly spaced cysteines, snake phospholipase A2

inhibitors and SPL proteins have two such motifs (uPAR has three; Dunn and Broady

2001). A comparison of amino acid composition between PMF and a single unit of

SPL from the same species shows that these two subunits are very divergent outside of

the conserved cysteine residues, with only 6.0-19% sequence identity and a 12 amino

acid difference in length.

An alignment of SPL, Triturus sodefrmn precursor and phospholipase A2

inhibitor amino acid sequences is illustrated in Figure 4.8. Nine cysteine residues are

conserved across all sequences in the alignment, with additional conserved residues at

positions residues L", G8, G'7, K48, N93 and G97 (consensus). A putative

glycosylation site is located at position N157 or N158 in most -type PLIs (Fortes-Dias et

al. 1994; Nobuhisa et al. 1997; Okumura et al. 1999; Dunn and Brody 2001). Tn SPL,

however, a conserved N-linked glycosylation motif (Asn-X-S/T where X is any

residue but proline) was not detected (Figure 4.7). In addition, a relatively well

conserved protein region (P87-G96) is present in y-type PUs but is not conserved in

plethodontid SPL amino acid sequences. This short protein region acts as a functional

site in PLIy but is absent in homologous proteins that are incapable of inhibiting PLA2

enzymes (i.e.; uPAR and Ly-6; Thwin et al. 2002). This PLI functional region was

detected by identifying proline brackets (Thwin et al. 2002), based on the observation

that protein-protein interaction sites of 3-7 residues are usually flanked by prolines

(Kini et al. 1998). Using these criteria, we predict that active sites on the SPL protein

are likely to occur in protein regions bracketed by residues P86, P9' and P96 of most
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Figure 4.7. Alignment of Sodefrmn Precursor Like (SPL) amino acid sequences from
18 species of plethodontid salamanders. The dots represent amino acids residues that
are identical to the consensus sequence. The putative signal sequence includes the
first 18 amino acid residues (positions 1 through 18), unique deletions are shown in
yellow and black vertical bars highlight residues that are identical across all
sequences. Red boxes highlight conserved proline residues that may flank the active
site(s) of the protein. Green boxes denote positively selected sites having >90%
posterior probabilities. The protein is composed of two 'three-finger' motifs with the
first motif ending in C77-X-X-X-X-C-N83 and the second motif ending with C-X-X-
X-X-C-X-N151 on the consensus sequence.
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87A T RA V Ji3 TG t4NK LFISGIIINNG138 Consensus
87 P . F . S 0 . L . L . H . T K . T . I . . L Q . I T . - - - 133 A. ferreus
87 G . I . . 0 . K . . . H . S E T . . R . . M . L L Y . . 138 D. monticola
87 G . . . . D . K Q Y V E H . L D T . . . T . . . . . M . . L V . D . 138 D. ocoee
86 . P H N A P 0 T . . K . S K N G S 0 . . D I V . . . K . . N . S F G I K K 137 E. bislineata
86 . P H N P D .

. Q . N E N G S . . 0 . I V . N . K . . I . T F G I D D 137 5. guttolineata
87 . . . . . . . . . . . N . . . . . . . . . 138 P. cheoah
87 P K V P . V T . . . . K N . G T . . K K . N . . . . K . I . . . K . . 138 P. cinereus
87 . . . . . . . . . . . N . . . . . . . . . . 138 P. jordani
87 . L . . . V . N . K . . . . . . . 138 P. rnetcalfi
87 . L . . . . I . . . . N . . . . . . . . . . 138 P. montanus
87 . . . . . V . . N . K . . . . . . . 138 P. ouachitae
87 P K F P . V T . . . . K N . G T . . K K . M . . . . M . I . . . K . . 138 P. richrnondi
87 . . . . . . . . . . . N . . . . . . . . . . 138 P. shermani
87 . . . . A . D . . . . . H H . S V . . . . . L N . . L . . . 138 P. stormi
87 . L . . . V . . N . K . . . . . . . 138 P. teyahalee
87 . . . . G . . . . . Q . . . E I . . V . . . 138 P. websteri
87 . . . . . V . . N . K . . . . F . . . 138 P. wehrlei
87 . . . . . . . . N . K ............. . . . . . . . . 138 P. yonah1osse

139 T S F A I A S A D H Y E A T G I K I S E N D A * 182 Consensus
134 ------ A D Y . T . H L V . N . K Q . . L 0 K - - - Y . H . L . T 0 . L E . 174 A. ferreus
139 ------ K 0 Y . D T H I . . . E Q .

. N 0 F V S . D . K . L V T . S . . . 182 D. monticola
139 ------ . D Y . V

. Q V L . . E Q .
. F V T A . T . S . . . 182 D. ocoee

138 -------- STP SY L .KFIEQ ..YQ..KSLVET VTD . 176 E.bislineata
138 -------- S T P S Y L . D

.
K Q . . Y Q .

. K K T V E T . Y 0 . 176 5. guttolineata
139 5 L A F D D . . . N . . . . . G ..... K . . . . . . . Y . . 188 P. cheoah
139 ------ . D . N V . F Q . . T . . Q L . . V D . . . L . . . . S . . . 182 P. cinereus
139 E L A F 0 0 . . . N . . . . . G ..... K . L . . . . . Y . . 188 P. jordani
139 . A . . . . . P . . . D . . . K . . . 182 P. metcalfi
139 D L A F D D . . . N . . . . . G ..... K . . . . . . . Y . . 188 P. montanus
139 ------ . A . . . . . P . . . D L . . K . . . 182 P. ouachitae
139 ------ . D . N V . F Q . . T . . Q L . . V 0 . . . L . . . . S . . . 182 P. richmondi
139 K L A F D D . . . N . . . . . G ..... K . . . . . . . Y . . 188 P. shermani
139 ------ . . Y . V . H L . . . . E Q . . H D V G ...... L V T . . . . . 182 P. stormi
139 ------ . A . . . . . P . . . D . . . K . . . 182 P. teyahalee
139 E L A F D G . . . N . . V . . G V . . I . . . . . . . . . . 188 P. websteri
139 ------ . A . . . . . . . . T . . R . . V D . . . K . . . 182 P. wehrlei
139 ------ . A . . . . R . . . D ........ . . . K . . . 182 P. yonahlossee

Figure 4.7 (continued)
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Figure 4.8. Sodefrmn Precursor Like (SPL) amino acid sequences from Aneides
ferreus, Desmognathus ocoee and Plethodon shermani aligned with snake
phospholipase A2 inhibitor and newt sodefrmn precursor sequences. Putative signal
sequences are highlighted in gray and black vertical bars denote residues that are
highly conserved. A proline-rich cluster (P87-G96) that is known to play an important
role in PLA2 inhibition is highlighted in yellow on the PLI sequence of python (Thwin
et al. 2002). Proline brackets that may flank interaction sites on SPL proteins are
highlighted in red. Green boxes denote positively selected sites having >90%
posterior probabilities. PU putative N-linked glycosylated residues are highlighted in
blue. Triturus gene regions that correspond with Cynops sodefrmn (SIPSKDALLK,
Kikuyama 1997) are highlighted in pink, C162 - E'71. GenBank accession numbers for
the phospholipase A2 inhibitor and sodefrin sequences are: PLI Lachesis (Lachesis
muta muta AY425347), PLI[ Crotalus (Crotalus durissus terrijicus CDU08289), PU
Python (Python reticulatus AAF73945) and sodefrmn Triturus (Triturus carnjfex
AF446080).



-18 N A F L T G V I F V A F T T N S L S V H Y S D G T D S K A X T S S G V T V 29 Consensus
-18 . . . . C I E I . A . . P . . . . S E . . 30 SPL A. ferreus
-18 . . . . . . D . . N . . . . . . . D D . 30 SPL 0. ocoee
-18 . . . . . K . I D . T . . . . . V . K . . 30 SPL P. shermani
-19 K S L H . - I C L F I . V R . R . D F H N . . 0 E . . P E D 27 PLI Lachesis
-19 K Y L H . - I C L F I . V R . . R . D F H N . . D K . . P E D 27 PLI Crotalus
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30 G T V T L K I S S D G V A V H T V F N G S S S E C N L I Q R D V S L T T '1 I Q L E I N 74 Consensus
31 . L E . . . D T . K . V . E . . Y WE A . . . . Y . . 75 SPL A. ferreus
31 . . Q . . D . S . Q . . . E . . H . E E L S . . F . . 75 SPL 0. ocoee
31 . . K . . . . S N Q . . . E . . Y . E E . . . . F . . 75 SPL P. shermani
28 . K . F ..... A S L S . R . H . F . . . I . K . G . I . . N I G H H S . P G R V . 74 PLI Lachesis
28 . K . L ..... A S L S . P . H . F . . . I . K . G . F . . N I G H H S . P G R . . 74 PLI Crotalus
28 . . I L I D . A L A P . S F R . H . F . . . I . K . G P V . I H V W D G V . P G P T . 74 PLI Python
46 V . G L E N N I L G S H G T L . A . 0 L D P . Q K A T C G . . F . F N . P A A . L W T S R K 93 Sodefrin Triturus

75C ETDK NDGPFQGTPLD TP VK PG LGL-FSKD NTEETIE TG121 Consensus
76 . . . . E E P . S . . . . L . D H . K . . . . I . . . 122 SPL A. ferreus
76 . . N . Q . G . R . . . . K Y E 11 . . 0 . . . . . . . 122 SPL D. ocoee
76 . . . . K E A . R A . . . N F N Y . . . S . . . . . . 122 SPL P. shermani
75 . . K E P E . Q . . P . L . . S . Y Y . . A . . . T E . S . . Y E A I H . 119 PLI Lachesis
75 . . K E L E . Q . . P . L . . S . I Y . . A . . . T . . S . . I E A I K . 119 PLI Crotalus
75 . D N . Q E . Q . L P . L . . S Q . . L I . . A . I . T E . S . . H E V K P . 119 PLI Python
94 . D S . F . S . D V K . P . S

. .
I . K

.
S S D Q . . . P P V T . N . Q . . 141 Sodefrin Triturus

122DEN----K LFIVGLV---E NPG DISYNLKG AQRS T153 Consensus
123.L.-----Q .. T. .---- ND. ---------- AD. . . .150 SPLA.ferreus
123.M.----. .. S. .---- .D. TD. . . .150 SPLD.ocoee
123 . M . . . . S . I - - - - . N . E L A F D . T . F . . . 156 SPL P. shermani
120T.T----. IN ..HR-- . F. .. ...KG V.-. P151 PLlLachesis
120T.T----. IN ..HR-- . F. .. ...KG V.-. P151 PLlCrotalus
120T.T----M .D S.YR-- . YA N. ..IKG VS-S P151 PLiPython
142 K Q . P V A P S N E L S P . . . K L K . I S A K L E F S T W P Q R K . M 187 Sodefrin Triturus

154 N L A S A S N H P F I F E R N - - I I Q K V E I S D G I N L A * - * 183 Consensus
151 . V . N . E . . . D - - - . . L . T ..... E * 179 SPL A. ferreus
151 . . .

.
E

. .
. TAG . . I . T E . . S D * 182 SPL D. ocoee

157 . I . . . D . . . . A T G . . I . . E . . I * 188 SPL P. shermani
152 L . - . L . AT RE EN . . - - . L . . . . C K . A R * 182 PLI Lachesis
152 L . - . L . A T . E Q N . . . L E . . . C K . A P * 182 PLI Crotalus
152 L V - T L . E R G H E G P K . D L K . . . C P E A K . D 182 PLI Python
188 I M V * 191 Sodefrin Triturus

Figure 4.8.
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species (except E. bislineata P91'96, P. cinereus p96, P. richmondi P96 and P. stormi

P91), as well as sites P155 and P159 in Desmognathus and E. guttolineata (Figure 4.7,

Figure 4.8).

Mitochondrial DNA diversity

We sequenced the protein coding region of the NADH dehydrogenase subunit

4 (ND4) gene from 30 populations (22 spp.) and supplemented our dataset with

plethodontid ND4 sequences obtained from Genbank. Characterization of the ND4

gene has been described elsewhere (Mahoney 2001) for plethodontid salamanders,

thus our results will be restricted to a brief discussion for comparative purposes only.

Of the 74 sequences used for our dataset, there were 68 unique haplotypes. Sequence

length was 648 bp, with 392 polymorphic sites across all lineages (our target

plethodontid species and the outgroup species Ensatina). Average nucleotide

dissimilarity was 22.7% across all lineages. Within lineage ND4 sequence

dissimilarity ranged from 20.7% in western species (18.1% in Aneides and 12.2% in

western Plethodon), 15.0% within eastern Plethodon species (16.2% in species using

vaccination and 11.8% in species with olfactory delivery), and 9.7% among Ensatina

species. Our analysis included only one Desmognathus and one Eurycea sequence.

Average nucleotide dissimilarity was consistently lower in within-lineage comparisons

than in across-lineage comparisons. Overall, the ND4 maximum likelihood tree

(Figure 4.9) supports taxonomic relationships that have been discussed elsewhere

(Mahoney 2001).
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Figure 4.9. Maximum likelihood tree of NADH dehydrogenase subunit 4 gene
sequences from 22 plethodontid species (30 populations). Bayesian posterior
probabilities are labeled at nodes having over 60% support. The distance bar
represents 0.1 nucleotide substitutions per site. The gene phylogeny was rooted with
ND4 sequences: Ensatina eschsholtzii eschscholtzii (accession AF3293 18), E. e.
ore gonensis (AF329319), and E. e. xanthoptica (AF329321).
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Rate ofevolution ofplethodontid genes

An estimate of the rate of evolution, approximated as the number of changes

per synonymous or non-synonymous site, indicates that the PMF gene is the most

rapidly evolving pheromone component gene analyzed. The rate of synonymous

change in the PMF gene (3.17 X 1 Ø9)
was nearly three times greater the that of the

SPL (1.04 X 10) or PRF genes (1.35 X i09; Table 4.6). Similarly, the rate of non-

synonymous substitutions in the PMF gene (4.26 X 10) was approximately three and

a half times faster than it was for the SPL (1.24 X 10) and PRF (1.57 X 10) genes.

The rate of synonymous change in the ND4 mitochondrial gene, however, was much

greater (8.57 X 10) than it was for the three pheromone component genes (Table

4.6). In general, the synonymous substitution rate for all mitochondrial genes tends to

be high, and the value obtained for the plethodontid ND4 gene is in close agreement

with the high rate of synonymous substitutions averaged across mammalian mtDNA

genes (Li 1997). The nonsynonymous rate for genes within the same lineage,

however, is expected to be approximately the same for mtDNA and nuclear genes (Li

1997). Instead, our results suggest that the ND4 gene has the lowest nonsynonymous

substitution rate of all the genes evaluated in this study (1.11 X iO'9; Table 4.6).

However, the rate of nonsynonymous change in the ND4 gene is only slightly lower

than it is in the PRF and SPL genes, whereas the PMF gene has accumulated

nonsynonymous changes four times faster than the ND4 gene.

The ratio of non-synonymous to synonymous substitution rate (w) provides an

accurate measure of the selection regime acting on a gene. A value of one (o=1)

indicates neutrality, whereas o< 1 or o> 1 suggests purifying or diversifying (positive)
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selection, respectively. In above analysis, the CO value is calculated as an average over

all amino acid sites in the gene and over the entire evolutionary time that separates the

sequences. Thus, this method rarely finds w>1 because most amino acid residues in a

protein coding gene are strongly conserved due to functional constraints (Yang et al.

2000). Nevertheless, our results indicate that all three of the pheromone component

genes in the plethodontid signaling system have experienced positive selection (PMF

=1.34, SPL co=1.19, and PRF o)=1.16, Table 4.6). In contrast, the plethodontid ND4

gene has been maintained by strong purifying selection (o0.13).

Table 4.6. Numbers of synonymous substitutions per synonymous site (ds) and per
non-synonymous site (dN) for Plethodontid Modulating Factor (PMF), Sodefrmn
Precursor-like (SPL), Plethodontid Receptivity Factor (PRF) and NADH
dehydrogenase subunit 4 (ND4; mtDNA) genes within eastern Plethodon. Rates are
in units of substitutions per site per 1 9 years. w< 1 indicates purifying selection, (0=1
denotes neutrality and co>1 signifies positive selection. Divergence is estimated in
millions of years (Highton and Larson, 1979; Maxson et al. 1979; Maxson et al. 1984).

Gene d5 d5 rate dN dN rate dNlds (o)

PMF 0.171 ± 0.0265 3.17 0.230±0.0314 4.26 1.34

SPL 0.056 ± 0.0123 1.04 0.068 ± 0.008 1.24 1.19

PRF 0.073 ± 0.010 0.92 0.085 ±0.008 1.20 1.30

ND4 0.451 ± 0.0339 8.57 0.060±0.008 1.05 0.13

Positive selection was detected in PMF and SPL genes

We used the recently developed codon-substitution models (Nielsen and Yang

1998) to measure the type of selection acting on each amino acid residue in the

salamander pheromone genes and related genes(e.g., cardiotoxins, CD59 and
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phospholipase A2 inhibitors). The discrete model (M3), which allows for positive

selection, was the best fitting model for all of the datasets (Table 4.7). The proportion

(p) associated with each of the co values shown in Table 4.7 provides an estimate of

the percentage of amino acid residues assigned to each of the three selection

categories.

Positive selection was detected in pheromone component genes but not mtDNA genes

Plethodontid Modulating Factor (PMF) is a highly divergent gene that has

been influenced strongly by positive selection. Our analysis of PMF sequences across

all plethodontid lineages (148 sequences) suggests that 66% of this molecule has

experienced strong positive selection, and the remaining 34% has been maintained by

purifying selection (co = 1.15 - 3.20; Table 4.7; Figure 4.10). Approximately 56% of

the PMF sites were assigned to the positive selection site class with posterior

probabilities of 100% (Table 4.7).

In an attempt to tease apart the complexity in the pattern of selection across the

PMF gene, we partitioned our dataset into three smaller subgroups, to include

sequences from: (1) a single individual P. shermani (olfactory delivery; N=26); (2)

PMF sequences from two species of Plethodon having vaccination delivery (P.

cinereus and P. richmondi, N=19); and (3) all sequences from Desmognathus (2 spp,

N=9). A comparison of patterns of positive selection for these three datasets suggests

that PMF from the P. shermani individual has experienced high levels of adaptive

change (co = 5.07 at 52.0% of the residues; Figure 4.10). Interestingly, 41% of the P.

shermani PMF gene is predicted to have experienced strong positive selection with a

90% or greater probability. In contrast, 41% of the PMF gene for P. cinereus and.
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Table 4.7. Non-synonymous to synonymous substitution rate ratios (a'), prior
probabilities (p[o]) and model significance (x2 p-value) for selection models fitted to
Plethodontid Modulating Factor (PMF), Sodefrin Precursor-Like (SPL), ND4, CD59,
cardiotoxin and phospholipase A2 inhibitor genes. A conservative estimate of total %
positive selection was calculated as the number of amino acid residues identified as
positively selected with 0.90 posterior probability across all amino acid sites.

Selection Model
Sample size % (+)

Gene (# sequences) Ml (neutral) M3 2 selection

p(0 = 0.10) = 0.34
= 0) = 0.18 p(co = 1.15) = 0.28

PMF 148 1) = 0.82 p(o = 3.20) = 0.38 <0.001 64.0
p(o) = 0.29) = 0.34

p(co=O)=O.3l p(o)=O.29)=O.l4
P. shermanj PMF 26 p(co = 1) =0.69 p(co = 5.07) = 0.52 <0.001 41.0

p(U) = 0.57) = 0.15
P. richmondj p(w = 0) = 0.19 p(o = 0.57) 0.44
P. cinereus PMF 19 p(co = 1) = 0.81 p(0 = 3.32) = 0.41 =0.01 14.0

p(w =0) = 0.30
p(o =0) = 0.56 p(a) =0) = 0.55

D. ocoee PMF 7 p(co= 1) = 0.44 p(o)- 24.28) = 0.15 <0.001 15.0
= 0.08) = 0.54

p(w = 0) = 0.47 p(o = 2.27) = 0.35
Snake cardiotoxin 28 p(co= 1) = 0.53 p(co= 8.54) 0.11 <0.001 41.0

p(o =0) = 0.23
= 0) = 0.25 p(o = 0.63)= 0.45

CD59 10 p(o= 1) = 0.75 p(o= 1.76) = 0.32 <0.001 26.4

p(w=O)=O.26
p(w = 0) = 0.29 p(o = 0.83) = 0.41

SPL 59 p(co = 1) = 0.71 p(o = 3.15)=0.33 <0.001 23.0
p(0 = 0.07) = 0.37

= 0) = 0.20 p(o = 0.59) = 0.32
PLI 22 p(co= 1) = 0.80 p(a)- L73)= 0.31 <0.001 29.0

p(a)=0.01)=0.67
= 0) = 0.45 p(o = 0.14) = 0.28

ND4 74 p(co = 1) = 0.55 p(a = 0.54)= 0.05 <0.00 1 0.0
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P. richmondi species (vaccination delivery) has experienced strong positive selection

(o = 3.32) and the remainder of the molecule has been stabilized by purifying

selection. Of these positively selected residues, only 14% were assigned to the (0>1

site class with 90% or greater probability (Table 4.7; Figure 4.10).

The PMF gene of desmognathines presents a picture of strong purifying

selection across the majority of the molecule, and positive selection at -15.0% of the

gene (w = 24.28; Table 4.7; Figure 4.10). Of a total of 12 positively selected sites on

the Desmognathus PMF gene, only three of these same sites (25%) are predicted to

have experienced adaptive change in both the P. shermani and P. richmond i/P

cinereus genes (Figure 4.4). Whether the divergence in strength and pattern of

selection across the PMF gene of these diverse salamander lineages confer differences

in function is open to future study.

Adaptive change was also detected in other members of the 'three finger'

protein family. Selection tests for snake cardiotoxins suggest that 41.0% of the gene

has experienced positive selection (co= 2.27 and 8.54, Table 4.7, Figure 4.10); with

28% of the sites having a posterior probability of> 90%. Similarly, analysis of the

mammalian CD59 gene revealed the signature of positive selection at -26% of the

sites (o)= 1.76; Table 4.7; Figure 4.10), with a 90% or greater probability at 9% of the

sites. Putative selected sites on the cardiotoxin and CD59 genes are highlighted in

Figure 4.5., depicting their positions relative to the strand and loop regions of the

proteins and to provide a comparison with the salamander PMF gene. There appear to

be fewer selected sites on the cardiotoxin gene within the strand regions of the protein

(-35%) than there are at the loop tips (42%) (Figure 4.5). Interestingly, 50% of the
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Figure 4.10. Maximum likelihood identification of amino acid sites under positive
selection for: (A) Plethodontid Modulating Factor (PMF), cardiotoxin and CD59
genes, and (B) Sodefrin Precursor-Like (SPL) and phospholipase A2 inhibitor (PLI)
genes. A discrete model (M3) was used to fit the three site classes (a values) to the
gene. o<1 indicates purifying selection, o=1 implies neutrality, and co>l is a sign of
positive selection. Bars give the posterior probability that a given site is in each site
class.
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CD59 selected sites are located on a 17 amino acid long section of the gene that is

known to confer species selectivity (F42-E58; Figure 4.5) (Zhao et al. 1998). The

selection pattern across the P. sherinani PMF sequence provides an interesting

example of a gene that is comprised mainly of amino acid residues that have

diversified without selective constraints (Figure 4.3; 4.4; 4.5).

Our analysis of selection across the Sodefrmn Precursor-Like gene combined 59

SPL genes from 18 plethodontid species. The SPL protein, like PRF (Chapter 3) and

PMF (above) has evolved rapidly and has been shaped by positive selection.

Approximately 33.0% of the SPL molecule has experienced positive selection (0) =

3.15; 22.6% 90%), 41.0% of the gene has evolved neutrally (0 = 0.83), and 26%

has been maintained by stabilizing selection (o =0; Table 4.6; Figure 4.10).

Similarly, analysis of the phospholipase A2 inhibitor gene predicted positive selection

at 29.0% of the amino acid sites, with 10.0% of the sites assigned to this category with

90% or greater probability (w =1.73; Table 4.6; Figure 4.10). Although both the SPL

and the PU genes are experiencing adaptive change, there were very few diverging

residues at shared sites on these two genes (-13.0%; Figure 4.8). SPL and PU

proteins are comprised of two tandem repeats of the 'three finger' motif. An

approximately equal number of positively selected sites occur on each of the subunits

in both genes (Figure 4.7, Figure 4.8). The first half of the first PLI subunit, however,

contains a disproportionate number of positively selected sites (Figure 4.8), but the

functional importance of this gene region is not known.

The discrete (M3) model was the best fitting model for the ND4 dataset but, in

contrast to selection tests on pheromone component genes, the model indicates that
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this mtDNA gene is under strong purifying selection (0) = 0.0 1-0.54; Table 4.7).

These data suggest that the adaptive evolution that has acted on the pheromone

component genes is likely a characteristic of the mating system rather than a

characteristic of plethodontid gene evolution.

DISCUSSION

The male plethodontid courtship pheromone increases female receptivity

during mating interactions. The signaling system of these terrestrial salamanders has

been maintained by strong stabilizing selection acting on aspects of morphology and

behavior associated with pheromone production and delivery (Houck and Arnold

2003). Watts et al. (2004) suggest that selective pressures that have acted at the

morphological and behavioral levels in this signaling system are not synonymous with

forces that have acted at the molecular level. Genetic assessment of three

proteinaceous courtship components, PRF (Watts et al. 2004; Chapter 3) PMF and

SPL (this chapter), revealed a remarkable level of intra- and interspecific sequence

variation in all three genes. Furthermore, independent evolutionary analyses of PRF,

PMF and SPL suggest that the evolutionary dynamics of the plethodontid chemical

signaling system is characterized by adaptive evolution on the male side of the system.

Positive selection characterizes the male side of the plethodontid signaling

system, but the biological factor(s) driving changes in the signal are currently

unknown. The 'asymmetric tracking hypothesis' proposes that mating signal diversity

may be the product of sexual selection, especially in systems where the male provides

only sperm and little or no parental investment (Phelan 1997). In such systems, the

female invests the least costly role in chemical signaling dynamics. Female response
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to male pheromones should evolve neutrality or through weak stabilizing selection

(Phelan 1997). The male, on the other hand, may benefit by maximizing the number

of females he inseminates during a single breeding season. Males possessing

pheromone components that bind to female receptors with high affinity may have

increased reproductive success. If this is the case, the male signal should experience

strong positive selection (adaptive change) to track changes in female pheromone

receptors (Phelan 1997).

Changes in the plethodontid pheromone component PRF have presumably

been driven by changes in female vomeronasal epithelium receptors (Watts et al.

2004; Chapter 4), thus lending support to the asymmetric tracking hypothesis.

However, other mechanisms, such as natural selection, female mating preferences,

sexual conflict or species recognition (see chapter 3 for discussion), also may lead to

male/female diversifying coevolution. Future molecular analyses of female receptors,

coupled with behavioral and neurophysiological assays, will help tease apart aspects

of the signaling system that have driven adaptive change in the male pheromone

components. PRF is the most feasible pheromone component to use in these future

studies because, based on its sequence and structural homology with IL-6-type

cytokines, the PRF molecule is predicted to bind gp 130 receptors in female

vomeronasal tissues (Watts et al. 2004; chapter 3). In contrast, putative female

receptor types for the PMF and SPL pheromone components have not yet been

determined.
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Plethodontid Modulating Factor (PMF)

PMF is the most variable and most rapidly evolving amphibian pheromone

ever characterized. The levels of expression, degree of sequence variation and

patterns of positive selection across the PMF molecule vary, however, depending on

which plethodontid lineage is analyzed. For example, PMF is highly expressed and is

remarkably variable in Plethodon shermani but not in Desmognathus ocoee. The

functional significance of these differences is not yet understood. Several lines of

evidence indicate that PMF from the mental glands of P. shermani plays an important

role in chemical communication. Behavioral experiments illustrate that PMF reduces

P. shermani female receptivity when it is delivered as a single component (Houck et

al. submitted), but increases female receptivity when PMF and PRF are delivered

simultaneously (Houck et al. 1998). These two pheromone components are secreted

by the mental gland in a consistent 2:1 ratio (PMF:PRF in P. shermani; Feldhoff

1999), suggesting that a functional relationship may exist between them. The PRF

gene, however, is not expressed in the mental glands of species outside of eastern

Plethodon (Chapter 3). Thus, there may be an important functional correlation

between PMF diversity and the presence/absence of PRF in the mental gland.

Plethodontid Modulating Factor (PMF) is also expressed in the skin of

reproductively active male and female Plethodon shermani. Although this protein's

biological activity in the skin has yet to be determined, it may play an important role

in normal regulatory processes (e.g., ion exchange), or in defense against pathogens

(e.g., microbes). Alternatively, PMF secreted by the skin could be used as a

pheromone to mediate social interactions, such as territorial defense, and/or mate
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attraction. Behavioral experiments suggest that male P. shermani locate mates by

following chemical signals that are deposited on the substrate by conspecific females

(Chapter 2). Interestingly, the PMF sequences that were obtained from female P.

shermani cloacal skin lacked genetic variation and were different from PMF

sequences isolated from female dorsal skin and male skin tissues. The sex attractant

pheromones of other amphibian species (i.e.; Cynops, Triturus and Litoria) also lack

intraspecific variation (Iwata et al. 1999; Toyoda and Kikuyama 2000; Wabnitz et al.

1999), suggesting that these pheromones may be under strong purifying selection to

preserve the mate recognition system (Paterson 1985) or to prevent hybridization

(Dobzhansky 1937). Future investigations are necessary to determine the biological

activity of PMF in the skin and to assess whether the absence of PMF variation in

female cloacal skin is an artifact of small sample size or whether the signal has been

selectively maintained.

The presence of PMF in two very divergent plethodontid lineages

(desmognathines and plethodontines) suggests that PMF is an ancient and well-

established component of the plethodontid courtship signal. However, small sections

of skin were attached to the mental gland tissues used in this study. Because we may

have inadvertently isolated PMF from these skin contaminants during RT-PCR, we

cannot confirm that PMF is expressed in the mental gland tissue of species basal to

Plethodon shermani. In contrast, in situ hybridizations confirm that PMF is

hyperexpressed in the mental gland tissues of P. shermani (D. Hollis pers. comm.). In

fact, the level of PMF expression is much higher in the mental gland tissue than in it is

in the skin of these species (D. Hollis pers. comm.).



A final consideration is that members of the PMF gene family may possess

multiple biological functions. This idea is inspired by the phenomenal functional

diversity present in related proteins that have the same 'three-finger' topology.

Members of the 'three finger' family of proteins include snake toxins (i.e., long- and

short-chain neurotoxins, cardiotoxins/cytotoxins, fasciculin, and muscarinic toxins),

CD59 and Ly6-type proteins (review by Tsetlin 1999). All members of this protein

family have the same three-dimensional structure that is maintained by 8-10 similarly

spaced cysteine residues, yet they have highly divergent functions (Betzel et al. 1991;

Tsetlin 1999). Within the snake toxin group, for example, relatively minor changes in

amino acid residues facilitate binding to diverse receptors and ion channels, resulting

in tissue and taxonomic specificity (Alape-Giron et al. 1999). This 'functional

diversity/structural similarity' phenomenon holds true even when the biological

activities of a single type of snake toxin are considered. For example, cardiotoxins

(-50 isoforms) from cobra venom are capable of erythrocyte lysis, skeletal muscle

necrosis, contraction of cardiac muscle cells, selective tumor cell toxicity and Na+,

K+, ATPase or protein kinase C inhibition. The expression of multiple, closely related

isoforms enable cardiotoxins to bind membrane proteins, lipid receptors, Ca+ binding

sites or other active sites, thus facilitating functional diversity (Su et al. 2003).

Similarly, CD59 and Ly6-type proteins have a comparable structural motif and

yet have very distinct and divergent functions (Noel 1998). CD59 is a 77 amino acid

glycoprotein that attaches to the cell membrane via a GPI anchor. CD59 protects a

cell from the membrane attack complex (MAC; an assembly of proteins that form a

pore in the plasma membrane and lyse the cell) by binding to the C8 and/or C9



complements of the assembling MAC (Rollins et al. 1991). CD59 proteins have ten,

conservatively spaced cysteine residues that are characteristic of Ly-6 proteins and

snake long-chain neurotoxins, with the conserved 'three finger' topology. One form

of mouse CD59, CD59b, is expressed exclusively in the testis and is believed to play a

role in reproduction (Qian et at. 2000). In humans, CD59 is also over-expressed on

mature sperm and may protect the male gamete from complement mediated damage

while in the female reproductive tract (D' Cruz et al. 1990). Similarly, the mouse/rat

seminal vesicle secretion protein (SVS-VII) plays a role in reproduction by greatly

enhancing sperm motility through the inhibition of calcium transport (Luo et al. 2001).

Additional Ly-6-type ('three finger') proteins include xenoxin, a protein

expressed in the skin of Xenopus laevis (Kolbe et al. 1993) that is capable of activating

dihydropyridone-sensitive CA2-,- channels in mammalian epithelial cells (Macleod et

al. 1998), odr-2, a gene that functions in Caenorhabditis elegans olfaction (Chou et al.

2001), SLURP-i, a secreted protein implicated in human skin disease (Fischer et al.

2001), and Lynx 1 a modulator for nAChRs expressed in the mouse brain (Miwa et al.

1999). Thus, the ancient, eight-ten cysteine protein scaffold appears to have been

recruited by nematodes (odr-2), frogs (xenoxin), salamanders (PMF), snakes (toxins)

and mammals (CD59 and Ly-6 type proteins), and subsequently has evolved specific

functions within each group (Alape-Giron et al. 1999). In the face of this phenomenal

functional diversity it difficult to determine putative binding sites or predict the type of

receptor to which the PMF protein binds. The signature of positive selection thatwas

predicted for PMF, cardiotoxin and CD59 likely reflects rapid functional changes in

these proteins. The pattern of selection is especially informative in CD59, wherein
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species specificity (Zhao et al. 1998). Furthermore, a common trend uniting the PMF,

CD59 and cardiotoxin proteins is that they belong to a system in which an arms race

or some other co-evolutionary process may be responsible for this rapid evolution:

male and female, antigen and immune response, predator and prey.

Sodefrin Precursor-Like protein

At least one pheromone component, Sodefrin Precursor Like (SPL) protein,

has been maintained throughout the plethodontid radiation (-100 MY). Given the

sequence homology between SPL and the sodefrmn precursor gene of Cynops and

Triturus (family Salamandridae), the recruitment of this protein to a pheromone

function appears to predate the divergence of Plethodontidae. The signaling systems

of plethodontids and salamandrids, however, differ significantly. The newt

pheromone, sodefrin, is a decapeptide that is secreted from the male's cloacal gland

into the water to attract females. This peptide pheromone is cleaved from the C-

terminus of the 189 amino acid sodefrin precursor protein (Kikuyama et al. 1997).

The plethodontid SPL pheromone, in contrast, is produced by the male mental (chin)

gland and it does not have a recognizable cleavage site. When SPL is applied directly

to the dorsal skin of female D. ocoee during courtship, female receptivity is increased

(L. Houck pers. obs.). Presumably these homologous pheromone genes have

undergone adaptive modifications to suit the specific ecological (aquatic vs terrestrial)

and behavioral (broadcast vs direct application) characteristics within each signaling

system.
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A survey of three pheromone component genes, PRF, PMF and SPL, across

Plethodontidae indicates that a major change in the composition of the courtship signal

has occurred within this salamander family. Of 300 clones sequenced from a D. ocoee

mental gland cDNA library, approximately one-third were the SPL gene, suggesting

that SPL is a major component in the Desmognathus pheromone. Male

desmognathine mental glands do not produce Plethodontid Receptivity Factor (PRF;

Chapter 3), and express only low levels of Plethodontid Modulating Factor (PMF; this

study). Instead, the D. ocoee male produces at least three, highly variable SPL genes

and several minor variant alleles. On the other end of the plethodontid radiation (-100

MY divergence), males of a more recently derived species, P. sherinani (tribe

Plethodontini, olfactory delivery; Figure 4.1), over-express PRF in their mental

glands. The PRF protein is structurally related to IL-6-type cytokines and shares no

sequence or structural homology with SPL. The Plethodon signaling system is further

characterized by hyper-expression and phenomenal variation of the PMF gene. In

contrast to Desmognathus, however, P. shermani mental glands express very little

SPL (one SPL out of 300 clones sequenced; R. Watts pers. obs.). Despite vast

structural differences between PRF and SPL, both proteins are capable of increasing

female receptivity when administered during courtship (Houck et al. 1997; Rollmann

et al. 1999; Houck pers. obs). Thus, in the plethodontid radiation, two divergent

chemical signals (SPL versus PRF + PMF) have evolved to the same function;

maximizing female sexual responsiveness.

Whereas PRF is structurally homologous to IL-6 type cytokines, the sodefrmn

precursor gene sequence is most similar to 7-type phospholipase A2 inhibitors (PLI'ys).
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Most PLIys are acidic glycoproteins that exhibit broad spectrum affinity for all classes

of snake venom phospolipase A2 (PLA) enzymes (Dunn and Broady 2001). Crystal

structures for PLIy and for the PLIy/PLA complex are not yet available, therefore it is

difficult to predict the topology and/or binding epitopes of the SPL protein. The

primary structures of PLIy and SPL are made up of two units, each containing a motif

of conservatively spaced cysteine residues that is characterized by the 'three finger'

protein family (PMF/CD59ILy6/uPARlsnake toxin) (Dunn and Broady 2001). Thus,

the three dimensional structure of PLIys and SPL is presumably made up of two

'three finger' components (Nabuhisa et al. 1997), at least one of which is necessary in

PLIy for binding and inhibiting PLA (Thwin 2002). The evolutionary relationship

between PMF and SPL is not clear. Besides sharing eight, strongly conserved cysteine

residues, a single unit of the SPL protein exhibits very little sequence similarity to

PMF proteins from the same species (6-19% total amino acid sequence identity).

In its native form, the PLIy protein exists as a noncovalantly bound complex

consisting of at least three PU subunits (Dunn and Broady 2001). The potent

inhibitory action of PLFy is conferred through its strong affinity for a single subunit of

the PLA heterodimer. For example, the biologically active PLA of the South

American rattlesnake (Crotalus durissus terrificus) consists of subunits CA and CB.

Subunit CA is a nontoxic chaperone that transports and deposits the toxic CB subunit

near the target membrane (Fortes-Dias et al. 1994). When the PLA complex

encounters PLIy however, the CB subunit of the PLA disassociates from CA and

preferentially binds to the PLI7, at which point the toxin becomes neutralized (Fortes-

Dias et al. 1994). The strong affinity and broad spectrum inhibitory capacity of y-type
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PLIs suggests that these proteins may recognize the highly conserved Ca2-binding

loops on PLAs (Okumura et al. 1999; Thwin et al. 2002), but the exact binding sites

have yet to be determined.

A proline-rich region on the PLIy from python serum (Python reticulatus) was

predicted play a role in binding PLA based on the positioning of conserved proline

clusters (Kini et al. 1998; Thwin et al. 2000; Thwin et al. 2002). A short peptide

corresponding to this gene region was synthesized and shown to efficiently inhibit

snake PLAs (Thwin et al. 2002). The segment containing the functional site is

relatively well conserved across the PLFy sequences of many snake species, but it is

not present in 'three-finger' proteins (i.e., PMF, CD59, snake toxins; Dunn and

Broady 2001), nor is it present in SPL. Nevertheless, we identified a promising

proline-rich segment (P86-P96) on SPL using the method described by Kini et al.

(1998). The proline residues bracket a short amino acid sequence that is rather well

conserved across plethodontids and is located in the same region as the active site of

PLAys. If the three dimensional structure of PLAys and SPL consists of two, three-

finger units, the active site of the protein is located between these two units. A second

potential binding site was identified for Desmognathus and Eurycea guttolineata (P155-

P'59) using the same method. Although it is not clear if these proline-bracketed

segments in SPL confer phospholipase A2 inhibitory activity, they may play an

important functional role in the signaling system of terrestrial salamanders. Future

studies investigating signal/receptor interactions in this system may benefit by

focusing on these protein regions.
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PATTERNS AND PROCESSES GOVERNING DIVERSiTY IN THE CHEMICAL
SIGNALING SYSTEM OF PLETHODONTID SALAMANDERS

CHAPTER 5

GENERAL CONCLUSIONS AND FUTURE DIRECTIONS

This thesis examines the selective forces that have shaped the chemical

signaling system of plethodontid salamanders. In this system, chemical signals

facilitate two phases of reproduction: the mate localization phase and the courtship

phase. Chapter two focuses on chemical signals that are used to attract mates. An

examination of male and female behavioral responses to sex- and species-specific

substrate-borne odors indicates that the chemical signals produced by these animals

are variable. Male salamanders (species Plethodon) prefer conspecific female odors to

male odors and are capable of detecting chemical cues produced by heterospecific

females. The chemical signals have diverged in allopatry, but whether this divergence

is a result of intra-specific sexual selection or a more passive response to differing

environmental conditions is unclear. In areas of sympatry, however, the conspecific

and heterospecific female chemical signals are more divergent and males prefer odors

produced by the conspecific. This suggests that strong stabilizing selection is

maintaining species specificity of the signal in areas of species overlap, perhaps to

prevent hybridization.

The pheromone(s) used by terrestrial salamanders to attract mates have not yet

been characterized. Are these sex-attractant signals complex, multi-component
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compounds, similar to moth and mammal signaling systems, or are they the relatively

simple, peptide pheromones that have been characterized in aquatic amphibian

communication systems? Furthermore, what selective forces have acted on these

signals? Is there signal variation within salamander populations, or are the signals

maintained by strong stabilizing selection to facilitate species recognition? The

plethodontid system provides an excellent platform for investigating these types of

questions. The signals themselves are likely to be proteins, which are relatively easy

to characterize and amenable to molecular evolution modeling studies. The potential

for future research in this arena to add to our understanding of the evolution of

chemical signaling in terrestrial vertebrates is significant.

Chapters three and four focus on plethodontid pheromone components that

produce female behavioral changes during courtship. Unlike the sex attractant

pheromones that have been characterized in newts and frogs, plethodontid courtship

pheromones are complex, multi-component signals. The three primary pheromone

components, Plethodontid Receptivity Factor (PRF), Sodefrmn Precursor-Like (SPL)

and Plethodontid Modulating Factor (PMF), are all highly variable and have all been

shaped by strong positive selection. PRF was recently recruited to a pheromone

function in the plethodontid signaling system. This pheromone component arose in

the eastern Plethodon lineage and appears to be coevolving with receptors in the

female vomeronasal epithelium. SPL, on the other hand, has been maintained

throughout the entire plethodontid radiation (-100 MY), yet it is only a minor

pheromone component in some eastern Plethodon species (i.e., P. shermani). In the

more basal Desmognathus species, however, SPL is the primary, highly variable
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pheromone component. Interestingly, PRF (a cytokine-like protein) and SPL (a

phospholipase A2 inhibitor-like protein) are very different structurally, yet they both

produce the same behavioral effect in the female (increased receptivity).

The third pheromone component surveyed was Plethodontid Modulating

Factor (PMF), the most variable and rapidly evolving pheromone ever described for

amphibians. The PMF gene is present across the entire plethodontid lineage but its

time of establishment in mental gland tissue is not certain. PMF also is present in the

skin of P. sherniani males and females. Whether PMF in the skin plays a role in

courtship, mate attraction, protection against pathogens, ion exchange or some other

function is open to future investigations. PMF expressed in the mental gland of P.

shermani decreases female receptivity when delivered to the female as a single

component. When administered in combination with PRF, however, the synergistic

effects of PRF and PMF result in increased female receptivity. Sequence variation

and PMF expression levels in the mental glands of Desmognathus and western

Plethodon species is rather low. Therefore, PMF hyper-expression and phenomenal

genetic diversity in mental gland tissues of P. shermani (an eastern Plethodon species)

may correlate with the presence of PRF.

Future research of the plethodontid courtship signaling system is likely to

expand in several, exciting directions. A focus on the female side of the system would

address questions regarding the direction and strength of selection on the male signal.

The male side of the system is characterized by diversity arising in response to

adaptive change. Is this diversity correlated with changes in female receptors? How

and why did the composition of the signal change over evolutionary time? What is the



functional significance of intra- or interspecific component variation in terms of

female response? Additional behavioral, biochemical, neurophysiological and

molecular studies are underway to address these types of questions and to enhance our

understanding of the evolution of chemical signaling systems.




