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 Animal signaling systems frequently utilize multiple traits to produce and 

transmit a signal.  These system elements may span multiple levels of organization.  

Functional integration of these traits may be expected to generate concordance in 

evolutionary pattern among system elements, such that evolutionary change in one 

system component is correlated with change in other system parts.  This thesis 

investigates the evolution of multiple elements of a complex pheromone signaling 

system in a group of plethodontid salamanders (genus Plethodon).  In this system, the 

transmitted signal is a multi-protein male pheromone that is delivered to a female 

during courtship interactions.  This male courtship pheromone functions to increase 

female receptivity to mating.  Pheromone delivery is achieved by the use of 

specialized morphological and behavioral characters.  Two highly-conserved modes of 

pheromone delivery occur within this salamander clade, and each of these modes is 

associated with distinct morphological and behavioral traits.  The transition from an 

ancestral to a derived mode of pheromone delivery presents a unique opportunity to 

address evolutionary concordance among elements of the signaling system. 

 



I investigated the evolution of (1) pheromone-delivery behaviors and (2) 

multiple protein components of the courtship pheromone, across this evolutionary 

transition.  First, I conducted courtship observations in a transitional species in which 

pheromone delivery includes aspects of both the ancestral and derived modes of 

pheromone delivery.  My findings suggest that the behavioral transition in delivery 

mode was gradual and consisted of several changes in pheromone delivery behavior.  

Second, I characterized evolutionary pattern in three pheromone components across 

the behavioral transition.  This study revealed overall concordance in evolutionary 

pattern between morphology, behavior and the pheromone signal, despite discordance 

in the type of selection acting at these different levels.  However, a detailed analysis of 

evolutionary pattern revealed a decoupling of evolutionary changes among the three 

pheromone components.  Overall, my results demonstrate the complexity of this 

pheromone delivery transition at multiple levels of organization.  In particular, my 

findings suggest that, for both pheromone-delivery behaviors and the pheromone 

signal itself, the evolutionary transition was more gradual than was previously 

realized.  These findings lend empirical insight into (1) the nature of evolutionary 

transitions, and (2) the evolution of functionally integrated traits that span 

organizational levels. 
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Evolution of a Pheromone Signaling System in the Salamander Genus Plethodon 
(Amphibia: Plethodontidae) 

 
 

Chapter One: General Introduction 
 
 

OVERVIEW 

Animal signals exhibit extraordinary diversity and span multiple sensory 

modalities, taking the form of auditory, visual, tactile and chemical cues.  The 

evolution of signals may be shaped by: (1) selection on signalers to elicit favorable 

responses in receivers, and (2) selection on receivers to accurately determine the 

nature of the signal (Johnstone 1997).  Thus, the evolutionary dynamics of signaling 

systems can be complex.  A goal of signal-receiver research is to increase our 

understanding of the evolution of signaling systems (e.g. Price & Lanyon 2002).  Of 

particular recent interest are complex systems in which signals are characterized by 

multiple components (Johnstone 1997; Rowe 1999; Endler et al. 2005).  In this thesis, 

I investigate the evolutionary dynamics of a sexual signaling system in plethodontid 

salamanders.  Below, I discuss animal signaling systems, in general, and then describe 

my study system involving pheromone communication in plethodontid salamanders.  I 

then briefly discuss my two research areas: (1) the evolution of pheromone delivery 

behaviors, and (2) the evolution of a multi-component courtship pheromone signal 

within a clade of plethodontid salamanders.  In Chapters Two and Three, I provide 

detailed descriptions of my research on these two topics. 

Animal communication systems frequently utilize multiple traits to produce 

and transmit a signal.  These traits typically span several levels of organization, from 

the molecular to the behavioral level.  Such a signaling system may be viewed as a 



 

2
functional complex in which multiple characters are coordinated to perform a 

particular function (Watts et al. 2004).  Functional complexes are common in animal 

systems that perform intricate tasks, such as web spinning and envenomation (Olivera 

1999; Opell 1999).  For example, the production and delivery of snake venom requires 

the coordination of specialized morphology (e.g. fangs), behaviors (e.g. biting) and the 

biochemical production of the venom itself.  Such coordination is typical of signaling 

systems, due to the complexity involved in signal production and delivery.   

In a signal-delivery system, component traits work together to perform a 

common function: signal transmission.  If signal transmission affects individual 

fitness, then multivariate selection should act on the signaling system as a whole, 

leading to an integration of system elements (Olson & Miller 1958; Lande 1980; 

Cheverud 1982; Arnold 2005; Phillips & Arnold 1989; Arnold 2005).  We might then 

expect to observe evolutionary concordance between system parts, such that 

evolutionary change in one system element correlates with change in other parts of the 

system.  Accordingly, we might expect the evolution of a signal to be coupled with the 

evolution of the suite of traits involved in signal transmission (Endler 1992).  In other 

words, system elements may display similar patterns of evolutionary divergence at 

different organizational levels (Watts et al. 2004).   

Functional integration also may extend to the signal itself.  In many 

communication systems, the transmitted signal consists of multiple components.  

These components may represent the same sensory modality (unimodal signals; e.g. 

multiple chemical components delivered together) or may span multiple sensory 

modalities (multimodal signals; e.g. the simultaneous transmission of both visual and 
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acoustic elements; Rowe 1999).  If these signal components are coordinated to elicit 

a particular response in the receiver, then we might expect to observe concordance in 

evolutionary pattern among the components.  Although many theoretical studies have 

addressed morphological integration (e.g. Olson & Miller 1958; Lande 1980; 

Cheverud 1982), less empirical attention has been focused on functional integration, 

particularly among multiple levels of organization.   

 Courtship pheromone delivery in plethodontid salamanders constitutes an 

intriguing example of an integrated signal-delivery system.  In this family of 

salamanders, a multi-protein pheromone produced by the male is transmitted directly 

to a female during courtship.  The demonstrated function of this pheromone is to 

increase female sexual receptivity (Houck & Reagan 1990; Houck et al. 1998). The 

complex of characters associated with male pheromone delivery includes (1) 

specialized delivery behaviors, (2) specialized morphology (including modified 

premaxillary teeth and a pheromone-producing mental (chin) gland), and (3) the 

production of a multi-component pheromone within the mental gland (Houck & 

Arnold 2003).   

This functional complex has undergone evolutionary change at multiple levels 

of organization during a transition from the ancestral to a derived mode of pheromone 

delivery.  In the ancestral mode of pheromone delivery, the male applies mental gland 

secretions to the female’s dorsum while abrading her skin with modified premaxillary 

teeth.  In contrast, males of species that use a derived olfactory mode of pheromone 

delivery apply mental gland pheromones directly to the female’s nares. The shift from 

the ancestral to this derived delivery mode is characterized by rapid evolutionary 

 



 

4
change in otherwise highly conserved morphological and behavioral system 

elements (Houck & Arnold 2003; Watts et al. 2004).  Thus, the dynamics of the 

delivery mode transition contrast sharply with a dominant theme of conservation in 

courtship behavior and morphology in plethodontids (Houck & Arnold 2003).   

This well-documented change in delivery mode presents a unique opportunity 

to investigate the extent to which morphological, behavioral and molecular elements 

of this signaling system display evolutionary concordance.  This system is particularly 

well-suited for evolutionary investigation because the signal consists of proteins that 

are amenable to analysis at the molecular level.  Because courtship pheromone 

delivery increases female receptivity to mating, signal transmission should have a 

direct effect on male mating success.  Thus, a primary hypothesis is that sexual 

selection should act to integrate all parts of this signaling complex, such that 

evolutionary change occurs in synchrony in all elements of the system.  Nevertheless, 

evolutionary discordance has been observed between different levels of organization 

in this functional complex.  Positive selection at the molecular level has generated 

high signal diversity, but stabilizing selection at the level of behavior and morphology 

has produced phenotypic stasis (Watts et al. 2004; Palmer et al. 2005; Palmer et al. 

2006b).  A more detailed investigation of evolutionary pattern at multiple levels of the 

system should promote a better understanding of evolutionary concordance among 

system elements. 

I use an integrative, comparative approach to study the evolution of both 

behavior and molecular signals in this system.  I place this research within a 

phylogenetic framework by focusing on a clade of salamanders with a robust 
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phylogeny.  I focus on a monophyletic group of Plethodon species that inhabit the 

eastern woodlands of the United States (Highton 1962; Highton & Larson 1979).  

Within this clade, a subset of species uses the ancestral delivery mode while a second 

subset uses a derived olfactory mode.  Thus, the eastern Plethodon clade is well-suited 

for investigation of evolution in this signaling complex at multiple levels of 

organization.  In particular, I address the evolution of pheromone delivery behavior 

(Chapter Two), and the evolution of multiple proteinaceous components of the signal 

itself (Chapter Three), across this transition in delivery mode. 

COURTSHIP IN PLETHODONTID SALAMANDERS 

The Plethodontidae is the largest family of salamanders, consisting of 

approximately 350 currently recognized species (Larson et al. 2003).  Recent 

systematic work based on mitochondrial and nuclear DNA sequence data as well as 

morphology provides a strong consensus view on relationships among the major 

lineages in the family (see Fig. 1.1; Chippindale et al. 2004; Mueller et al. 2004; 

Macey 2005).  These phylogenetic studies also consistently support monophyly of the 

eastern Plethodon clade of interest in this study (Fig. 1.1).  

Plethodontids are lungless salamanders that exhibit a variety of life-history 

traits and occupy a diversity of habitats, ranging from completely aquatic to biphasic 

to completely terrestrial with direct development of young (Bishop 1943).  

Plethodontid salamanders are typically nocturnal, and depend greatly on chemical 

signals for communication (Bishop 1943; Houck & Sever 1994).  All members of the 

family possess a pair of nasolabial grooves that conduct non-volatile molecules, such 

as pheromones, into the accessory olfactory (vomeronasal) epithelium for processing 
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(Dawley & Bass 1989).  Pheromones are chemicals that are used in communication 

with conspecifics (Karlson & Luscher 1959).  These signals play many important roles 

in plethodontid ecology, including territory advertisement (Jaeger 1986; Jaeger et al. 

1986; Ovaska & Davis 1992), species recognition (Dawley 1986; Ovaska 1989; 

Arnold et al. 1993; Uzendoski & Verrell 1993; Verrell 2003), mate location and 

assessment (Marco et al. 1998; Houck & Sever 1994), and the mediation of male-

female interactions during courtship (Houck 1986; Houck & Arnold 2003). 

 

 

 

 

 

 

 

 

 

 

Amphiumidae

Desmognathus/Phaeognathus

Aneides/Ensatina

Eurycea & related genera

Bolitoglossa & related genera

Hemidactylium

Western Plethodon

Eastern Plethodon

Plethodontidae

Amphiumidae

Desmognathus/Phaeognathus

Aneides/Ensatina

Eurycea & related genera

Bolitoglossa & related genera

Hemidactylium

Western Plethodon

Eastern Plethodon

Plethodontidae

Fig. 1.1. A representation of relationships within the family Plethodontidae (based on 
Chippendale et al. 2004, Mueller et al. 2004, Macey 2005).  Representative genera are 
shown and branches are not to scale.  The genus Plethodon consists of a group of 
species from the western United States as well as a group of species from the eastern 
U.S.  The \\ symbol indicates the transition from scratching to slapping pheromone 
delivery (see text for details). The family Ampiumidae represents the outgroup. 
 
 

Although plethodontid salamanders exhibit a range of life-histories and utilize 

a variety of habitats, the group is characterized by highly conserved courtship 

behaviors (Salthe 1967; Houck & Arnold 2003).  Fertilization in plethodontids is 
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internal, and both males and females mate multiple times during a given courtship 

season (Houck et al. 1985).  Males lack an intromittant organ.  Instead of intromission, 

insemination is accomplished by the use of a spermatophore, consisting of a gelatinous 

base that supports a sperm mass.  This spermatophore is deposited by the male 

following relatively lengthy behavioral interactions with the female (Arnold 1977).  

After spermatophore deposition, a successful courtship is terminated when a female 

lowers her vent over the spermatophore and retrieves the sperm mass in her cloaca.  

The sperm can be stored in the female’s spermatheca (sperm-storage organ; Houck 

1985; Sever & Brizzi 1998) for several months (Houck, pers. comm.), uncoupling the 

processes of insemination and fertilization such that fertilization occurs just prior to 

oviposition (Houck et al. 1985).  

An illuminating example of highly conserved courtship behavior in this family 

is the tail-straddling walk, which characterizes all plethodontids (Arnold 1977; Houck 

& Arnold 2003) and occurs prior to sperm transfer.  During the tail-straddling walk, 

the female follows the male while straddling his tail with her forelimbs and hindlimbs, 

and resting her chin on the male’s tail base.  The tail-straddling walk is a necessary 

feature of successful inseminations in all plethodontid salamanders.  This courtship 

sequence facilitates spermatophore location by the female by ensuring that the 

spermatophore is deposited directly in front of the female’s head (Arnold 1977).  This 

stylized courtship feature is estimated to have been conserved for approximately 100 

million years (Houck & Arnold 2003).  The tail-straddling walk can last for several 

hours in some species (Stebbins 1949; Arnold 1972; Sapp 2003).  Even in species with 

more typical walk durations of 5-60 min (such as Plethodon), the tail-straddling walk 
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represents a lengthy time investment that may put mating partners at risk of 

predation or interference by rivals (Houck & Arnold 2003).  

Strong conservatism is most evident in features of courtship that are directly 

involved in sperm transfer, such as the tail-straddling walk and the behaviors that 

characterize spermatophore deposition and insemination.  In contrast, behaviors 

exhibited during the earlier phases of courtship are more variable (Arnold 1977; 

Verrell & Mabry 2003).  A major characteristic of plethodontid courtships is the 

extraordinary level of coordination between mating partners during the later courtship 

stages (Arnold 1976).  Such coordination between the male and female is essential for 

successful insemination due to (1) the inherent difficulty in this particular mode of 

sperm transfer (the location and retrieval of the sperm mass by the female) and (2) the 

fact that spermatophore production is limited (Arnold 1976; Halliday 1990).  This 

strong level of orientation is achieved through the use of visual, tactile, and chemical 

signals during courtship.  Of particular importance to successful mating are chemical 

signals (courtship pheromones) that mediate male-female interactions during courtship 

(Houck & Arnold 1982; Houck 1986).   

EVOLUTION OF PHEROMONE DELIVERY BEHAVIORS  

Courtship pheromones are chemical signals that are transmitted solely between 

sexual partners during courtship.  These pheromones are particularly prevalent in 

arthropod and salamander mating systems (Andersson 1994; Arnold & Houck 1982).  

The delivery of pheromones during courtship is a conserved feature of plethodontid 

courtship, having been lost in relatively few species (Houck & Arnold 2003; Beachy 

1997; Organ & Organ 1968).  The male plethodontid mental gland hypertrophies 
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during the breeding season and produces a multi-protein pheromone.  This non-

volatile pheromone blend is delivered only during courtship interactions and has been 

shown empirically to increase female receptivity during courtship, resulting in 

decreased time to insemination (Houck & Reagan 1990; Houck et al. 1998).  In 

general, shorter courtships are expected to be selectively advantageous because of a 

potential reduction in the risk of predation or interruption by rival males. 

Mental gland pheromones are delivered to females by two distinct highly-

conserved modes.  In the ancestral mode of pheromone delivery, a male contacts a 

female’s skin with his mental gland (Fig. 1.2).  This contact apparently results in the 

diffusion of the pheromone across the female’s skin and into her superficial 

circulatory system.  The morphological characters associated with this ancestral 

delivery mode are (1) a small mental gland with anteriorly-located secretory pores 

(Fig. 1.2; Houck & Sever 1994), and (2) specialized premaxillary teeth (Highton 1962; 

Coss 1974).  Protruding premaxillary teeth are thought to facilitate the diffusion 

process by abrading (or ‘scratching’) the female’s skin at the site of mental gland 

contact (Houck & Arnold 2003).  The ancestral signaling system also includes 

distinctive behavioral elements, such as ‘snapping’ and ‘pulling, that abrade the 

female’s skin with the male’s premaxillary teeth (Arnold 1972).  Pheromones are 

delivered by the scratching mode in all major groups of plethodontids, and thus its 

behavioral and morphological elements have been retained for approximately 100 

million years (Houck & Sever 1994; Houck & Arnold 2003).   
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Fig. 1.2. The complex of male characters associated with pheromone delivery by the 
ancestral ‘scratching’ mode.  This complex consists of a relatively small mental gland 
with anteriorly located secretory pores (upper right, stippled area; from Arnold 1977), 
modified premaxillary teeth (see also Coss 1974) and scratching behavior (bottom; 
from Arnold 1977; see text for details). 
 

 

In contrast, in a derived mode of pheromone delivery, a male contacts a 

female’s nares directly with his mental gland (Fig. 1.3).  Delivery by this olfactory 

mode introduces pheromones to the vomeronasal epithelium (via the  

nasolabial grooves), which transmits information to brain nuclei known for other 

vertebrates to support changes in reproductive behavior (Halpern 1987; Dawley & 

Bass 1989; Wirsig-Wiechmann et al. 2002).  Males of species that use olfactory 

delivery differ from those that deliver pheromones by scratching in that “olfactory” 

males lack sexually dimorphic premaxillary teeth and possess a relatively large mental 

gland with a large secretory surface (Fig. 1.3; Highton 1962; Coss 1974; Watts et al. 

2004).  A male using the derived delivery mode also employs behavior in which he 

‘slaps’ his mental gland across a female’s snout, facilitating the entry of chemical 

signals into the vomeronasal organ (Houck & Sever 1994).     
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Fig. 1.3. The complex of male characters typical of species having the derived 
olfactory mode of pheromone delivery.  This character set consists of a large pad-
shaped mental gland with secretory pores throughout the entire pad (left) and slapping 
behavior (right; from Arnold 1977; see text for details). 
 

 

While the ancestral mode of pheromone delivery is shared by all major 

plethodontid groups, the derived slapping mode is present only within the Plethodon 

glutinosus species group, a subgroup of the eastern Plethodon (Fig. 1.1).  This 

slapping behavior has been retained for approximately 15 million years (Houck & 

Arnold 2003).  The origin of this derived mode represents a dramatic evolutionary 

transition in pheromone delivery that occurred within the eastern Plethodon clade. 

This thesis focuses on the evolution of the signaling complex across the eastern 

Plethodon clade of salamanders.  This clade includes species having the ancestral 

delivery mode as well as species having the derived olfactory delivery mode.  

Phylogenetic analyses of the genus Plethodon have consistently placed all eastern 

members of the genus into a monophyletic group (see Fig. 1.4; Highton & Larson 

1979; Mahoney 2001).  This clade consists of four species groups: the Plethodon 

cinereus group (10 species), the P. welleri group (5 species), the P. wehrlei group (2 
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species) and the P. glutinosus group (28 species; Highton & Larson 1979; 

unpublished data). Males of the P. cinereus group have small mental glands and 

modified premaxillary teeth and deliver mental gland pheromones by scratching (Fig. 

1.2; Highton 1962; Arnold 1972; Coss 1974).  In contrast, members of the P. 

glutinosus group possess large circular mental glands, lack modified premaxillary 

teeth, and employ slapping behavior to deliver pheromones (Fig. 1.3; Highton 1962; 

Coss 1974; Houck & Arnold 2003).  Few observations of courtship behavior are 

available for species in the intermediate groups (P. welleri and P. wehrlei groups; Fig. 

1.4), and pheromone delivery has not yet been documented in these species.  However, 

these species lack modified premaxillary teeth and possess larger mental glands 

(Highton 1962; Coss 1974); thus, they are inferred to use the derived mode of 

pheromone delivery. 

The transition in pheromone delivery mode within the genus Plethodon is 

particularly intriguing because of strong conservatism in pheromone delivery 

behaviors and morphology both before and after the transition (Houck & Arnold 2003; 

Watts et al. 2004).  Furthermore, as mentioned above, the changes in pheromone 

delivery behavior that typify this clade are accompanied by conspicuous changes in 

morphology, particularly the size and shape of the mental gland, and the loss of 

modified male premaxillary teeth.  This behavioral transition also is accompanied by 

an apparently rapid shift in body size, as members of the P. glutinosus and P. wehrlei 

species groups are typically larger than the members of the P. cinereus and P. welleri 

groups (Highton 1962).  In addition, mental gland protein expression profiles of 
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members of the P. glutinosus and P. cinereus species groups differ dramatically, 

suggesting significant change at the biochemical level (Watts, pers. comm.). 
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Fig. 1.4. A phylogenetic (UPGMA) representation of the eastern Plethodon based on 
allozyme data (from Highton & Larson 1979).  Representative species are shown. 
Pheromone delivery behaviors are indicated for each species group (modified from 
Watts et al. 2004), with a question mark denoting groups in which pheromone delivery 
mode is unknown. 

 

The complexity of this transition in the pheromone signaling system of male 

plethodontids presents an opportunity to investigate its evolution at multiple levels of 

organization.  In order to improve our understanding of the evolution of the 

pheromone delivery complex as a whole, a close examination of the delivery transition 

is necessary.  This multi-level approach allows the identification of phylogenetic 

branches in which major changes occurred for each element of the signaling system.  

Due to the paucity of courtship observations in ‘intermediate’ species (members of the 
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P. welleri and P. wehrlei groups), the nature of the behavioral changes associated 

with this transition remains unclear.  In Chapter Two, I report observations of 

courtship behavior in a phylogenetic context in order to address this lack of behavioral 

resolution across the delivery mode transition.  Patterns of molecular evolution in the 

multi-component pheromone signal are discussed below, and also in Chapter Three. 

EVOLUTION OF THE COURTSHIP PHEROMONE 

The courtship pheromone of male salamanders of the eastern Plethodon clade 

contains three well-characterized protein components. These proteins have been 

named ‘Plethodontid Receptivity Factor’ (PRF; Rollmann et al. 1999; Watts et al. 

2004; Palmer et al. 2005), ‘Plethodontid Modulating Factor’ (PMF; Houck et al. 2006; 

Palmer et al. 2006a) and ‘Sodefrin Precursor-like Factor’ (SPF; Palmer 2004; Palmer 

et al. 2006b).  These pheromone components are structurally diverse, with each 

showing similarity to a different protein family (Palmer et al. 2005; Palmer et al. 

2006a; Palmer et al. 2006b).  As discussed above, the delivery of the pheromone blend 

to a female acts to increase female receptivity to mating (Houck & Reagan 1990; 

Houck et al. 1998).  Furthermore, empirical studies have demonstrated that the 

delivery of each pheromone component alone elicits a change in female sexual 

receptivity, as measured by courtship duration (PRF: Rollmann et al. 1999; PMF: 

Houck et al. 2006; SPF: Watts et al. 2006).  Thus, sexual selection is expected to play 

an important role in shaping the evolution of these signal components, as well as 

affecting the evolution of behavioral and morphological traits associated with their 

delivery. 
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The composition of the courtship pheromone varies across the plethodontid 

phylogeny. While SPF and PMF are expressed in the mental glands of all major 

plethodontid groups, expression of PRF is restricted to eastern members of the genus 

Plethodon (Palmer 2004; Palmer et al. 2005; Palmer et al. 2006a; Palmer et al. 2006b).  

This restricted expression pattern suggests that PRF was recently recruited for a 

pheromone function, just prior to the diversification of the eastern Plethodon (Palmer 

et al. 2005).  Furthermore, the relative expression of each component varies within 

groups of salamanders. Within the P. glutinosus group, for example, PRF and PMF 

appear to be the major components, with SPF apparently being expressed at very low 

levels.  Conversely, SPF is the major component in the mental gland pheromone of 

other plethodontids, including members of the genus Desmognathus (Palmer et al. 

2006b; von Borstel 2006).   

 Previous research has identified several common features of evolution in all 

three of these signal components (Palmer et al. 2005; Palmer et al. 2006a; Palmer et al. 

2006b).  The evolutionary histories of these pheromone components are characterized 

by: (1) high levels of polymorphism, (2) gene duplication, (3) signatures of positive 

selection (inferred from dN/dS ratios; Yang 1998), and (4) heterogeneity in 

evolutionary rates and selective histories across lineages (Palmer 2004; Palmer et. al. 

2005; Palmer et al. 2006a; Palmer et al. 2006b).  The presence of this dynamic 

molecular pattern within two highly conserved delivery modes suggests a decoupling 

of selective forces at different levels of organization within the signaling complex 

(Watts et al. 2004).  
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 The evolutionary patterns described above suggest that these pheromone 

genes coevolve with female pheromone receptors.  Although the evolution of most 

proteins appears to be shaped by neutral change and purifying selection (Kimura 1983; 

Endo et al. 1996), a minority of genes exhibit high diversity that apparently has been 

driven by positive selection (Bishop et al. 2000; Duda & Palumbi 2000; Shaw et al. 

2002; Swanson & Vacquier 2002; Wang et al. 2003).  Interestingly, the majority of 

these genes also are candidates for coevolutionary dynamics (Castillo-Davis et al. 

2004).  Some examples of genes characterized by rapid adaptive evolution are 

reproductive proteins (Swanson et al. 2001; Swanson & Vacquier 2002) or genes 

involved in host-pathogen or host-parasite interactions (Bishop et al. 2000; Jiggins et 

al. 2002; Blanc et al. 2005).  Evidence of positive selection also has been reported in 

pheromones, pheromone-associated proteins and pheromone receptors (Willett 2000; 

Mundy & Cook 2003; Emes et al. 2004). 

 Based on the nature of courtship pheromone delivery, it seems likely that the 

adaptive diversity exhibited by salamander pheromone components reflects selection 

from the receiver side of the mating system.  Particular evidence for this hypothesis 

exists in the case of PRF, where positively selected sites in the signal coincide with 

putative receptor binding sites (Watts et al. 2004; Palmer et al. 2005).  The current 

working hypothesis is that male pheromone components are involved in dynamic 

coevolutionary interactions with female receptors (Palmer et al. 2005; Palmer et al. 

2006b).  In this context, change in the pheromone components is rapid, but is confined 

to a particular region in molecular sequence space.  This region is constrained by 

limits set by pheromone-receptor interactions that may be determined by protein 
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conformation and function (Palmer et al. 2005; Palmer et al. 2006b).  I discuss this 

conceptual model, the molecular tango, in relation to pheromone evolution in Chapter 

Three. 

In Chapter Three, I present a comparative study of molecular evolution in the 

three pheromone components, across this evolutionary transition, in order to assess the 

level of concordance of evolutionary pattern among signal components.  I also 

compare patterns of evolutionary divergence in these proteins with evolutionary 

pattern in two genes that do not play a role in sexual interactions (albumin and NADH 

dehydrogenase subunit 4 (ND4)), and are unlikely to be involved in coevolutionary 

dynamics.  I test these two genes for evolutionary regularity in order to provide a time 

standard for pheromone evolution within the clade.  My particular aims are to: (1) 

investigate similarities and differences in evolutionary pattern among components 

within a phylogenetic framework, (2) assess the level of evolutionary concordance 

among signal components at the molecular level, (3) address the overall level of 

evolutionary coupling among molecular, behavioral and morphological elements of 

the functional complex, and (4) synthesize our understanding of evolutionary pattern 

and process in the pheromone signal as a whole. 

CONCLUSIONS 

 This thesis investigates the evolution of a multi-component sexual signal and 

the behavioral traits involved in signal transmission within a clade of salamanders.  

The results improve our resolution, at the behavioral and molecular level, of the 

evolution of this sexual signaling complex during a dynamic evolutionary transition in 
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pheromone delivery mode.  This research also contributes valuable empirical data to 

the study of multi-level functional integration. 
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ABSTRACT 
 

Courtship in plethodontid salamanders includes the delivery of male courtship 

pheromones by two distinct modes. Within the eastern Plethodon clade of the tribe 

Plethodontini, members of the Plethodon cinereus species group use an ancestral 

'vaccination' mode of delivery, while members of the P. glutinosus group use an 

olfactory delivery mode. In order to shed light on this transition in delivery mode, I 

observed courtship behavior in P. dorsalis, a species that is phylogenetically 

intermediate to the P. cinereus and P. glutinosus groups. My observations indicate that 

P. dorsalis also is intermediate to the P. cinereus and P. glutinosus species groups in 

terms of courtship behavior. The context of delivery of male courtship pheromones in 

P. dorsalis is similar to that of the P. cinereus species group; however, the mode of 

pheromone delivery in P. dorsalis is olfactory. Thus, a transition in the context of 

pheromone delivery underlies the more obvious change in pheromone delivery mode. 

I discuss these findings in terms of the evolution of courtship pheromone delivery 

across the eastern Plethodon clade. I also report the first observations of 'premature' 

spermatophore deposition by male plethodontids. 

INTRODUCTION 

Central goals of the evolutionary approach to the study of behavior are to 

determine: (a) the functionality of a behavior with respect to how it affects an 

individual's fitness, and (b) the evolutionary history of the behavior (Tinbergen 1963). 

Studying a particular behavior within a phylogenetic framework may reveal 

mechanisms that have shaped its evolutionary path. This approach to the study of 

behavior has proven valuable in many studies (Brenowitz 1991; Proctor 1992; Basolo 
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1995; Kusmierski et al. 1997; van Schaik & Kappeler 1997; Verrell & Mabry 2003). 

In this study, I describe pheromone delivery behaviors in a particular species of 

plethodontid salamander, and discuss the evolution of these behaviors across an 

established phylogeny. 

Courtship in plethodontids is relatively lengthy and involves extensive 

persuasion by the male. A female is inseminated indirectly, through the retrieval of 

sperm from a spermatophore, and a male is limited in the number of spermatophores it 

can produce during each sexual encounter (Arnold 1977). Thus, a male will expend 

much time and energy in courtship to increase the probability that a female will 

become inseminated (Arnold 1976; Vinnedge & Verrell 1998; Gershman & Verrell 

2002). In addition to tactile and visual cues, a male can use courtship pheromones to 

enhance its ability to persuade a female into sperm transfer. Male courtship 

pheromones are produced by a sexually dimorphic mental gland that hypertrophies 

only during the breeding season. Pheromones are delivered to the female during 

courtship and act to increase female receptivity (Houck & Reagan 1990; Rollmann 

et al. 1999). 

In plethodontid salamanders, courtship is characterized by stereotyped 

behaviors that have been conserved for millions of years (Houck & Arnold 2003). For 

example, tail-straddling walk, a behavior during which the female follows the male 

while straddling its tail, is at least 70 million years old (Arnold 1977). Despite this 

high level of conservatism, a phylogeny for the genus Plethodon (Highton & Larson 

1979) reveals related clades that use distinctly different modes of male pheromone 

delivery during courtship (Houck & Sever 1994). Members of an ancestral group of 
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Plethodon species use vaccination delivery, while those of a more derived clade use 

olfactory pheromone delivery. 

In the ancestral vaccination mode of pheromone delivery, the male uses 

elongated premaxillary teeth to abrade the female's dorsal skin, while rubbing mental 

gland secretions into the abraded area. Vaccination delivery occurs in each of the four 

major lineages within the family Plethodontidae (Houck & Arnold 2003), and 

presumably facilitates pheromone diffusion into the female's superficial circulatory 

system (Arnold 1977). In contrast, the derived olfactory mode of delivery occurs only 

in a single clade of species within the genus Plethodon. In the olfactory delivery 

mode, the male applies mental gland pheromones directly to the female's nares (Organ 

1960a; Arnold 1976). Pheromones delivered by this method enter the nasal cavity and 

stimulate the vomeronasal organ (Dawley & Bass 1989; Wirsig-Wiechmann et al. 

2002). 

The transition from vaccination to olfactory delivery occurred within the 

eastern Plethodon clade defined by Highton & Larson (1979; Fig. 2.1). Males of the 

Plethodon cinereus group have a functional complex of characters that facilitates 

vaccination delivery: a small mental gland with excretory pores near the tip of the 

chin, elongated premaxillary teeth, and 'snapping' behavior, in which the male snaps 

its body backward after 'vaccinating' the female with pheromones (Arnold 1972). In 

contrast, the functional complex of male characters in the P. glutinosus group 

facilitates olfactory pheromone delivery. These characters include a circular mental 

gland with a large secretory surface, a lack of enlarged premaxillary teeth, and 
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'slapping' behavior, in which the male taps its mental gland on the female's nares 

(Houck & Arnold 2003). 
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Fig. 2.1. A phylogenetic representation of eastern Plethodon species, based on genetic 
distance (Highton & Larson 1979). Species of Plethodon and Aneides from the 
western US represent the outgroup. Arrows indicate the origin of olfactory pheromone 
delivery and the proposed loss and gain of 'turning back' during TSW. See text for 
details of courtship behavior. Representative species are listed for each group; others 
have been omitted for simplicity (modified from Watts et al. 2004).

 

The processes that occurred during the transition in pheromone delivery mode 

remain unclear because few courtship observations have been reported for members of 

the phylogenetically intermediate (P.welleri and P. wehrlei) species groups. Based on 

the morphology of mental glands and premaxillary teeth (Highton 1962), members of 

these intermediate groups are inferred to use the olfactory mode of pheromone 
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delivery. However, we lack observations of pheromone delivery in these species 

(but see Organ 1960b; Arnold 1972 for other courtship behaviors). In this study, I 

report observations of courtship behavior and pheromone delivery in P. dorsalis, a 

member of the P. welleri intermediate group, to shed light on the evolution of the 

derived mode of pheromone delivery. 

METHODS 

Adult P. dorsalis were collected during Oct. 2003 (17 males and 13 females 

from Parke Co., IN (39°53'N, 87°12.14'W), one male and two females from Trimble 

County, KY (38°43.79'N, 85°22.48'W), and two males from Jefferson Co., KY 

(38°09.72'N, 87°47.5'W). Salamanders were transported to Oregon State University 

where they were housed in a climate-controlled room maintained at 15°C and 60% 

humidity, on a natural (Corvallis, OR) photoperiod. Animals were housed individually 

in plastic boxes (12 × 17 × 6 cm) lined with moist paper towels, and were provided 

moss and moist, crumpled paper towels for refuge. Animals were given clean boxes 

bi-weekly and fed whiteworms (Enchytraeus albidus) ad libitum. 

In order to determine the willingness of individual salamanders to court in the 

laboratory, unobserved courtship encounters were staged weekly from mid-November 

to late December 2003. A male–female pair was placed in a clean plastic box lined 

with moist paper towels at approx. 16:30 hours and left overnight. Each pair was 

scored for sexual activity at approx. 08:00 hours the following morning by recording: 

(a) the presence/absence of an intact spermatophore or spermatophore base on the 

substrate, and (b) the presence/absence of a sperm mass in the female's cloaca. Each 

female was partnered with a different male on each unobserved courtship night. 
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Males and females that were sexually active during unobserved trials were 

selected as subjects for video analysis from mid-November to late December 2003. 

Each pair was placed in a plexiglass arena with a substrate of moist paper towels and a 

transparent glass cover. A female was never paired with the same male more than 

twice. Behavior was recorded using a low-light camera (Panasonic VW BD400, 

Panasonic Corp., Secaucus, NJ, USA) and a time-lapse video tape recorder (Panasonic 

AG 6540) in dim red light from approx. 17:30 to 08:00 hours. Pairs also were scored 

for sexual activity, as in unobserved trials. 

Video recordings were analyzed and all courtship behaviors were logged. The 

time spent in each phase of courtship was quantified, with phases distinguished as 

follows: 

Approach (orientation) phase: one individual orients to and follows the other, without 
initiating physical contact. 
 
Contact phase:  head contact is initiated and maintained intermittently between the 
male and female. 
 
Tail-straddling walk (TSW): the female straddles the male's tail, rests its chin on the 
base of the male's tail and follows it in this position. 
 
Sperm transfer phase:  spermatophore deposition and insemination. 

It is not the aim of this study to provide a complete description of the entire 

courtship sequence, but instead to focus on how the male uses pheromones to persuade 

the female to participate in courtship. Therefore, incomplete courtship encounters 

(those not leading to spermatophore deposition) are considered informative and have 

been included. 
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RESULTS 

Ten courtship encounters were recorded for eight pairs of P. dorsalis. Six of 

these encounters included spermatophore deposition and two included insemination. 

In two of the 10 courtship sequences, the partners were from different populations. 

These populations are approx. 288 km apart (Parke Co., IN and Trimble Co., KY), and 

belong to the same subspecies, P. dorsalis dorsalis (Highton 1997). These two 

encounters provided data comparable with the other encounters in the study in which 

females were non-responsive and were included in the analysis. 

Catalog of Courtship Behaviors in P. dorsalis 

Behaviors performed by both males and females  

Approach: One animal moves towards the other. 

Retreat: One animal moves away from the other. 

Tail wagging: The animal (usually male) wags its tail laterally and close to the ground, 
with most of the movement occurring at the distal end of the tail (cf. Organ 1960b). 
 
Tail-straddling walk (TSW): The female walks behind the male, while straddling the 
male's tail and resting its chin on the tail base of the male. 
 
Female-first tail-straddling walk (FFTSW): The male follows the female, while 
straddling the female's tail and resting its chin on the female's tail base (see Sapp 
2003). I observed this behavior briefly in a single courtship sequence. 
 
Behaviors performed by males only  
 
Foot shuffle: While stationary or moving very slowly, the male moves its hind feet up 
and down (cf. L.A. Dyal, pers. comm.). This behavior is similar to the 'foot dance' 
(Arnold 1972), except that only the hind legs are involved. 
 
Tail undulation: The male arches and undulates its tail (cf. Arnold 1972). This 
behavior may be performed during the contact phase, tail-straddling walk, and 
spermatophore deposition. 
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Head sliding: The male slides its chin over the female's dorsum, usually from the 
tail towards the head (cf. Arnold 1972). 
 
Head rubbing: The male rubs its chin back and forth over the female's head (cf. L.A. 
Dyal, pers. comm.). 
 
Slapping: The male abruptly contacts the female's nares with its mental gland (cf. 
Arnold 1972). 
 
Spermatophore deposition (SD): During the tail-straddling walk, the male pauses and 
lowers its ventral surface onto the substrate. It remains in this position with its tail 
undulating slowly for several minutes while depositing a spermatophore. 
 
Lift-off from spermatophore: The male terminates spermatophore deposition by lifting 
its cloaca off the spermatophore and lifting its tail off the substrate, to one side. 
Following the lift-off, the pair moves forward until the female's vent is positioned over 
the spermatophore. 
 
Eat sperm mass: The male ingests the sperm mass from an intact spermatophore. 
 
Behaviors performed by females only  
 
Rest head on male's back: The female approaches the male and rests its chin on the 
male's dorsum. 
 
Insemination: Following spermatophore deposition, the female moves forward, pauses 
and lowers its cloaca onto the spermatophore to retrieve the sperm mass. 
 
Pass over spermatophore: The female passes over the spermatophore and fails to 
become inseminated. 
 
Lift-off from spermatophore base: After lodging the sperm mass in its cloaca, the 
female lifts its cloaca off the spermatophore base and moves away from the base. 

Temporal Relations 

The description of a typical P. dorsalis courtship encounter is as follows. After 

initial exploration of the courtship arena, the male oriented towards the female. It 

approached the female from behind or from the side and followed it around the box. 

This approach phase lasted for a few minutes, and then the male initiated the contact 

phase. The contact phase typically lasted for several hours. During this time, the male 
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followed the reluctant female around the arena and delivered mental gland 

pheromones to the female by head sliding, head rubbing and slapping. This phase also 

was characterized by foot shuffle, tail wagging and tail undulation by the male. In five 

of 10 cases, the contact phase did not progress to TSW.   

In the transition to TSW, the male slid its body under the female's chin and 

paused when the female's chin rested on its tail base. A receptive female then stepped 

astride the male's tail and followed it in TSW. The male undulated its tail slowly while 

walking forward. (In two cases, the female separated from the male during TSW and 

the male re-initiated the contact phase.) After moving forward a few steps, the male 

paused, lowered its entire ventral surface onto the substrate, and deposited a 

spermatophore. Several minutes later, it lifted off the spermatophore and the pair 

moved forward until the female's vent was aligned with the spermatophore. The 

female lowered its vent over the spermatophore and retrieved the sperm mass into its 

cloaca. After the first insemination attempt, the pair separated. In two cases, the male 

attempted to re-initiate courtship. 

Temporal Patterning 

In one courtship, the female approached the male and initiated contact. This 

courtship sequence ended in successful sperm transfer after only 15 min. The nine 

remaining courtships were initiated by males and lasted much longer, particularly the 

contact phase. Overall, the mean total duration of the ten P. dorsalis courtship 

encounters was 7 h 23 min (SD 5 h 19 min; note: five of these encounters did not 

include TSW, just persistent persuasion by the male). The mean amount of time spent 
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in each courtship stage was: approach phase = 4 min (SD 3 min); contact 

phase = 7 h 13 min (SD 5 h 20 min); TSW = 3 min (SD 2.3 min) and spermatophore 

deposition = 4.5 min (SD 0.9 min). 

Olfactory Pheromone Delivery 

Males exhibited variable amounts of head rubbing during the contact phase of 

the 10 courtships. Slapping was observed in six encounters. The number of slaps in 

each courtship sequence ranged from zero to 20. Mental gland pheromone delivery 

occurred only during the contact phase. 

Spermatophore Deposition 

A total of eight spermatophores were deposited during the 10 courtship 

encounters. Of these, only three spermatophores were deposited at the termination of 

the TSW. The other five spermatophores were deposited during a portion of the 

contact phase when the male was not receiving any tactile stimulation from the 

female. Two males were observed depositing these five spermatophores 'prematurely' 

in three courtship sequences. None of these sperm masses were retrieved by females. 

DISCUSSION 

As in other plethodontids (Arnold 1977), the courtship pheromone delivery 

behaviors of male P. dorsalis were highly stereotyped from one courtship to the next. 

Therefore, 10 courtship observations are sufficient for drawing conclusions about 

pheromone delivery. The observed courtship encounters included aspects of courtship 

from both the P. cinereus and the P. glutinosus species groups. Specifically, P. 

dorsalis courtships resembled those within the P. cinereus group in terms of the 

 



Male P. dorsalis employ pheromone delivery primarily during the contact 

phase of courtship, as in the P. cinereus species group. Organ's (1960b) account of 

courtship in P. welleri mentions a brief TSW phase without pheromone delivery. L.A. 

Dyal (pers. comm.) observed one instance of a single male P. angusticlavius turning 

back and slapping a female during TSW. Thus, within the P. welleri species group, 

male salamanders may occasionally deliver pheromones during TSW. However, it 

appears that the majority of pheromone delivery occurs during the contact phase, as in 

the P. cinereus group. 

In the P. cinereus species group, males deliver pheromones to the female only 

during the contact phase of courtship (Table 2.1; Arnold 1972; Gergits & Jaeger 1990; 

L.A. Dyal, pers. comm.). Here, the contact phase is lengthy and involves extensive 

pheromone delivery behaviors, such as head sliding, head rubbing and 'snapping'. If 

the female enters TSW, spermatophore deposition usually occurs relatively quickly. 

The apparent lack of 'turning back' to deliver pheromones during TSW probably 

represents a secondary loss of the behavior (see Fig. 2.1), because 'turning back' 

occurs in western Plethodon (Lynch & Wallace 1987), Aneides (Sapp 2003), Eurycea, 

Pseudoeurycea and Desmognathus (Arnold 1972). 

Temporal Patterning 
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context of pheromone delivery (occurring prior to TSW), but were similar to species 

of the P. glutinosus group in terms of pheromone delivery mode (olfactory mode). 

 



36 

 

Table 2.1.  Comparison of courtship behaviors related to pheromone delivery among the Plethodon species for which courtship  
observations have been documented 

Plethodon species Male 
courtship 
behavior vandykeia richmondib cinereusb dor/angc welleric kentuckid glutinosusd jordanid yonahlosseed ouachitaed caddoensisd

Head 
rubbing/ 
head sliding 

+  + + + + + + + + + + 

Snapping/ 
pulling 
(vaccination 
delivery) 

− + + − − − − − − − − 

Slapping 
(olfactory 
delivery) 

− − − + − + + + + − ? 

Tail- 
straddling 
walk 

+ + + + + + + + + + + 

Turning back + − − −* − + + + + − ? 

Source(s) 1 2,3 2,3,4 3,5 2,6 7 2,8 9,10 2 2 2 

Sources: (1) Lynch & Wallace 1987; (2) Arnold 1972; (3) L.A. Dyal, pers.comm.; (4) Gergits & Jaeger 1990; (5) present study; (6) Organ 1960b; 
(7) Marvin & Hutchison 1996; (8) Organ 1960a; (9) Organ 1958; (10) Arnold 1976. 

Letters indicate group as depicted in Fig. 2.1: awestern Plethodon; bP. cinereus group; cP. welleri group; dP. glutinosus group; +, behavior present; 
−, behavior absent; ?, unknown; *'turning back' has been observed in one courtship sequence; however, this study demonstrates that – during most 
courtship sequences – the male does not turn back to deliver pheromones during TSW. 

+P. dorsalis/P. angusticlavius. 
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In the P. glutinosus group, courtship pheromone delivery occurs primarily 

during TSW (Table 2.1; Organ 1960a; Arnold 1972, 1976; Rollmann et al. 1999). 

Courtships are characterized by relatively brief contact phases and lengthy TSW 

phases. During the long TSW (averaging 25–30 min: Arnold 1976), the male 'turns 

back' repeatedly to slap his mental gland across the female's nares. It appears that an 

average P. glutinosus group female will enter TSW before it has become maximally 

receptive to a male. In this case, pheromone delivery is needed during TSW before 

sperm transfer can occur. 

Mapping these behaviors onto a phylogeny suggests that, later in the eastern 

Plethodon radiation, a reversion occurred in the timing of pheromone delivery (see 

Fig. 2.1). In courtship observations of P. ouachitae (a basal members of the P. 

glutinosus group), Arnold (1972) reported an absence of pheromone delivery during 

TSW. Furthermore, courtship in P. kentucki, another basal member of this group, is 

characterized by more slapping during the contact phase and less slapping during 

TSW than courtship in the more derived members of the P. glutinosus group (Marvin 

& Hutchison 1996). It appears that pheromone delivery again became an important 

aspect of TSW only with the divergence of the more derived members of the P. 

glutinosus group. 

Olfactory Pheromone Delivery  

Although P. dorsalis courtships resemble those of the P. cinereus group in 

terms of the context of pheromone delivery, they resemble courtships of the P. 

glutinosus group in terms of delivery mode (olfactory; see Fig. 2.1). Behaviors, such 
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as 'snapping', that are seen in P. cinereus and P. richmondi (Arnold 1972; L.A. Dyal, 

pers. comm.) and are associated with the vaccination mode of pheromone delivery 

were absent in the observed encounters. Instead male P. dorsalis performed slapping 

and extensive head rubbing behaviors, which may introduce courtship pheromones to 

the female's nares. Some head rubbing also occurs in P. cinereus and P. richmondi 

(L.A. Dyal, pers. comm.). Arnold (1972) suggested that slapping evolved from 

snapping, based on the similarity of these male behaviors. My observations suggest 

instead that, following the loss of snapping behaviors, head rubbing increased in 

frequency and then evolved into slapping. 

Male P. dorsalis also employ extensive head sliding behavior. This behavior 

occurs throughout Plethodontidae and is suggested to serve a tactile role (Beachy 

1997) but may also deliver pheromones to the female's circulatory system through 

diffusion. Although some diffusion delivery may occur in P. dorsalis courtships, the 

primary mode of pheromone delivery appears to be olfactory. 

CONCLUSIONS 
 

The evolution of courtship behavior in the eastern Plethodon clade includes a 

dramatic transition in the mode of delivery of male courtship pheromones. Studying 

the courtship behavior of a phylogenetically intermediate species has revealed that a 

series of behavioral transitions characterize this change in delivery mode. 

Observations of 'slapping' behavior by male P. dorsalis indicate that olfactory 

pheromone delivery evolved prior to the divergence of the P. welleri species group. In 

addition, a reversion in the context of pheromone delivery occurred during the 
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evolution of Plethodon. The delivery of pheromones during TSW apparently was lost 

prior to the divergence of the eastern Plethodon from western Plethodon and Aneides, 

and subsequently regained during the diversification of the P. glutinosus species 

group. Future studies of courtship in this clade will likely reveal increased complexity 

within this key behavioral transition. 
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ABSTRACT  
 
 Natural selection should act to integrate traits that collectively perform a 

particular function.  This integration may lead to coevolution among the traits.  Thus, 

in signaling systems that utilize multiple traits for signal production and transmission, 

system elements may display concordance in evolutionary pattern.  Furthermore, 

evolutionary concordance may extend to components of the signal itself.  We 

investigated evolutionary pattern and selective pressures in three proteinaceous 

components of a courtship pheromone in plethodontid salamanders.  Our study 

focused on a major evolutionary transition in the behavioral and morphological 

elements of a pheromone delivery system.  We used a novel approach to analyze 

divergence pattern in the pheromone components over evolutionary time, whereby 

pheromone diversity was standardized using a protein time surrogate.  We detected 

evolutionary concordance between the molecular and phenotypic levels of the 

signaling system, but discordance in selective pressures at these two levels.  Focusing 

on the signal itself, we observed discordance in evolutionary pattern among 

pheromone components.  This decoupling was not explained simply by a hypothesis of 

evolutionary replacement of components, but instead argues for the co-existence of 

multiple active components in the courtship pheromone.  Furthermore, the patterns of 

evolution in the pheromone components support a conceptual model, the molecular 

tango, of coevolution between pheromones and receptors within a confined region of 

molecular space.  
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INTRODUCTION 

 Effective signal production and transmission frequently depends upon the 

coordination of traits that span multiple levels of organization (i.e. molecular to 

behavioral).  In such a communication system, the effect of a single trait on fitness 

depends on its interactions with other system components.  Thus, multivariate 

selection is expected to promote the integration of system parts, resulting in 

correlations among characters of the signaling complex.  While a considerable body of 

theoretical work addresses the role of selection in the evolution of morphological 

integration (Olson & Miller 1958; Lande 1980; Cheverud 1982; Arnold 2005), less 

attention has been paid to the evolution of integration between multiple levels of 

organization (e.g. Watts et al. 2004).  

 In a signaling system in which the transmitted signal consists of multiple 

components, functional integration may extend to the level of the signal itself.  Animal 

signals frequently contain multiple components, representing a single level or multiple 

levels of organization (Johnstone 1997; Rowe 1999).  When distinct signal 

components are delivered together to perform a particular function, we might expect 

that integration among signal components would evolve as a consequence of selection 

to evoke the desired response in the receiver.  We might also expect evolutionary 

concordance among signal components that share a particular function because they 

experience similar selective pressures.  Conversely, evolutionary process in signal 

components may be discordant.  Evolutionary discordance may be expected, for 

example, if components replace each other as active signaling agents in particular 

lineages (Iwasa & Pomiankowski 1994; Palmer et al. 2006b).  
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The proteinaceous courtship pheromones of plethodontid salamanders present 

a unique opportunity to investigate evolutionary coupling among signal components.  

In this system, pheromone-coding genes can be analyzed directly for evolutionary 

patterns and selective pressures.  Our research focuses on pheromones that play an 

important role in mediating salamander courtship interactions (Arnold & Houck 

1982).  The male courtship pheromone is produced in a specialized submandibular 

(mental) gland and consists of multiple proteinaceous components (Houck et al. 1998; 

Feldhoff et al. 1999; Rollmann et al. 1999).  Pheromone delivery occurs only during 

courtship and is achieved through the use of a suite of morphological and behavioral 

characters (Houck & Arnold 2003).  This male multi-component pheromone increases 

female sexual receptivity (Houck & Reagan 1990; Houck et al. 1998).  Thus, 

pheromone delivery is expected to affect male mating success and evolve by sexual 

selection.   

  The courtship pheromone is delivered to a female by two highly-conserved 

behavioral modes.  An ancestral 100 m.y. old ‘scratching’ mode of pheromone 

delivery is used by members of all major groups within the Plethodontidae.  In the 

ancestral delivery mode, a male rubs his mental gland against a female’s skin while 

abrading (scratching) the site with his specialized premaxillary teeth (Arnold 1977; 

Houck & Arnold 2003).  These modified teeth are thought to aid in the delivery of the 

pheromone directly into the female’s superficial circulatory system (Houck & Arnold 

2003).  A derived olfactory mode of pheromone delivery is used by a subset of species 

in the genus Plethodon.  In this second mode, a male contacts (‘slaps’) a female’s 

nares directly with his mental gland, delivering the pheromone to the female’s 
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vomeronasal epithelium (Dawley & Bass 1989; Wirsig-Wiechmann et al. 2002; Houck 

& Arnold 2003).   
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Fig. 3.1. A phylogenetic representation of the eastern Plethodon based on 
allozyme divergence (Larson & Highton 1978; Highton 1989; Highton & 
Peabody 2000; unpublished data).  Estimated divergence times are based on 
albumin immunological distance (Maxson et al. 1979; Hass et al. 1992; 
Larson et al. 2003).  This figure is modified from Palmer et al. 2005 (\\ 
indicates that a branch is not to scale). Species included in the current study 
are labeled with an *, and groups of species having scratching, slapping and 
intermediate pheromone delivery are labeled. 
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The transition from the ancestral to the derived olfactory mode of delivery 

occurred during the diversification of the genus Plethodon in the eastern United States 

(see Fig. 3.1; Houck & Arnold 2003), about 19 mya (Watts et al. 2004).  Within this 

clade, males of the P. cinereus species group (Fig. 3.1) deliver pheromones by 

scratching behavior.  Each of these males possesses a small mental gland located in an 

anterior position on the chin and premaxillary teeth modified for scratching, as do 

most plethodontids (Highton 1962; Coss 1974; Houck & Sever 1994; Houck & Arnold 

2003).  In contrast, males of the P. glutinosus group deliver pheromones by slapping 

behavior.  Each of these males lacks specialized premaxillary teeth and possesses a 

larger, more centrally-located mental gland (Highton 1962; Coss 1974; Houck & 

Sever 1994; Houck & Arnold 2003). 

Pheromone delivery is less well-defined in the species groups intermediate to 

the Plethodon  cinereus and P. glutinosus groups - the P. welleri group and the P. 

wehrlei group (Fig. 3.1).  Male members of these species groups lack specialized 

premaxillary teeth and possess large, centrally-located mental glands, as in the P. 

glutinosus group (Highton 1962; Coss 1974).  Observations of courtship, however, 

indicate that pheromone delivery in the P. welleri species group does not fit clearly 

into either the scratching or slapping delivery mode (Picard 2005; Dyal 2006), and 

there have been no observations of pheromone delivery in the P. wehrlei species 

group.  Limited observations of pheromone delivery in the P. welleri species group 

have indicated that males deliver pheromones by slapping behavior.  However, 

courtship in the P. welleri group also is characterized by extensive contact of the 

mental gland to the female’s skin.  This contact may introduce pheromones into the 

 



 

49
female’s circulatory system via diffusion through the skin, rather than through skin 

abrasions as in the scratching delivery mode (Picard 2005; Dyal 2006).  Thus, we 

characterize the mode of pheromone delivery used by these two species groups as an 

intermediate mode (Fig. 3.1; see also Palmer et al. 2005). 

Within the eastern Plethodon (Fig. 3.1), three universally expressed protein 

pheromone components have been identified.  These structurally distinct pheromone 

components are named Plethodontid Receptivity Factor (PRF; Watts et al. 2004; 

Palmer et al. 2005), Sodefrin Precursor-like Factor (SPF; Palmer et al. 2006b; Watts et 

al. 2006) and Plethodontid Modulating Factor (PMF; Houck et al. 2006; Palmer et al. 

2006a).  A single male produces multiple isoforms of each of these proteins in its 

mental gland.  PRF has strong similarity to interleukin-6-type cytokines (Watts et al. 

2004), SPF shares similarity with phospholipase A2 inhibitor proteins (Palmer et al. 

2006b), and PMF belongs to the snake toxin-like superfamily (Palmer et al. 2006a). 

While these three components are delivered together as the male pheromone, it is not 

clear how the pheromone components interact in their effects on female receptivity.  

However, experimental delivery of each component alone has been shown to affect 

female receptivity (Rollmann et al. 1999; Houck et al. 2006; Watts et al.2006).  Both 

PRF and SPF act individually to decrease time to sperm transfer (Rollmann et al. 

1999; Watts et al. 2006), while the application of PMF has the opposite effect (Houck 

et al. 2006). 

Previous reports of evolution in this signaling complex have demonstrated 

discordance in selective pressures between the phenotypic and molecular levels of the 

system (Watts et al. 2004; Palmer et al. 2006b).  Within the scratching and slapping 
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delivery modes, the behavioral and morphological elements of the system are 

characterized by evolutionary stasis.  Morphological and behavioral stasis in this 

system is maintained by stabilizing selection on the pheromone delivery apparatus 

(Watts et al. 2004).  In contrast, molecular evidence of positive selection has been 

demonstrated within delivery modes, for each of the three signal components (Watts et 

al. 2004; Palmer 2004; Palmer et al. 2005; Palmer et al. 2006b).  These findings 

suggest that the same selective pressures do not percolate from the higher order levels 

of the signaling system to the molecular level of the signal itself, or vice versa (Watts 

et al. 2004).  In other words, evolutionary processes are decoupled at different levels 

of organization. 

At the molecular level, the issue of coupling between signal components 

remains unresolved.  Theoretical models for the evolution of multiple male traits 

evolving in response to sexual selection suggest that a signal component may (1) 

replace an existing component in evolutionary time, or (2) co-exist with an existing 

component (Pomiankowski & Iwasa 1993; Iwasa & Pomiankowski 1994).  The 

evolutionary response depends on the nature of the interaction between the traits in 

their effect on fitness.  The hypothesis of evolutionary replacement was upheld for two 

pheromone components, PRF and SPF, by a previous report (Palmer et al. 2006b).  

That study demonstrated complementarity in selective pressures between the two 

components, and presented evidence suggesting that the presence of PRF in the 

courtship pheromone is associated with a reduction in SPF expression (Palmer et al. 

2006b).  In this study, we revisit the issue of evolutionary coupling between signal 

components using extensive sampling of PRF, SPF and PMF within the eastern 
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Plethodon.  We focus on the evolutionary transition from scratching to slapping 

pheromone delivery.  This transition is particularly well-suited to address the issue of 

evolutionary coupling because it involves evolutionary change in multiple elements of 

the pheromone delivery system.  

In the present study, we investigate the evolutionary dynamics of this multi-

component courtship pheromone across the transition from scratching to slapping 

delivery.  We describe evolutionary pattern in each of three components of the 

pheromone blend.  In order to standardize the timescale for pheromone evolution, we 

test two candidate genes for evolutionary regularity: serum albumin, a nuclear gene, 

and NADH dehydrogenase subunit 4 (ND4), a mitochondrial gene.  These two genes 

have been used historically in phylogenetic studies of plethodontid salamanders (e.g. 

Highton & Larson 1979; Maxson et al. 1979; Hass et al. 1992; Mahoney 2001).  

Following these tests, we discard ND4 as a time surrogate, but show albumin to be 

suitable as a time standard for the set of species in this study.  The use of albumin as a 

time surrogate allows us to assess the level of evolutionary coupling among signal 

components and between phenotypic and molecular elements of the signaling system.  

Finally, we consider the evolutionary processes that may account for evolutionary 

pattern in the pheromone components.  In particular, we use a conceptual model for 

coevolutionary interactions between pheromones and receptors to integrate our various 

results. 
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METHODS 

Sampling 

Tissue collection 

Nucleotide sequences for three pheromone components (PRF, SPF, PMF), 

albumin and ND4 were each obtained from the same 22 populations of eastern 

Plethodon salamanders (representing 22 species; Fig. 3.1; Table 3.1).  This sample 

spans the transition from scratching to slapping delivery modes.  Liver and tail tissue 

was obtained from the frozen tissue collections of S.J. Arnold (Oregon State 

University, Corvallis, OR) and R. Highton (University of Maryland, College Park, 

MD). 

Obtaining Albumin sequences  

Total RNA was extracted from liver tissue with Trizol ® reagent (Invitrogen 

[Carlsbad CA] #15596-026), redissolved in 30 μl RNase-free water and stored at  

-80ºC.  First-strand 3’RACE-ready cDNA was synthesized from liver mRNA 

(ImpromII™ Reverse Transcription System (Promega [Madison WI] #A3800)) using 

1μg cDNA cloning primer (Integrated DNA Technologies [Coralville IA]; see Table 

3.2 for primer sequences) per reaction.  An 1854-1875 bp region of the albumin gene 

was PCR-amplified in two overlapping fragments (fragment 1:912-924bp; fragment 

2:990-999bp; Table 3.2).  A proofreading DNA polymerase (Easy-A® High-Fidelity 

PCR Cloning Enzyme (Stratagene [La Jolla CA] #600402)) was used to minimize 

polymerase error.  PCR products were excised from a 1.5% agarose gel, purified 

(QIAquick Gel Extraction Kit, Qiagen [Valencia CA] #28706) and cloned using the 

pGEM®-T Easy Vector System (Promega #A1380).  A minimum of 4 clones per 
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albumin fragment per individual was sequenced (Nevada Genomics Center, University 

of Nevada, Reno, NV) using universal primers and a specific sequencing primer 

(SEQ; Table 3.2).  

 
Table 3.1. Locality data for the Plethodon species analyzed in this study.  In a few 
cases, both mental gland and liver tissue were not available from the same population.  
For these species, tissue from a nearby population was used to amplify albumin 
sequences, and the locality information for both of the used populations is reported 
below.  Sequences for each gene or pheromone component are identified as follows: 
A=albumin, N=ND4, R=PRF, S=SPF, M=PMF. 
 
 Sequences 

Amplified 
(this study) 

   Sequences from 
GenBank/Palmer 
2004 

  Latitude 
(N) 

Longitude 
(W) Species County, State 

      
P. aureolus A, N,M Monroe, TN 35º27’29” 84º01’24” R,S 
P. chattahoochee A Towns, GA 34º52’21” 83º48’31”  
P. chattahoochee N,M Towns, GA 34º52’28” 83º48’41” R,S 
P. cheoah A,N Graham, NC 35º21’30” 83º43’04” R,S,M  
P. cinereus A,N Giles, VA 37º22’02” 80º31’56” R,S,M  
P. cylindraceus A,N Johnson, TN 36º29’50” 81º53’13”  
P. cylindraceus M Johnson, TN 36º23’58” 81º57’55” R,S 
P. dorsalis A,N Parke, IN 39º53’00” 87º12’08”  
P. dorsalis R,M Parke, IN 39º53’14” 87º11’20” S 
P. hoffmani A,N Bath, VA 38º05’55” 79º50’54”  
P. hoffmani M Bath, VA/ 38º15’50” 79º48’03” R,S  

Pocahontas, 
WV 

  

P. jordani A,N Sevier, TN 35º36’34” 83º26’50” R,S,M  
P. kentucki A,M Wise, VA 36º53’42” 82º37’58” R,S  
P. metcalfi A,N Macon, NC 35º19’40” 83º20’10” R,M,S  
P. mississippi A,N,M Scott, MS 32º24’37” 89º29’02” R,S 
P. montanus A,N Madison, NC 35º50’24” 82º57’11” R,S,M  

 
P. ouachitae A,N LeFlore, OK 34º47’50” 94º54’29” R,S,M  
P. richmondi A,N Wise, VA 36º53’42” 82º37’58” R,S,M  
P. serratus A,N Henry, GA 33º29’53” 84º11’03”  
P. serratus M Henry, GA 33º29’59” 84º10’58” R,S 
P. shermani A,N Macon, NC 35º10’48” 83º33’38” R,S,M  
P. teyahalee A,N Madison, NC 35º50’24” 82º57’11” R,S,M  
P. ventralis A Jefferson, AL 33º43’40” 86º49’08”  
P. ventralis N, M Jefferson, AL 33º43’32” 86º49’20” R,S  
P. websteri A, N Jefferson, AL 33º43’40” 86º49’08” R,S,M  
P. wehrlei A,N Floyd, VA 36º47’38” 80º28’00”  
P. wehrlei M Floyd, VA 36º47’37” 80º27’58” R,S 
P. welleri A,N,M Madison, NC/ 36º06’36” 82º21’40” R,S  

Unicoi, TN  
P. yonahlossee A,N Yancey, NC 35º44’38” 82º12’51” R,S,M  
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Table 3.2. Sequence information for primers used in this study.  In addition to PCR 
primers, sequences for the cDNA cloning primer (used to make 3’RACE-ready 
cDNA) and a specific sequencing primer for albumin clones (SEQ) are also listed. 
 
 
Gene/Fragment               Forward/Reverse                               Primer sequence 
Albumin F1                        Forward                5’-AATTCGGCACGAGCAGACATGAAGTGGG-3’ 
Albumin F1                        Reverse                 5’-ACCGTTCAAYGAYGKSCTTCTCACAGCA-3’ 
Albumin F2                        Forward                 5’-TGCATGKMRGACAGGCTGGCTCTCACC-3’ 
Albumin F2                        Reverse                         5’-GGCCACGCGTCGACTAGTAC-3’ 
PRF                                    Forward                        5’CGAGAGCCARAGGTTTCATTT-3’ 
PRF                                    Reverse                5’-CCCAATGCAAGATAGCTC-3’ (Watts et al. 2004) 
PMF                                   Forward         5’-CACCTGGAATCCAGAATGA-3’ (Palmer et al. 2006a) 
PMF                                   Reverse  5’-AAGAGTGTGTGACTAGTTGCAGA-3’ (Palmer et al. 2006a) 
cDNA cloning primer           n/a          5’-GCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTTV-3’ 
SEQ                                       n/a                            5’-AAGATAAGCTTACATGTCTAG-3’  
 
 

Obtaining ND4 sequences 

 Genomic DNA was extracted from tail or liver tissue following overnight 

digestion with proteinase K, using standard phenol/chloroform procedures.  DNA was 

precipitated with 5M NaCl and ethanol, washed with 70% ethanol, dried and 

redissolved in 100 uL sterile ddH2O.  The ND4 gene was amplified using the primers 

ND4 and LEU (Arevalo et al. 1994). Products were gel-excised, purified and 

sequenced as described above using the PCR primers.  Sequences from P. kentucki 

were not included in the dataset because we were unable to amplify functional variants 

of the gene. 

Obtaining pheromone sequences  

Most pheromone sequences were obtained from GenBank, except for all PMF 

sequences and the PRF sequences from P. dorsalis.  Some PMF sequences were 

obtained from Palmer (2004; Table 3.1).  The remaining PMF sequences and the PRF 

sequences from P. dorsalis were obtained according to the following protocols.  RNA 

was extracted and cDNA synthesized, as above, from a frozen mental gland.  
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Pheromone sequences were amplified (see Table 3.2 for primers), and purification, 

cloning and sequencing procedures were performed as above. Accession numbers for 

sequences obtained from GenBank are: PRF: AY499347-55, AY499357-62, 

AY499366-69, AY499371, AY499373-77, AY499379-404, AY926884-7, 

AY926891-4, AY926898-903, AY926906-24, AY926929-36, AY926943-6, 

AY926957, AY926959, AY926968-77, AY927010-21, AY927023-45, and SPF: 

DQ097016-29, DQ097031-2, DQ097034-59, -70. DQ384536

Sequence Analysis 

Sequence Alignment 

 Sequences were analyzed using Seqman (DNAStar version 5.0 [Madison WI]) 

and compiled into unique contigs for each individual.  In the case of albumin, we 

observed some variation, in the form of single nucleotide substitutions, which 

exceeded the diversity expected from allelic variation alone.  This added variation was 

likely due to some transcription error (as evidenced by the presence of some 

transcripts with frameshift mutations) as well as limited PCR error.  All observed 

variation was included in the analyses, in order to take a conservative approach.  A 

single consensus sequence, including ambiguities, was constructed for each fragment 

and individual.  The use of consensus sequences was necessary because allelic variants 

of each amplified fragment could not be assigned to each other.  For all datasets, DNA 

sequences were translated and amino acids alignments were performed using 

ClustalW in MegAlign (DNAStar 5.0).  Minor revisions were made by eye and 

corresponding nucleotide sequences were used in subsequent analyses.  After cleaving 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=87244534
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primer sequences, the final length of each aligned dataset was as follows: ALB: 

1863bp (F1: 924, F2: 987), ND4: 645bp, PRF: 660bp, SPF: 588bp, PMF: 246bp. 

Estimating sequence diversity 

 Average pairwise genetic diversity for each gene type and pheromone delivery 

mode (scratching, intermediate and slapping) was calculated in MEGA 3.1 (Kumar et 

al. 2004), using datasets that included all unique alleles.  Divergence was calculated as 

the proportion of nucleotide sites that differed between each pair of sequences (p-

distance), with pairwise gaps excluded, and is shown as a percentage in the results.  

Standard errors for these estimates were obtained using 1000 bootstraps (MEGA 3.1).  

Standard errors were converted to 95% confidence intervals based on the student’s t-

distribution in order to assess statistical differences among pheromone components 

and across delivery modes.   

Construction and analysis of pairwise distance plots 

 Reduced (summary) datasets were assembled for each of the pheromone 

components for use in the pairwise distance plots.  For PRF and SPF, we included a 

single allele for each cluster of variants within a species that shared greater than 99 

percent sequence identity.  For PMF, this threshold identity value was set to 98 

percent.  Pairwise distance matrices for each dataset were obtained in MEGA 3.1, 

using p-distances, as above, with pairwise gap deletion.  Each of four distance 

matrices (ND4 and the three pheromone components) was plotted against the albumin 

distance matrix.  For albumin, distances were averaged in the instances where multiple 

individuals were sampled for the same species. Mantel tests implemented in Isolation 

by Distance Web Service (IBDWS; Jensen et al. 2005) were conducted to test for 
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significant correlations between distance matrices, using 10,000 randomizations.  

Mantel tests were also conducted within delivery modes and among pairs of delivery 

modes.  Rates of pheromone divergence were estimated using slope estimates from 

Reduced Major Axis (RMA) regression implemented in IBDWS.  Significant 

differences among RMA regression slopes were detected by comparing 95 percent 

confidence intervals (IBDWS output; linear model).  

Phylogenetic and Selection Analyses 

Tree construction 

 Standard methods based on ModelTest (Posada & Crandall 1998) implemented 

in PAUP (version 4 b.10; Swofford 2003) were used to determine the most appropriate 

evolutionary model for each full dataset.  Bayesian phylogenetic analyses were 

implemented in MrBayes v.3.1 (Huelsenbeck & Ronquist 2001; Ronquist & 

Huelsenbeck 2003), with the chosen models.  All priors were set to the defaults except 

for the transition/transversion ratio, which was estimated as 2:1 in the 4 nuclear 

datasets and 8:1 in the mitochondrial dataset.  Two independent searches with six 

chains each (five heated and one cold) were run for 1-17 million generations (see 

Table 3.3), using random start trees.  Log-likelihood values were plotted against the 

number of generations and checked for stationarity to confirm that an adequate sample 

of trees was discarded as ‘burn-in’.  The remaining trees were used to produce a 50% 

majority rule consensus tree. The albumin tree was obtained by running a partitioned 

analysis on the consensus sequences for fragments one and two of the gene, and 

allowing for variable rates of evolution between partitions.  Trees were rooted with the 

following outgroups: albumin: Plethodon vehiculum (Benton Co., OR; 44º29’49”N, 
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123º34’05”W); ND4: Desmognathus ocoee (Clay Co., NC; 35º02’20”N, 

083º33’08”W; Palmer 2004); PRF: Mus musculus cardiotrophin 2 (NM_198858); 

SPF: Desmognathus ocoee (Macon Co., NC; 35º02’42”N, 083º33’19”W; unpublished 

data). We chose not to root the PMF tree because of the lack of an appropriate 

outgroup.  

 

Table 3.3. Details of Bayesian phylogenetic analyses.  For each dataset, the model of 
DNA evolution displayed below was run in MrBayes for the indicated number of 
generations.  In all cases, the first 2,500 trees were discarded as ‘burn-in’, and the 
remaining trees were used to build a 50% consensus tree. 
 
Dataset             model           # generations         total # trees                 # trees used 
                                               (in millions)                                         to build consensus 
Albumin         GTR+I+G                  2                   10,000                       7,500 
ND4                GTR+SS                   1                   10,000                       7,500 
PRF*              GTR+I+G                  5                   10,000                       7,500 
SPF                GTR+I+G                  9                    22,500                      20,000 
PMF*               GTR+G                  17                   42,500                      40,000 
*For PRF and PMF runs, the MCMC temperature parameter was reduced to 0.05-
0.075 in order to achieve convergence.  
 

Selection analyses  

Phylogeny-based maximum likelihood models, which allow nonsynonymous 

to synonymous substitution ratios (dN/dS) to vary among lineages or among sites, 

were implemented in codeml (PAML v.3.13, 3.15; Yang 1997; Yang 1998; Yang 

2002) to test for evidence of adaptive molecular evolution.  A nucleotide alignment 

and maximum likelihood tree were used as input for each dataset.  For the 

pheromones, reduced datasets (described above) were used as input, with each tree 

reflecting the topology recovered from Bayesian analysis on the full dataset with 

branch lengths excluded.  For albumin, the input alignment contained one full-length 
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consensus sequence per individual (including all ambiguities), and the tree obtained 

from MrBayes analysis (above).  For each dataset, we tested for heterogeneity in 

selection among lineages using a likelihood ratio test (LRT) to compare two branch 

models: the ‘one-ratio’ model (which assigns a single ω-value to all lineages) and the 

‘free-ratio’ model (which assigns an ω-value to each branch).  In the case of albumin, 

two LRTs were also used to test for selection at particular sites (PAML v.3.15): M1a 

(which includes two site classes: ω<1 and ω=1) vs. M2a (which allows for an 

additional class of sites with ω>1; Wong et al. 2004, Yang et al. 2005), and M7 (which 

specifies a beta distribution with 0<ω<1) vs. M8 (which specifies a beta distribution as 

above but allows for an extra site class with ω>1). For all albumin selection analyses, 

sites with gaps or ambiguities were excluded.  Each run was replicated to ensure 

congruence.  

Relative-rate tests  

The albumin dataset was tested for congruence in evolutionary rate across the 

tree using RRTree (Robinson-Rechavi & Huchon 2000).  All pairwise tests were 

completed, with each species representing distinct lineage, for rates of synonymous 

substitution per synonymous site (Ks) and rates of nonsynonymous substitution per 

nonsynonymous site (Ka).  The P. vehiculum albumin sequence was used as an 

outgroup.  The significance level was adjusted for multiple comparisons by dividing 

five percent by the number of tests conducted (231; RRTree documentation). 
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RESULTS 

Pheromone genes are characterized by high diversity and complex 
relationships. 
 
 Analysis of sequence diversity in albumin and ND4 supports the view of a 

single locus for each protein with low diversity within species (Table 3.4; far right 

column).  Overall ND4 diversity within delivery modes exceeded that in albumin 

because of a greater rate of divergence in this mitochondrial gene (Table 3.4; 10-14% 

vs. 1-2%).  The three pheromone components, however, were characterized by many 

allelic variants (maximum variants per individual: PRF: 8, SPF: 7, PMF: 25) and high 

genetic diversity within delivery modes (Table 3.4; average diversity 1.6%-18%).  

These findings suggest that each pheromone component is encoded by multiple loci.   

In addition, pheromones were characterized by high intraspecific diversity, relative to 

albumin and ND4 (Table 3.4; far right column).  

Phylogenetic analysis of both albumin and ND4 resulted in well-resolved gene 

trees that agreed broadly with the current phylogenetic understanding of the eastern 

Plethodon clade (see Appendix A. Figs. 1 & 2; Highton & Larson 1979; Mahoney 

2001; Larson et al. 2003).  In contrast, the three pheromone trees were poorly-resolved 

and were characterized by complex topologies, arising in part from gene duplications.  

Those trees included numerous polytomies and short branches.  The phylogenetic 

signal apparent in allozyme, mitochondrial and nuclear gene data sets (Highton & 

Larson 1979; Mahoney 2001; Appendix A Figs. 1 & 2) was reduced for the 

pheromone components (see Fig. 3.3a-c; Appendix B).   
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Table 3.4. Within-delivery mode diversity for albumin, ND4 and three pheromone 
components.  Genetic diversity is reported as the percentage of nucleotide sites that 
differ between two given sequences, and average within-species diversity (%) is listed 
in the final column.  For albumin, reported values are averages of the values calculated 
for the two amplified gene fragments. For ND4, sequences were obtained by direct 
sequencing rather than by cloning. 

  Avg.  # 
unique 
alleles 
per 
species 

 Avg. 
genetic 
diversity 
(Standard 
Error) 

Genetic 
diversity: 

Avg. 
intra-
specific 
diversity 
(%)  

Gene/Pheromone 
component and 
delivery mode 

Total # 
unique 
alleles 

Avg. # clones 
sequenced 
per species 

95% 
Confidence 
Interval 

       
PRF        
Scratchers B(4spp) 13 3.25 All  

scratchers: 
2.7 (0.4)  1.83-3.57 0.825 

 
Scratchers A (4spp) 20 5.00 15 1.6 (0.3) 0.97-2.23 0.95 

  
Intermediates (5spp) 12 2.40 7.4 6.2 (0.5) 5.1-7.3 0.36 

  
Slappers (13spp) 94 7.23 23.1 1.9 (0.3) 1.30-2.50 0.85 

  
       
SPF        
Scratchers (4spp) 12 3 7.75  1.6 (0.3) 0.94-2.26 0.375 

 
Intermediates (5spp) 14 2.8 6  5.3 (0.6) 4.00-6.60 3.26 

  
Slappers (13spp) 49 3.77 8.77 4.2 (0.5) 3.20-5.21 2.69 

  
       
PMF        
Scratchers (4spp) 30 7.5 16 17.0 (1.5) 13.93-20.07 11.55 

  
Intermediates (5spp) 41 8.2 13.4 17.6 (1.3) 14.97-20.23 13.64 

  
Slappers (13spp) 113 8.69 17.8 18.0 (1.3) 15.42-20.58 16.77 

  
       
Albumin        
Scratchers (4spp) 9.5 2.38 5.1 1.15 (0.2) 0.69-1.61 0.12 

 
Intermediates (5spp) 12.5 2.50 5.7 2.1 (0.25) 1.55-2.65 0.12 

 
Slappers (13spp) 30.5 2.35 5.5 1.4 (0.2) 0.99-1.81 0.13 

 
       
ND4       
Scratchers (4spp) 4 1 n/a 11.5 (0.9) 8.64-14.36 n/a 

  
Intermediates (5spp) 5 1 n/a 14.4 (0.8) 12.18-16.62 n/a 

 
Slappers (12spp) 19  1.58 n/a 10.6 (0.7) 9.13-12.07 0.175 
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Albumin pairwise distance reflects time since species divergence. 

To resolve evolutionary processes in the salamander pheromone components 

on a time axis, we analyzed patterns of divergence in both albumin and ND4 with the 

expectation that one or both of these proteins might be used as a time surrogate.  We 

first tested for uniformity in divergence between albumin and ND4 by comparing 

pairwise distances for ND4 with those for albumin (Fig. 3.2, panel a).  Pairwise  

distances in ND4 and albumin were significantly correlated (Mantel test; r=0.8501, 

p<0.0001), with a nine to ten-fold increase in initial evolutionary rate in ND4 relative 

to albumin.  This rate difference is typical of comparisons between mitochondrial and 

nuclear genes (Brown et al. 1979; Graur & Li 2000).  The pairwise distance plot of 

ND4 versus albumin exhibited nonlinearity in the form of an asymptotic relationship, 

indicating a saturation effect in ND4 relative to albumin (cf. Saetre et al. 2001).  This 

result is concordant with previous reports of ND4 saturation in Plethodon (Mahoney 

2001).  In addition, pairwise comparisons among four species in the P. glutinosus 

group (P. cylindraceus, P. metcalfi, P. montanus and P. jordani) revealed 

exceptionally large mitochondrial distances in combination with small albumin 

distances (Fig. 3.2, panel a; circled).  This result suggests that mitochondrial 

introgression may have occurred in this set of species, as discussed by Weisrock et al. 

(2005).  Because of saturation and introgression, we discarded ND4 as a time 

surrogate and further analyzed albumin for rate uniformity across lineages.  
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Fig. 3.2.  Pairwise distance plots for ND4 (panel a) and three pheromone components 
(panels b-d) vs. albumin.  Distance is shown as the percentage of nucleotide sites that 
differ between two sequences, with pairwise gaps deleted.  All plots are shown on the 
same scale.  Species comparisons are grouped into within-delivery mode (scratching, 
intermediate and slapping) and between-delivery mode categories, and color is used to 
distinguish comparisons within and between particular delivery modes.  Within-
delivery mode comparisons are represented by primary colors (yellow=slapping, 
blue=scratching, red=intermediate) and between-delivery mode comparisons are 
represented by the corresponding secondary colors (orange=intermediate-slapping, 
green=scratching-slapping, purple=scratching-intermediate). For PRF (panel b), 
comparisons involving divergent ‘gene B’ sequences are shown in outlined, rather 
than solid, symbols. For ND4 (panel a), the circled data points are outliers that suggest 
mitochondrial introgression (see text). 
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To test whether albumin had experienced positive selection, we conducted 

selection analyses using PAML (codeml; Yang 1997). Over-lineage analyses did not 

detect positive selection in albumin (Table 3.5; overall ω=1.002).  However, over-sites 

analyses detected elevated dN/dS ratios in approximately 11% of amino acid sites 

(M1a vs. M2a (2 d.f.): 2Δℓ=111.23, p<0.001; M7 vs. M8 (2 d.f.): 2Δℓ=110.80, 

p<0.001); see Appendix A. Fig. 3). To test whether this positive selection affected the 

overall pattern of divergence in albumin, sites identified as having experienced 

positive selection were subtracted from the alignment and the resulting pairwise 

distances were compared to those based on the intact albumin gene.  A strong and  

significant linear correlation (Mantel test: r=0.995, p<0.0001) indicated that overall 

rates of divergence were not influenced by positive selection.  Uniformity of 

evolutionary rate in albumin was tested further using relative-rate tests (RRTree; 

Robinson-Rechavi & Huchon 2000).  These analyses did not reveal any significant 

differences in nonsynonymous or synonymous substitution rate between lineages.  

Consequently, because albumin divergence was non-saturating and rates were uniform 

across the phylogeny, we used albumin divergence as a time surrogate in subsequent 

analyses. 

Table 3.5. Likelihood Ratio Tests for heterogeneity in selection across lineages (one-
ratio model vs. free-ratio model). 
 
Dataset                    ω                                2Δℓ                   d.f.                   p-value 
                    (one-ratio model) 
Albumin              1.002                          43.99                   52                    ~0.8 
ND4                    0.078                        104.26                   54                  <0.001* 
PRF                     0.783                        152.28                   87                  <0.001 
SPF                     0.976                        122.38                   70                   <0.001 
PMF                    1.740                        253.57                  201                  <0.01 
* For ND4, ω values between 0 and 1 were assigned to all lineages, indicating that 
purifying selection/neutrality prevailed. 
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Albumin sequence distances were substantial for comparisons among delivery 

modes (Fig. 3.2, all panels; 4-7.5% albumin divergence), supporting the findings of 

previous phylogenetic analyses in this clade (Highton & Larson 1979; Hass et al. 

1992; Mahoney 2001; Larson et al. 2003).  Comparisons within both the scratching 

and slapping delivery modes were characterized by a maximum albumin distance of 

two percent sequence divergence, suggesting that the radiation of the P. cinereus and 

P. glutinosus groups occurred within the same time period (Fig. 3.2, all panels).  

Within the intermediate delivery mode, however, maximum albumin distances were 

nearly twice as great (4% sequence divergence; Fig. 3.2, all panels).  Within the 

intermediate delivery mode, maximum values of albumin distance corresponded to 

comparisons (1) between P. wehrlei and all other intermediate species, and (2) 

between P. websteri and all other intermediates (Fig. 3.2, all panels).   

Genetic diversity varies among pheromone components and across delivery 
modes. 
 

We used albumin distance to assess broad patterns of component divergence as 

a function of time since speciation and across delivery modes.  This approach allowed 

us to visualize evolutionary patterns in pheromone components, despite their 

complexity and in the absence of locus-specific information for individual components 

(Fig. 3.2).  Within delivery modes, intraspecific diversity in pheromone components 

was typically as great as interspecific variation (Fig. 3.2, panels b-d).  This effect 

produced a conspicuous block-like pattern in Fig. 3.2, in which the height of each 

block at zero albumin distance (within species) is equivalent to its height for the most 

distantly related taxa in the group.  This block-like or rectangular pattern is most 

conspicuous in PMF and contrasts with the tilted-band pattern of ND4, in which both 
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the lower bounds and the upper bounds on divergence within both the scratcher and 

slapper delivery modes increase as function of albumin divergence. 

The pairwise distance plots also revealed conspicuous differences in overall 

genetic diversity among pheromone components (Fig. 3.2, panels b-d).  PMF showed 

significantly greater genetic diversity within delivery modes than PRF and SPF (Table 

3.4; 17-18% vs. 1-6%).  Differences in diversity between PRF and SPF were not 

significant except for within the group of species having slapping delivery (Table 3.4; 

4.2% SPF vs. 1.9% PRF).  

Comparisons of genetic diversity between delivery modes revealed significant 

differences within pheromone components.  In PRF, sequences of two divergent gene 

types were amplified from members of the scratching delivery mode (gene types ‘A’ 

and ‘B’ from Palmer et al. 2005). Intermediate and olfactory PRF isoforms appear to 

have evolved from scratcher gene ‘A’ sequences (Fig. 3.3a; Watts et al. 2004; Palmer 

et al. 2005).  Consequently, our evolutionary analysis focused on gene ‘A’, which 

could be compared among all delivery modes.  Genetic diversity was significantly 

greater within the intermediate delivery mode than within the scratching and slapping 

modes (Table 3.4; 6.2% vs. 1-2%).  This difference in genetic diversity was associated 

with increased interspecific rather than intraspecific diversity (Table 3.4, far right 

column; Fig. 3.2, panel b).  Genetic diversity in SPF was significantly greater within 

the intermediate and slapping delivery modes than in species with scratching delivery 

(Table 3.4; 4-5% vs. 1.6%; Fig. 3.2, panel c).  Although a previous report divided SPF 

sequences into two divergent gene types (‘A’ and ‘B’; Palmer et al. 2006b), evidence 

from the pairwise distance plot did not support the hypothesis of a simple duplication 
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event in SPF (Fig. 3.2, panel c; compare pattern with gene duplication in panel b).  In 

PMF, all three delivery modes exhibited similarly high genetic diversity (Table 3.4; 

17-18%), which was largely a consequence of high intraspecific variation (Table 3.4; 

11-17%).   

Divergence rates vary among pheromone components and across delivery modes.  

 A pattern of block-like pheromone distances within delivery modes suggests a 

lack of divergence over time (Fig. 3.2, panels b-d).  Across the entire clade, however, 

pairwise pheromone distance showed a significant correlation with time since species 

divergence for all three components (Table 3.6, Mantel test results).  Pheromone 

components differed in the strength of the correlation of pheromone distance with time 

(Table 3.6; r-values ranged from 0.29 for PMF to 0.96 for PRF gene type ‘A’ only).  

Furthermore, pheromone components differed in the overall rate of divergence, i.e., in 

the slope of pheromone divergence as a function of albumin distance.  PMF exhibited 

the greatest overall divergence rate, while SPF showed the lowest overall rate of 

divergence (Table 3.6; overall slope in units of nucleotide differences in pheromone 

sequence per nucleotide difference in albumin sequence: PMF: 3.3, PRF ‘A’: 2.5, 

SPF: 1.5). 

In light of the apparent absence of net divergence in pheromone sequences as a 

function of time within most delivery modes (Fig. 3.2), we conducted Mantel tests on 

partitioned datasets to determine which lineages were responsible for the overall time-

signature (Table 3.6).  PRF showed a significant correlation between time and 

pheromone divergence both within each delivery mode and across each pair of  
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Table 3.6. Results of Mantel tests for correlations between pheromone distance and 
albumin distance.  The correlation coefficient (r) and corresponding p-value are 
reported for each test.  The slope of the regression model is reported for the tests in 
which a significant correlation of divergence with time was detected (in nucleotide 
differences in pheromone sequence per nucleotide difference in albumin sequence), 
and 95% confidence intervals for these slopes are displayed below.  Pheromone 
delivery modes are denoted as follows: SCR=scratching, INT=intermediate, and 
SLA=slapping. 
 
Pheromone       Overall        Within SCR        Within INT     Within SLA       SCR&INT      INT&SLA 
PRF (‘A’)        
      r                    0.960              0.494                 0.924                0.275                0.965              0.941       
  p-value            0.0001             0.0028               0.0078              0.0053              0.0001            0.0001 
   slope                2.459              0.7923                3.925               1.428                 2.961              3.015 
 95% CI       (2.419-2.501)   (0.551-1.034)   (2.703-5.147)    (1.307-1.549)  (2.797-3.125)  (2.937-3.093) 
SPF 
     r                    0.700               0.225                 0.127                0.050               0.776               0.386   
  p-value           0.0001              0.2639              0.1536               0.1523             0.0002             0.0001 
   slope               1.491                                                                                           1.668              1.292       
 95% CI       (1.340-1.646)                                                                             (1.476-1.860)   (1.208-1.375)    
PMF 
      r                   0.290               0.111                0.172                -0.094               0.487               0.047 
  p-value           0.0001              0.1379              0.0334               0.9796             0.0001             0.1726 
   slope              3.319                                        4.245                                          3.449                
95% CI        (2.893-3.740)                            (3.767-4.722)                           (3.232-3.666)  
 
 
 

delivery modes (Table 3.6, top row).  The divergence rate varied significantly among 

comparisons, however, such that the rate was significantly greater within the 

intermediate delivery mode than within the scratcher and slapper mode (Table 3.6, 

slope of 3.9 vs. slopes of about 1 unit pheromone nucleotide distance per unit albumin 

distance).  SPF divergence showed no significant correlation with time within delivery 

modes, but a time signature was evident across pairs of delivery modes (Table 3.6, 

middle row).  PMF showed a significant time signature on pheromone divergence 

within the intermediate delivery mode and across scratchers and intermediates (Table 

3.6, bottom row).  Thus, patterns of evolutionary divergence across delivery modes 

differed among pheromone components. 
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Selection varies among pheromone components and across delivery modes. 
 
 Over-lineage selection analyses detected positive selection in all three 

pheromone components (Table 3.5).  The branches identified as evolving under 

positive selection are shown for each component in Fig. 3.3.  Pheromone components 

differed in the level of heterogeneity in selection across delivery groups.  In PMF, 

evidence of positive selection was detected in all major clades of the gene tree, 

representing all three delivery modes (Fig. 3.3c).  However, in both PRF and SPF, 

positive selection was detected in some, but not all, delivery modes.  In PRF, positive 

selection was detected in both gene A and B scratcher sequences and within the 

slapper delivery mode, but there was no evidence of selection acting within the 

intermediate delivery mode (Fig. 3.3a).  In SPF, positive selection was detected in 

many branches of the tree involving species with intermediate pheromone delivery.  

There was a suggestion of positive selection within slappers but purifying selection 

prevailed in the scratching delivery group (Fig. 3.3b).  Thus, patterns of positive 

selection differed among pheromone components. 
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Fig. 3.3. Pheromone component trees with positive selection and delivery mode 
mapped onto branches.  These trees were constructed from reduced pheromone 
component sequence datasets (see text for details) based on topologies recovered from 
phylogenetic analysis of the full datasets.  Branches characterized by an excess of 
nonsynonymous to synonymous substitutions (ω>1.3) are labeled with black circles.  
Terminal branches are labeled by delivery mode, with primary colors corresponding to 
the labeling scheme in Fig. 3.2 (scratching=blue; intermediate=red; slapping=yellow). 
Fig. 3a = PRF, Fig. 3b=SPF, Fig. 3c=PMF.  Outgroups are denoted by OG; see 
Appendix B for species information. 
 
 

 

 

 

 

 

 

 

 

 

 



 
 

72 

 

Fig. 3.3a. PRF 
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Fig. 3.3b. SPF
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Fig. 3.3c. PMF 
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DISCUSSION 

Patterns of divergence reveal new evidence for phenotypic-molecular 
concordance. 
 

Analyses of the salamander pheromone signaling complex consistently identify 

discordance between modes of selection acting on the delivery apparatus and on the 

signal components themselves (Watts et al. 2004, Palmer et al. 2006b).  In this study, 

however, the introduction of albumin as a time standard and analysis of pheromone 

component divergence patterns over evolutionary time revealed a surprising pattern of 

phenotypic-molecular concordance across the delivery mode transition.   

First, in each of the three pheromone components, overall rates of pheromone 

divergence were impeded within the scratching and slapping delivery modes (Table 

3.6).  Thus, an absence of time-dependent pheromone divergence within delivery 

modes maps onto phenotypic stasis.  Second, despite impeded evolution within 

delivery modes, substantial pheromone divergence occurred between delivery modes.  

As a consequence, the group of pheromone sequences amplified from slappers 

occupies a different region of sequence space than the group of scratcher sequences 

(Fig. 3.2; Fig. 3.3a-c).  Thus, as the delivery mode transition occurred, each 

pheromone component experienced net sequence divergence.  This pattern of 

between-mode pheromone divergence appears to be a molecular signature of the 

transition in pheromone delivery mode.  Evolutionary change in the pheromone 

components is coupled, at this overall level, with change in the morphological and 

behavioral elements of the signaling system.  

As in previous reports (Watts et al. 2004; Palmer et al. 2006b), however, a 

closer look at evolutionary pattern within delivery modes supported phenotypic-

 



 

76
molecular decoupling in the system. For both PRF and PMF, positive selection acts 

within delivery modes (scratching and slapping) that are maintained by stabilizing 

selection at the behavioral and morphological levels (see also Palmer 2004; Palmer et 

al. 2005).  In SPF, no evidence for positive selection has been detected within the 

scratching and slapping modes of the eastern Plethodon, however, a previous analysis 

detected positive selection in more divergent plethodontids having scratching delivery 

(see Palmer et al. 2006b).  Thus, in all three pheromone components, positive selection 

within delivery modes contrasts sharply with stabilizing selection on behavior and 

morphology (present study; Watts 2004; Palmer 2005; Palmer 2006b).  Furthermore, 

high levels of pheromone diversity within these delivery modes contrast with 

morphological and behavioral uniformity (Houck & Sever 1994; Houck & Arnold 

2003).   

In this system, traits at the phenotypic and molecular levels show concordance 

in terms of patterns of net divergence across the transition, despite discordance in 

selection within and between delivery modes.  In Plethodon lineages in which the 

signal experiences positive selection, the morphological and behavioral elements of 

the system frequently are subject to stabilizing selection.  However, this discordance 

in selective pressures does not lead to discordance in overall patterns of evolutionary 

change across the delivery mode transition.  These findings can be reconciled by the 

observation that positive selection at the molecular level typically does not lead to 

progressive divergence in nucleotide sequences.  Instead, sequence divergence is 

constrained within delivery modes.  
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The evolution of the pheromone signal involved decoupling among components.  
 

Plotting pheromone distance onto a time axis allows us to explore coevolution 

of the molecular components in the signaling system.  Because pheromone 

components are delivered together and function to increase female receptivity, we 

might expect evolutionary pattern in these components to be concordant.  While we 

observed uniformity among pheromone components in terms of net sequence 

divergence, the timing and characteristics of pheromone evolution within sequence 

space varied from component to component (see Fig. 3.4).  At the level of the signal, 

this evolutionary transition was a gradual process, the details of which differed among 

pheromone components. 

In the case of PRF (gene type ‘A’ only), the majority of divergence appears to 

have occurred within the intermediate delivery mode and during the transitions 

between all three delivery modes.  Within the intermediate delivery mode, rapid 

pheromone divergence apparently generated high interspecific diversity in the 

presence of low intraspecific diversity and during a relaxation in positive selection 

(Fig. 3.4).  The change that occurred between delivery modes, however, may be 

associated with positive selection (see Fig. 3.3a; Palmer et al. 2005).  In contrast, 

sequence divergence in SPF is attributed only to the branches separating the three 

delivery modes, as there was no evidence for divergence within modes (Fig. 3.4).  

These implicated branches show no clear signature of positive selection.  Finally, in 

PMF, net pheromone divergence occurred within intermediates and between 

scratchers and intermediates.  Within intermediates, pheromone divergence occurred 

in the presence of high levels of genetic diversity and positive selection (Fig. 3.4). 
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Fig. 3.4.  Pheromone evolution within a conceptual molecular sequence space and 
across a pheromone delivery mode transition.  Each pheromone component is a 
structurally distinct protein that occupies a distinct region of sequence space (major 
ellipses).  Within each pheromone component, the sequences associated with each 
delivery mode also occupy distinct regions (minor ellipses – scratching, intermediate, 
slapping), since species having different delivery modes never share pheromone 
sequences.  Genetic diversity for pheromone sequences within each delivery mode is 
indicated by the height of the minor ellipses, with a larger ellipse indicating greater 
diversity.  The presence or absence of a time signature on pheromone divergence 
(from Table 6) is indicated by lines within and between delivery mode ellipses.  A flat 
line indicates an absence of net pheromone divergence over time, and an inclined line 
indicates net pheromone divergence over time.  Thus, an increase in pheromone 
divergence over time indicates movement through sequence space. Slopes represent 
the relative rate of pheromone evolution through space.  The presence (+) or absence 
(-) of positive selection within each delivery mode is indicated ( ~ indicates a trend). 
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The patterns of within-delivery mode diversity and positive selection observed 

for each component were broadly congruent with previous reports (Watts et al. 2004; 

Palmer et al. 2005; Palmer et al. 2006b).  However, the specific branches diagnosed by  

PAML as evolving under positive selection, as well as the ω-values estimated for 

those branches, showed sensitivity to the dataset being analyzed.  For example, with a 

smaller data set (Watts et al. 2004), positive selection was detected in eight branches 

associated with PRF scratcher gene type ‘B’ sequences, while only two branches were 

identified for this group in the present study (Fig. 3.3a).  This sensitivity of the results 

of selection analyses to the choice of data highlights the importance of taking a 

conservative approach when interpreting this type of information. 

The details of pheromone sequence divergence between the scratching and 

slapping delivery modes clearly differed among components, but in all cases, change 

in the pheromone occurred over a period of millions of years.  The branches that 

account for the most sequence divergence vary from component to component.  In 

some cases, these branches are diagnosed with positive selection (e.g. PMF within 

intermediates), but in other cases they are not (e.g. PRF within intermediates).  

Furthermore, this majority-branch divergence is associated with different levels of 

genetic diversity (e.g. PMF vs. PRF).  Thus, the pattern of pheromone divergence 

through sequence space differed among components. 

Evolutionary replacement fails to explain evolutionary heterogeneity among 
pheromone components.  
 
 In a previous report, we tested the alternative hypotheses of evolutionary co-

existence and replacement of pheromone components for PRF and SPF (Palmer et al. 

2006b).  In systems in which multiple male traits affect mating success, the traits may 
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coexist or one trait may replace the other over evolutionary time (Pomiankowski & 

Iwasa 1993; Iwasa & Pomiankowski 1994).  The observed differences among 

pheromone components in diversity, evolutionary rates and selective pressures could 

potentially be explained by evolutionary replacement of components.  This situation 

would lead to complementarity in evolutionary pattern among pheromone 

components.   

Palmer et al. (2006b) argued that PRF and SPF showed complementarity in 

evolutionary patterns.  In lineages in which PRF experienced rapid evolution and 

positive selection, SPF showed slow evolution without positive selection, and vice 

versa.  The present study, with increased species sampling, also supports 

complementarity for these two pheromone components with respect to positive 

selection.  In accordance with the previous report, PRF showed positive selection in 

the scratching and slapping delivery modes but not the intermediate mode, while SPF 

showed clear evidence of positive selection only within the intermediate delivery 

mode (Figs. 3.3 & 3.4).  This pattern suggests that PRF replaced SPF as an active 

component within the eastern Plethodon.  Within the intermediate delivery mode, the 

pattern was reversed and SPF again became active (see also Palmer et al. 2006b). 

Other aspects of evolutionary pattern, however, do not show a simple pattern 

of complementarity and thus may not be explained by a simple replacement 

hypothesis. Under a model of evolutionary replacement, we expect reduced diversity  

in a pheromone component that has been replaced by another component in a 

particular lineage.  This expectation of reduced diversity is met for PRF within 

intermediates. Within the slapping delivery mode, however, SPF exhibits high genetic 
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diversity despite the absence of strong evidence for positive selection.  This diversity 

is particularly surprising in light of evidence that SPF is only a minor component of 

the courtship pheromone in species having slapping delivery (Palmer et al. 2006b).  

This polymorphism may be a remnant of strong positive selection within the 

intermediate delivery mode (see Garrigan & Hedrick 2003).  However, the absence of 

net sequence divergence within both the scratching and slapping modes suggests that 

this pheromone component has not reverted to the typical evolutionary mode for 

proteins, i.e., neutral divergence restrained by purifying selection (Kimura 1983). 

A replacement hypothesis also completely fails to explain the evolutionary 

pattern in PMF.  This third component is characterized consistently by high diversity, 

positive selection and time-independent divergence within delivery modes.  Thus it 

appears that this third component is not interacting with the other two in a 

complementary fashion.  PMF may have a distinct function that does not interact with 

the other two components.  This conclusion is supported by behavioral results 

demonstrating that PMF has an opposite effect to both PRF and SPF on female 

receptivity when delivered alone (Houck et al. 2006). 

Patterns of pheromone divergence are consistent with a model of pheromone-
receptor coevolution.  
  

Each of the components of the plethodontid pheromone constitutes a multigene 

family that has arisen by repeated episodes of gene duplication (present study; Watts 

et al. 2004; Palmer et al. 2005; Palmer et al. 2006a; Palmer et al. 2006b).  One model 

for describing the evolution of such families is a ‘birth-and-death’ process (Nei & 

Rooney 2005).   New genes are born by duplication but they die according to a 

stochastic process, such that some genes are maintained for long periods of time while 
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others are lost relatively soon after birth.   While this model captures the evolutionary 

pattern of our system, it offers no explanation for the evolutionary details.  

Furthermore, it does not describe why we see rapid, incessant evolution of the 

pheromones within delivery modes.  Because of these shortcomings of a ‘birth-and-

death’ model, we introduced a conceptual model of pheromone-receptor coevolution 

(Palmer et al. 2005, Palmer et al. 2006b) 

 In this ‘molecular tango’ model the coevolution of a pheromone and its 

receptor is viewed as a dance in which the evolution of one partner evokes an 

evolutionary response in the other partner and vice versa.  In some coevolutionary 

processes, the evolutionary interaction leads to a runaway-like outcome (Mead & 

Arnold 2004).  In contrast, coevolution via the molecular tango is constrained, so that 

neither partner evolves beyond certain limits that may be set by the demands of 

protein conformation and function.  Within these limits, however, coevolution of 

pheromone and receptor are relatively unrestrained.  Thus, the two partners may be 

viewed as coevolving freely in a sequence space that can be visualized as a ‘dance 

floor’. During this coevolution, amino acid substitutions are driven by selection that 

results from interactions between partners (and hence are detected as positive selection 

in PAML analyses).   

Aside from the picture of rapid evolution in pheromone components driven by 

positive selection, two strains of evidence in our system support the molecular tango 

model: (1) positively selected sites in PRF coincide with putative binding sites on PRF 

receptors (Watts et al. 2004), and (2) amino acid substitutions in PRF are characterized 

by parallel evolution and convergence (Palmer et al. 2005).  The model makes three 
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predictions about patterns of divergence in the pheromone components.  First, each 

component should evolve rapidly within a constrained region of sequence space, the 

dance floor.  Second, reinvention of alleles via parallelism and convergence should 

lead to a pattern of cyclical change such that pheromone sequences fail to diverge in a 

linear fashion over time.  Third, movement of the dance floor to a new position in 

sequence space should occur during evolutionary transitions that alter the functional 

interactions between pheromone components and their receptors such that a new set of 

constraints prevail for both partners. 

 The divergence patterns observed in our pairwise distance plots support the 

hypothesis of coevolutionary dynamics between pheromones and their receptors 

within the well-defined delivery modes.  Within the scratching and slapping delivery 

modes, positive selection was commonly observed, except for the case of SPF.  This 

finding, coupled with the complexity of the pheromone tree topologies, supports the 

view of perpetual evolutionary change within delivery modes.  Furthermore, the 

block-like divergence patterns of pheromone components within delivery modes (Figs. 

3.2, 3.4) suggest that there are discrete limits on pheromone divergence; the dance 

floor has boundaries. In these within-delivery mode comparisons, the two most 

divergent species show the same level of pheromone divergence that exists within a 

single species.  This picture of stable arrays of polymorphism is consistent with an 

evolutionary model in which functional constraints impose limits but evolutionary 

change is perpetual within those limits.   

 Also consistent with the molecular tango model of pheromone-receptor 

coevolution are the observed differences in diversity among pheromone components.  
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The three pheromone components are structurally unrelated, and consequently each 

component probably interacts with a distinct population of receptors.  Thus, each 

pheromone component evolves within a distinct region of space or dance floor (Fig. 

3.4).  Furthermore, differences in overall levels of diversity between PMF and the 

other two pheromone components do not appear to reflect differences in pheromone 

age.  PRF was apparently recruited for a pheromone function just prior to the 

diversification of the eastern Plethodon (Palmer et al. 2005), ca. 27 mya.  However, 

the rapid divergence of PRF gene B from gene A, following a gene duplication event, 

indicates that PRF is capable of rapid evolution.  Furthermore, both SPF and PMF are 

expressed throughout the Plethodontidae, and so appear to have been functioning as 

pheromones for approximately 100 million years (Houck & Arnold 2003).  Thus, 

dance floor size varies among components such that PMF is free to evolve within a 

larger region of sequence space than either PRF or SPF. 

The net divergence of pheromone sequences during the pheromone delivery 

transition also is consistent with our coevolutionary model.  Although pheromone 

components evolve within a constrained region of sequence space within the 

scratching and slapping delivery modes, these molecular dance floors are separated in 

molecular space (Fig. 3.4).  Evolution of the dance floor itself appears to have 

occurred in association with the delivery mode transition and may thus represent the 

molecular response to a change in the selective optimum.  Because the two modes of 

pheromone delivery apparently have distinct modes of action, it is likely that the 

change in delivery mode is associated with a change in pheromone-receptor 

coevolutionary interactions. In particular, it seems likely that populations of receptors 
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stimulated by each pheromone component differ between delivery modes (see also 

Palmer et al. 2005).  Thus, evolution of the pheromone within sequence space may 

reflect an evolutionary response to a moving dance floor, which corresponds to a new 

set of functional constraints that surround a new optimum.   

CONCLUSIONS   

 This investigation revealed the dynamic nature of the evolution of a multi-

component sexual signal across an evolutionary transition in delivery morphology and 

behavior.  Standardization of pheromone diversity patterns as a function of time 

revealed overall concordance in evolutionary change between the phenotypic and 

molecular levels of this functional complex across the delivery transition, despite 

discordance in selection within and between delivery modes.  This standardization 

also exposed pronounced similarities and differences in evolutionary pattern among 

components, pointing to similar overarching evolutionary processes but variation in 

evolutionary pattern among components.  Evidence from pairwise distance plots 

indicated constraints on pheromone evolution within, but not between, delivery 

modes, supporting a conceptual model of coevolution between pheromones and 

receptors.   
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Chapter Four: General Conclusions 

 
 
CONCLUSIONS 
 
 This thesis investigates the evolution of a pheromone signaling system at 

multiple levels of organization.  In particular, I focus on the evolution of pheromone 

delivery behavior and the multi-component pheromone itself across a transition in 

pheromone delivery mode.  The findings presented here indicate that an evolutionary 

transition in morphological and behavioral elements of this pheromone delivery 

system also was associated with evolutionary change in the pheromone genes.  

However, these findings do not lend support for an abrupt, tightly coupled transition 

across multiple levels of organization in this system.   

The majority of morphological change in this signaling system appears to have 

occurred within a relatively short period of evolutionary time (ca. 9 million years; see 

Fig. 3.1; Highton 1962; Coss 1974), between the divergence of the P. cinereus and P. 

welleri species groups.  In contrast, evolutionary change in pheromone delivery 

behavior and the pheromone itself took the form of several small transitions.  These 

changes occurred throughout the entire period of phylogenetic history between the 

divergence of the P. cinereus species group and the P. glutinosus species group (ca. 17 

million years; Fig. 3.1).  

Evolutionary change in pheromone delivery behavior appears to have been a 

more gradual process than was previously realized.  Although slapping behavior 

originated prior to the divergence of the P. welleri species group, members of this 

phylogenetically intermediate group do not fit clearly into the slapping delivery mode.  

Instead, these species share pheromone delivery features with both the scratching and 
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slapping delivery modes.  Both the temporal context of pheromone delivery and the 

use of extensive head-sliding and head-rubbing behaviors mirror pheromone delivery 

in the P. cinereus group.  Thus, evolutionary change in pheromone delivery behavior 

occurred both prior to, and following, the divergence of the P. welleri species group.  

This change occurred in several small transitions, including an origination of slapping 

behavior, a loss of scratching behavior, a reduction of head-sliding and head-rubbing 

behavior, and a reversion in the temporal context of pheromone delivery. 

Evolutionary change in the multi-component pheromone also was a stepwise 

process that consisted of several evolutionary transitions in each of the proteinaceous 

pheromone components.  Evolutionary change in each pheromone component 

occurred on multiple branches of the Plethodon phylogeny.  Thus, in all cases, net 

divergence in pheromone sequence occurred over a period of millions of years, both 

prior to, and following, the divergence of the P. welleri species group.  However, the 

pattern of evolutionary change across the behavioral transition differs among 

pheromone components.  This observed pattern is not explained simply by the 

evolutionary replacement of components, whereby one component replaces another as 

the active component in the courtship pheromone.  Instead, analysis of all three signal 

components argues for the co-existence of multiple active components in the 

pheromone within a given delivery mode.   

The signature of overall phenotypic-molecular concordance in divergence 

pattern across the delivery mode transition is surprising, given clear discordance in 

selection.  Within delivery modes, the morphological and behavioral elements of the 

system are characterized by stasis maintained by stabilizing selection (Watts et al. 
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2004).  However, pheromone genes display consistent evidence for positive selection 

and high polymorphism within delivery modes (Chapter 3; Watts et al. 2004; Palmer 

et al. 2006).  Thus, different selective pressures operate at different levels of the 

system.  The molecular tango, a coevolutionary model, provides an explanation for 

overall phenotypic-molecular evolutionary concordance in the face of different 

selective pressures.  In this model, pheromones coevolve dynamically with receptors 

within a constrained region of molecular space (‘dance floor’) during periods of 

morphological and behavioral stasis.  However, this dance floor moves between 

delivery modes, and this movement is associated with evolutionary change in the 

morphological and behavioral elements of the system. 

Overall, this thesis has revealed the complexity of evolution in a functional 

complex of characters.  Furthermore, it has exposed the relatively gradual nature of an 

evolutionary transition at multiple levels of organization.  This pheromone delivery 

complex provides a unique and compelling system for empirical studies of 

evolutionary concordance within and between levels of organization.  Future work in 

this system will lead to a better understanding of evolution in this pheromone 

signaling system as a whole, and will provide general insights into the evolution of 

similar systems. 

FUTURE DIRECTIONS 
  

In order to be able to understand changes at multiple levels of organization in a 

complex delivery system, it is essential to map these characters onto a well-resolved, 

highly-supported phylogeny.  Although the current phylogeny for the eastern 

Plethodon is fairly robust in terms of deep relationships, particular portions of the 
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phylogeny require additional work.  In particular, the placement of particular members 

of the P. welleri and P. wehrlei species groups (e.g. P. websteri) and the relationships 

among members of the P. glutinosus species group show inconsistency between 

studies (Chapter 3; Highton & Larson 1979; Mahoney et al. 2001; Larson et al. 2003).  

Further phylogenetic research on the eastern Plethodon phylogeny will provide a 

better tool for the detailed mapping of signaling system elements.   

 Within this phylogenetic context, further characterizations of pheromone 

delivery behavior, morphology, and courtship pheromone composition would 

contribute greatly to our understanding of evolution in this system.  Despite an overall 

understanding of the evolution of pheromone delivery behavior in this clade of 

salamanders, there exists a paucity of courtship observations within several groups of 

species.  In particular, courtship observations are needed within the P. wehrlei group, 

where we lack reports of pheromone delivery behavior.  Additional observations of 

pheromone delivery in other intermediate species and the more basal members of the 

P. glutinosus species group would prove insightful.   

Detailed characterizations of morphological change in the signaling system, 

particularly for mental gland size and shape, would facilitate robust tests for selection 

acting at the morphological level.  This work would allow for a more complete picture 

of evolutionary change at this level of the pheromone delivery complex.  Furthermore, 

previous work has suggested that the delivery mode transition is associated with a 

transition in the composition of the pheromone (Watts, pers. comm.; Palmer et al 

2006).  Analysis of mental gland expression libraries for members of the scratching 
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and intermediate delivery modes would greatly improve our understanding of the 

evolution of the pheromone blend across the delivery mode transition. 

 Finally, in order to improve our understanding of evolutionary process in this 

sexual signaling system, characterization of the female side of the mating system is 

necessary.  Research on the mode of action of pheromones delivered by scratching 

behavior should lead to the identification of potential target receptors for pheromones 

delivered by this ancestral mode.  In addition, the identification and evolutionary 

characterization of pheromone receptors in the vomeronasal epithelium will facilitate 

an investigation of coevolutionary interactions within the olfactory delivery mode.  An 

evolutionary understanding of both the male signal and the female receptors will allow 

the testing of specific hypotheses concerning the role of sexual selection in shaping the 

evolution of this system.  
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Appendix A. Additional figures from Chapter 3. 
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Appendix A. Fig. 1. Maximum likelihood tree of albumin sequences from the eastern 
Plethodon.  The tree was rooted with an albumin sequence from P. vehiculum (a 
member of the western Plethodon).  The distance bar represents 0.1 nucleotide 
substitutions per site.  Black circles mark nodes with Bayesian posterior probabilities 
between 0.5 and 0.8; all other nodes have posterior probabilities greater than 0.8. 
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Appendix A. Fig. 2. Maximum likelihood tree of ND4 sequences from the eastern 
Plethodon.  The tree was rooted with an ND4 sequence from Desmognathus ocoee.  
The distance bar represents 0.1 nucleotide substitutions per site.  All nodes have 
Bayesian posterior probabilities greater than 0.8. 

ppendix A. Fig. 2. Maximum likelihood tree of ND4 sequences from the eastern 
Plethodon.  The tree was rooted with an ND4 sequence from Desmognathus ocoee.  
The distance bar represents 0.1 nucleotide substitutions per site.  All nodes have 
Bayesian posterior probabilities greater than 0.8. 
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Appendix A. Fig. 3. Maximum likelihood identification of amino acid sites evolving under positive selection in albumin. A 
model (M2a) was used to fit three classes of sites (ω values) to the gene. Bars give the posterior probabilities that a given site is in 
each site class: white bars indicate p(ω=0), gray bars indicate p(ω=1), and black bars indicate p(ω=6.4).   
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Appendix B.  Lists of taxa represented on pheromone trees (Fig. 3.3 a-c), from top to 
bottom. 
 

 Fig. 3.3a. PRF: Fig. 3.3b. SPF:
(top) 
1 M. musc. Ctf2 (outgroup) 
2 P. richmondi 
3 P. hoffmani 
4 P. hoffmani 
5 P. cinereus  
6 P. cinereus 
7 P. serratus 
8 P. serratus 
9 P. richmondi 
10 P. richmondi 
11 P. websteri 
12 P. ouachitae 
13 P. cheoah 
14 P. cheoah 
15 P. shermani 
16 P. kentucki 
17 P. cheoah 
18 P. mississippi 
19 P. cheoah 
20 P. metcalfi 
21 P. montanus 
22 P. jordani 
23 P. mississippi 
24 P. kentucki 
25 P. kentucki 
26 P. cylindraceus 
27 P. shermani 
28 P. aureolus 
29 P. chattahoochee 
30 P. chattahoochee 
31 P. teyahalee 
32 P. cheoah 
33 P. shermani 
34 P. shermani 
35 P. metcalfi 
36 P. yonahlossee 
37 P. metcalfi 
38 P. metcalfi 
39 P. montanus 
40 P. metcalfi 
41 P. montanus 
42 P. montanus 
43 P. montanus 
44 P. wehrlei 
45 P. welleri 
46 P. ventralis 
 
 
 
 

 
 

(top) 
47 P. dorsalis 1 D. ocoee (outgroup) 
48 P. richmondi 2 P. ventralis 
49 P. richmondi 3 P. wehrlei 
50 P. hoffmani 4 P. websteri 
51 P. serratus 5 P. welleri 
52 P. cinereus 6 P. dorsalis 
53 P. cinereus 7 P. ventralis 
54 P. richmondi 8 P. ventralis 
(bottom) 9 P. aureolus 
 10 P. kentucki 
 11 P. teyahalee 
 12 P. metcalfi 
 13 P. kentucki 

14 P. cheoah  
15 P. jordani  
16 P. shermani  17 P. websteri 

 18 P. ventralis 
 19 P. welleri 

20 P. welleri  
21 P. chattahoochee  
22 P. chattahoochee  23 P. chattahoochee 

 24 P. teyahalee 
 25 P. mississippi 

26 P. chattahoochee  
27 P. cylindraceus  
28 P. metcalfi  29 P. montanus 

 30 P. teyahalee 
 31 P. ouachitae 

32 P. yonahlossee  
33 P. aureolus  
34 P. jordani  35 P. metcalfi 

 36 P. montanus 
 37 P. metcalfi 

38 P. cheoah  
39 P. jordani  
40 P. cheoah  41 P. shermani 

 42 P. hoffmani 
 43 P. richmondi 

44 P. serratus  
45 P. cinereus  
46 P. richmondi  (bottom) 
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Fig. 3.3c. PMF:   
  (top) 
107 P. hoffmani 54 P. mississippi 1 P. websteri 
108 P. websteri 55 P. websteri 2 P. metcalfi 
109 P. serratus 56 P. dorsalis 3 P. ouachitae 
110 P. yonahlossee 57 P. wehrlei 4 P. chattahoochee 
111 P. ouachitae 58 P. wehrlei 5 P. aureolus 
112 P. teyahalee 59 P. teyahalee 6 P. chattahoochee 
113 P. shermani 60 P. shermani 7 P. shermani 
114 P. cheoah 61 P. shermani 8 P. cheoah 
115 P. jordani 62 P. aureolus 9 P. yonahlossee 
116 P. chattahoochee 63 P. teyahalee 10 P. teyahalee 
117 P. mississippi 64 P. teyahalee 11 P. cylindraceus 
118 P. metcalfi 65 P. shermani 12 P. kentucki 
119 P. montanus 66 P. jordani 13 P. mississippi 
120 P. websteri 67 P. cheoah 14 P. mississippi 
121 P. jordani 68 P. mississippi 15 P. shermani 
122 P. montanus 69 P. yonahlossee 16 P. yonahlossee 
123 P. shermani 70 P. montanus 17 P. ouachitae 
124 P. shermani 71 P. shermani 18 P. shermani 

72 P. ventralis (bottom) 19 P. cheoah 
    
   
   
   
    

73 P. dorsalis 20 P. jordani 
74 P. ventralis 21 P. aureolus 
75 P. wehrlei 22 P. shermani 
76 P. wehrlei 23 P. aureolus 
77 P. shermani 24 P. kentucki  78 P. mississippi 25 P. metcalfi  79 P. montanus 26 P. shermani 
80 P. kentucki 27 P. yonahlossee 
81 P. chattahoochee 28 P. teyahalee 
82 P. aureolus 29 P. cylindraceus 
83 P. mississippi 30 P. ventralis 
84 P. teyahalee 31 P. websteri 
85 P. cheoah 32 P. websteri 
86 P. jordani 33 P. shermani 
87 P. metcalfi 34 P. yonahlossee 
88 P. ventralis 35 P. kentucki 
89 P. dorsalis 36 P. shermani 
90 P. dorsalis 37 P. cylindraceus 
91 P. ventralis 38 P. mississippi 
92 P. dorsalis 39 P. jordani 
93 P. ventralis 40 P. metcalfi 
94 P. welleri 41 P. cheoah 
95 P. hoffmani 42 P. teyahalee 
96 P. cinereus 43 P. chattahoochee 
97 P. richmondi 44 P. dorsalis 
98 P. serratus 45 P. ventralis 
99 P. hoffmani 46 P. welleri 
100 P. richmondi 47 P. aureolus 
101 P. serratus 48 P. cylindraceus 
102 P. richmondi 49 P. shermani 
103 P. richmondi 50 P. chattahoochee 
104 P. richmondi 51 P. cheoah 
105 P. richmondi 52 P. teyahalee 
106 P. hoffmani 53 P. kentucki 
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