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1. Understand principles of  
biological systematics

2. Define ‘amphibians’ from 
an evolutionary 
perspective.

3. Describe some of  the 
challenges of  modern 
systematics.
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What defines an amphibian?

How do we categorize biological diversity?
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Why is it challenging?

Evolution is sometimes 
complicated.

These data can be 
difficult to interpret.

Hynobiidae
Cryptobranchidae
Sirenidae
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Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae
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What is the 
relationship between 
shared traits and 
evolutionary history?

Hynobiidae
Cryptobranchidae
Sirenidae

Proteidae
Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae

AmphiumidaeA

B
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D

E

F

G

A, B, and C are tips 
that define a clade
(i.e., monophyletic). A 
clade contains all
descendants of  a 
common ancestor.
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Hynobiidae
Cryptobranchidae
Sirenidae

Proteidae
Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae

AmphiumidaeA

B

C

D

E
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G

A, B, and D are tips 
representing a 
paraphyletic (or 
polyphyletic) group, 
because not all 
descendants of  their 
common ancestor are 
included.

We classify organisms 
based on monophyletic 
groups (i.e., clades).

Hynobiidae
Cryptobranchidae
Sirenidae

Proteidae
Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae

AmphiumidaeA

B

C

D

E

F

G

Trait 1 is a 
synapomorphy of  the 
clade consisting of  A, 
B, and C, with respect 
to other tips.

A synapomorphy is a 
shared, derived 
character.

1

1

1

1

Hynobiidae
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Sirenidae

Proteidae
Salamandridae

Ambystomatidae
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Plethodontidae

AmphiumidaeA

B
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D

E

F

G

Trait 2 is a 
symplesiomorphy in 
the clade consisting 
of  A, B, and C.

A symplesiomorphy
is a shared ancestral 
trait not found in all 
descendants of  that 
ancestor.
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2

2
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Hynobiidae
Cryptobranchidae
Sirenidae

Proteidae
Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae

AmphiumidaeA

B
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D
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F

G

Trait 3 is a homoplasy
for tips A and D.

A homoplasy is a 
shared trait not found 
in a common 
ancestor.

3

3

Hynobiidae
Cryptobranchidae
Sirenidae

Proteidae
Salamandridae

Ambystomatidae
Rhyacotritonidae
Plethodontidae

AmphiumidaeA

B
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G

What is the 
relationship between 
shared traits and 
evolutionary history?

It’s variable. But using 
appropriate models 
and suitable data can 
help us infer the latter 
from the former.

Agamospecies Cain 1954; Eigen 1993 Asexual lineages…that cluster together in terms of their genome.

Autapomorphic species Nelson and Platnick 1981 A geographically constrained group of individuals with some unique apomorphous characters.

Biospecies / Biological species Ray et al. 1935; Mayr 1942 Inclusive Mendelian population of sexually reproducing organisms…interbreeding natural population isolated from other such groups.

Cladospecies Hennig 1966; Kornet 1993 Set of organisms between speciation events or between speciation event and extinction.

Cohesion species Templeton 1989 Evolutionary lineages bounded by cohesion mechanisms that cause reproductive communities, particularly genetic exchange, and ecological interchangeability.

Compilospecies Harlan 1963; Aguilar 1999 A species pair where one species “plunders” the genetic resources of another via introgressive interbreeding.

Composite species Kornet 1993 All organisms belonging to an internodon and its descendents until any subsequent internodon.

Ecospecies / Ecological species Simpson 1961; Sterelny 1999; Turesson 1922; Van 
Valen 1976

A lineage (or closely related set of lineages) which occupies an adaptive zone minimally different from that of any other lineage in its range and which evolves 
separately from all lineages outside its range.

Evolutionary species Simpson 1961; Wiley 1978, 1981 A lineage (an ancestral-descendent sequence of populations) evolving separately from others and with its own unitary evolutionary role and tendencies

Evolutionary significant unit Waples 1991 A population (or group of populations) that (1) is substantially reproductively isolated from other conspecific population units, and (2) represents an important 
component in the evolutionary legacy of the species.

Genealogical concordance species Avise and Ball 1990 Population subdivisions concordantly identified by multiple independent genetic traits constitute the population units worthy of recognition as phylogenetic taxa

Genic species Wu 2001 A species formed by the fixation of all isolating genetic traits in the common genome of the entire population.

Genetic species Dobzhansky 1950; Mayr 1969; Simpson 1943 Group of organisms that may inherit characters from each other, common gene pool, reproductive community that forms a genetic unit.

Genotypic cluster Mallet 1995 Clusters of monotypic or polytypic biological entities, identified using morphology or genetics, forming groups that have few or no intermediates when in contact.

Hennigan species Hennig 1966; Hennig 1950 A tokogenetic community that arises when a stem species is dissolved into two new species and ends when it goes extinct or speciates.

Internodal species 1993 Organisms are conspecific in virtue of their common membership of a part of a genealogical network between two permanent splitting events or a splitting event 
and extinction

Least inclusive taxonomic unit Pleijel 1999; Pleijel and Rouse 2000 A taxonomic group that is diagnosable in terms of its autapomorphies, but has no fixed rank or binomial.

Morphospecies Cronquist 1978 Species are the smallest groups that are consistently and persistently distinct, and distinguishable by ordinary means

Non-dimensional species Mayr 1963 Species delimitation in a non-dimensional system

Nothospecies Wagner 1983 Species formed from the hybridization of two distinct parental species, often by polyploidy.

Phylospecies Cracraft 1983; Eldredge and Cracraft 1980; Nelson 
and Platnick 1981; Rosen 1979

The smallest unit appropriate for phylogenetic analysis, the smallest biological entities that are diagnosable and monophyletic, unit product of natural selection 
and descent.

Phylogenetic taxon species Cracraft 1983; Eldredge and Cracraft 1980; Nixon 
and Wheeler 1990

A species is the smallest diagnosable cluster of individual organisms within which there is a parental pattern of ancestry and descent

Phenospecies Beckner 1959; Sokal and Sneath 1963 A cluster of characters that statistically covary, a family resemblance concept in which possession of most characters is required for inclusion in a species, but not 
all.

Recognition species Patterson 1985 A species is that most inclusive population of individual, biparental organisms which share a common fertilization system

Reproductive competition species Ghiselin 1974 The most extensive units in the natural economy such that reproductive competition occurs among their parts.

Successional species George 1956; Simpson 1961 Arbitrary anagenetic stages in morphological forms, mainly in the paleontological record.

Taxonomic species Blackwelder 1967 Specimens considered by a taxonomist to be members of a kind on the evidence or on the assumption they are as alike as their offspring of hereditary relatives 
within a few generations.

Species Concepts

From John Wilkins (http://scienceblogs.com/evolvingthoughts/2006/10/01/a-list-of-26-species-concepts/)
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De Queiroz (2007)

…but now, we sometimes think
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…but now, we sometimes think
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Green et al. 2010

Amphibian case studies
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“...Our phylogeny further 
suggests that previous 
classifications were misled by 
morphological homoplasy and 
plesiomorphic color patterns, as 
well as a reliance primarily on 
mitochondrial genes.”

Source: Todd Pierson

Source: Todd Pierson

RESEARCH ARTICLE Open Access

Asymmetric reproductive isolation between
terminal forms of the salamander ring species
Ensatina eschscholtzii revealed by fine-scale
genetic analysis of a hybrid zone
Thomas J Devitt1,3*, Stuart JE Baird2 and Craig Moritz1

Abstract

Background: Ring species, exemplified by salamanders of the Ensatina eschscholtzii complex, represent a special
window into the speciation process because they allow the history of species formation to be traced back in time
through the geographically differentiated forms connecting the two terminal forms of the ring. Of particular interest is
the nature and extent of reproductive isolation between the geographically terminal forms, in this case E. e. eschscholtzii
and E. e. klauberi. Previous studies have documented infrequent hybridization at the end of the ring. Here, we report the
first fine-scale genetic analysis of a hybrid zone between the terminal forms in southern California using individual-based
Bayesian analyses of multilocus genetic data to estimate levels and direction of hybridization and maximum-likelihood
analysis of linkage disequilibrium and cline shape to make inferences about migration and selection in the hybrid zone.

Results: The center of the hybrid zone has a high proportion of hybrids, about half of which were classified as F1s. Clines
are narrow with respect to dispersal, and there are significant deviations from Hardy-Weinberg equilibrium as well as
nonrandom associations (linkage disequilibria) between alleles characteristic of each parental type. There is cytonuclear
discordance, both in terms of introgression and the geographic position of mitochondrial versus nuclear clines. Genetic
disequilibrium is concentrated on the eschscholtzii side of the zone. Nearly all hybrids possess klauberi mtDNA, indicating
that most hybrids are formed from female klauberi mating with male eschscholtzii or male hybrids (but not vice versa).

Conclusions: Our results are consistent with a tension zone trapped at an ecotone, with gene combinations
characteristic of klauberi showing up on the eschscholtzii side of the zone due to asymmetric hybridization. We
suggest that the observed asymmetry is best explained by increased discriminatory power of eschscholtzii females,
or asymmetric postzygotic isolation. The relatively high frequency of hybrids, particularly F1s, contrasts with other
contacts between the terminal forms, and with other contacts between other divergent Ensatina lineages,
highlighting the diverse outcomes of secondary contact within a single species complex.

Background
Theoretical models predict that speciation can occur
among continuously distributed populations isolated by
distance alone, particularly when subject to divergent
ecological selection [1-3]. Ring species – cases where
two sympatric forms are connected by a chain of inter-
grading populations encircling a central geographic

barrier [4-7] – present the ideal opportunity to test this
prediction [8,9], especially when the interacting lineages
are ecologically divergent. Of particular interest in such
cases is the nature and extent of reproductive isolation
between the terminal forms where they are sympatric
[1,10,11]. The Ensatina eschscholtzii plethodontid sala-
mander complex of western North America is a famous
example of a ring species [5,12-15]. These salamanders
inhabit mesic, forested environments in Pacific western
North America, and in California form a geographic
ring around the arid Central Valley (Figure 1). In his
detailed analysis of geographic variation and speciation

* Correspondence: tommydevitt@gmail.com
1Museum of Vertebrate Zoology and Department of Integrative Biology,
3101 Valley Life Sciences Building, University of California, Berkeley, CA, USA
94720-3160
Full list of author information is available at the end of the article

Devitt et al. BMC Evolutionary Biology 2011, 11:245
http://www.biomedcentral.com/1471-2148/11/245

© 2011 Devitt et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.

“[Previous work 
suggests} the 
biogeographic history of  
Ensatina is much more 
complex, having featured 
periods of  geographic 
isolation and multiple 
instances of  secondary 
contact.”

”Geographic variation in 
hybridization frequency 
among the four contact 
zones at the end of  the 
ring suggests that 
reproductive isolation may 
not be uniform across 
contact zones…”
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Unisexual salamanders (genus Ambystoma)
present a new reproductive mode for eukaryotes

James P. Bogart, Ke Bi, Jinzong Fu, Daniel W.A. Noble, and John Niedzwiecki

Abstract: To persist, unisexual and asexual eukaryotes must have reproductive modes that circumvent normal bisexual re-
production. Parthenogenesis, gynogenesis, and hybridogenesis are the modes that have generally been ascribed to various
unisexuals. Unisexual Ambystoma are abundant around the Great Lakes region of North America, and have variously been
described as having all 3 reproductive modes. Diploid and polyploid unisexuals have nuclear genomes that combine the
haploid genomes of 2 to 4 distinct sexual species, but the mtDNA is unlike any of those 4 species and is similar to another
species, Ambystoma barbouri. To obtain better resolution of the reproductive mode used by unisexual Ambystoma and to
explore the relationship of A. barbouri to the unisexuals, we sequenced the mitochondrial control and highly variable inter-
genic spacer region of 48 ambystomatids, which included 28 unisexuals, representatives of the 4 sexual species and A. bar-
bouri. The unisexuals have similar sequences over most of their range, and form a close sister group to A. barbouri, with
an estimated time of divergence of 2.4–3.9 million years ago. Individuals from the Lake Erie Islands (Kelleys, Pelee,
North Bass) have a haplotype that demonstrates an isolation event. We examined highly variable microsatellite loci, and
found that the genetic makeup of the unisexuals is highly variable and that unisexual individuals share microsatellite al-
leles with sexual individuals within populations. Although many progeny from the same female had the same genotype for
5 microsatellite DNA loci, there was no indication that any particular genome is consistently inherited in a clonal fashion
in a population. The reproductive mode used by unisexual Ambystoma appears to be unique; we suggest kleptogenesis as a
new unisexual reproductive mode that is used by these salamanders.

Key words: unisexual Ambystoma, polyploidy, intergenic spacer, D-loop, microsatellite DNA, reproductive mode, klepto-
genesis.

Résumé : Afin de se perpétuer, les eucaryotes unisexués ou asexués doivent avoir des modes de reproduction qui évitent
le mode normal de reproduction bisexuée. La parthénogenèse, la gynogenèse et l’hybridogenèse sont des modes qui sont
habituellement observés chez divers organismes unisexués. Les Ambystoma unisexués abondent autour de la région des
Grands Lacs en Amérique du Nord et ont été décrits comme pouvant avoir les trois modes de reproduction. Les unisexués
diploı̈des et polyploı̈des possèdent des génomes nucléaires qui combinent les génomes haploı̈des de deux à quatre espèces
sexuées distinctes tandis que l’ADNmt est différent de celui de ces quatre espèces puisqu’il est le plus semblable à celui
d’une autre espèce, l’A. barbouri. Afin d’obtenir une meilleure résolution du mode de reproduction chez les Ambyostoma
unisexués, les auteurs ont séquencé la région de contrôle et la région hypervariable de l’espaceur intergénique du génome
mitochondrial chez 48 ambyostomatidés incluant 28 unisexués représentatifs des quatre espèces sexuées et de l’A. bar-
bouri. Les unisexués présentent des séquences similaires sur la majorité de l’aire de distribution et forment un groupe
sœur compact par rapport à l’A. barbouri dont la divergence est estimée à 2,4 à 3,9 millions d’années. Les individus pro-
venant des ı̂les du Lac Érié (Kelleys, Pelee, North Bass) ont un haplotype qui témoigne d’un événement d’isolement. Les
auteurs ont examiné les locus microsatellites très variables et ont trouvé que la composition génétique des unisexués était
très variable et que les individus unisexués partagaient des allèles en commun avec les individus sexués des mêmes popu-
lations. Bien que plusieurs descendants de la même femelle avaient le même génotype aux cinq locus microsatellites, il
n’y avait pas d’évidence qu’un génome particulier était hérité de manière constante et clonale au sein d’une population.
Le mode de reproduction employé par les Ambyostoma unisexués semble unique et les auteurs suggèrent la cleptogenèse
comme nouveau mode de reproduction unisexué employé par ces salamandres.

Mots-clés : Ambyostoma unisexués, polyploı̈die, espaceur intergénique, boucle D, ADN microsatellite, mode de reproduc-
tion, cleptogenèse.

[Traduit par la Rédaction]

Received 14 July 2006. Accepted 13 December 2006. Published on the NRC Research Press Web site at http://genome.nrc.ca on 11 April
2007.

Corresponding Editor: L. Bonen.
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reported (the unisexual fishes in the genus 

 

Poeciliopsis

 

) is
estimated to be only 100 000 years old (Quattro 

 

et al

 

. 1992).
In addition, Hedges 

 

et al

 

. (1992) and Spolsky 

 

et al

 

. (1992)
noted an inconsistency between their conclusions of
an ancient origin for unisexual 

 

Ambystoma

 

 and the low
amount of sequence divergence observed within the sam-
pled unisexuals. However, these authors were unable to
reduce their age estimates for the unisexual lineage(s) as
they were based primarily on mtDNA divergence from

 

A. texanum

 

, believed to be the closest sexual relative to the
unisexuals (Kraus 

 

et al

 

. 1991; Hedges 

 

et al

 

. 1992; Spolsky

 

et al

 

. 1992). The incongruence between the low sequence
divergence found among geographic populations of

unisexuals (Hedges 

 

et al

 

. 1992; Spolsky 

 

et al

 

. 1992) and the
much greater divergence of this lineage(s) from 

 

A. texa-
num

 

, indicates that the age of the unisexual lineage(s) has
not been adequately resolved by previous studies.

Although 

 

Ambystoma

 

 can be considered a model system
for understanding the evolution of unisexuality, the histor-
ical origins of the switch to unisexuality in this genus are
poorly understood. In this study, we further resolve the
origin of the mitochondria found in unisexual 

 

Ambystoma

 

by extending previous work through increased sampling
of 

 

Ambystoma

 

 species and populations from across North
America. Until now, sampling has been restricted to only
the putative parental species. Using mtDNA sequence data

Fig. 1 Locations of sampling for Ambystoma
jeffersonianum (a), Ambystoma laterale (b),
Ambystoma tigrinum (c), Ambystoma texanum
(d), Ambystoma barbouri (e) and the uni-
sexual lineage (f) in the northeastern United
States and southeastern Canada with refer-
ence to species ranges (Conant & Collins
1998). The diploid, triploid and tetraploid
nuclear genotypes of the unisexuals and
detailed location data are provided in the
Appendix.
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An unexpected recent ancestor of unisexual 

 

Ambystoma
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Abstract

Previous research has shown that members of the unisexual hybrid complex of the genus

 

Ambystoma

 

 possess a mitochondrial genome that is unrelated to their nuclear parental
species, but the origin of this mitochondrion has remained unclear. We used a 744-bp
fragment of the mitochondrial gene cytochrome 

 

b

 

 within a comparative phylogenetic
framework to infer the maternal ancestor of this unisexual lineage. By examining a broader
range of species than has previously been compared, we were able to uncover a recent
maternal ancestor to this complex. Unexpectedly, 

 

Ambystoma barbouri

 

, a species whose
nuclear DNA has not been identified in the unisexuals, was found to be the recent maternal
ancestor of the individuals examined through the discovery of a shared mtDNA haplotype
between the unisexuals and 

 

A. barbouri.

 

 Based on a combination of sequence data and
glacial patterning, we estimate that the unisexual lineage probably originated less than
25 000 years ago. In addition, all unisexuals examined showed extremely similar mtDNA
sequences and the resultant phylogeny was consistent with a single origin for this lineage.
These results confirm previous suggestions that the unisexual 

 

Ambystoma

 

 complex was
formed from a hybridization event in which the nuclear DNA of the original maternal
species was subsequently lost.

 

Keywords
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Ambystoma

 

, cytochrome 
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Introduction

 

Sexual reproduction is ubiquitous in animals but
alternative modes are known to have independently evolved
many times among both invertebrates (Suomalainen 

 

et al

 

.
1987) and vertebrates (Dawley & Bogart 1989). Obvious
advantages of all-female reproduction are the elevated
reproductive potential of unisexual populations and the
ability of a single individual to colonize new habitats. The
evolutionary disadvantages of asexual reproduction have
been the subject of extensive theoretical discussion
(Maynard Smith 1978; Hurst & Peck 1996; Butlin 2002). It
has generally been agreed that unisexuals face probable
extinction through the build-up of deleterious mutations
that cannot be disposed of through the sexual processes
of meiosis. In addition, without a mechanism such as
recombination to generate genetic variability within a
lineage, unisexuals should be unable to adapt to novel or

changing environments. The effect of these predictions is
that asexual species or lineages are necessarily short-lived,
and with few exceptions (e.g. bdelloid rotifers; Butlin 2002),
this theory appears to hold (Judson & Normark 1996).

Molecular and phylogenetic approaches have yielded
further insight into the complex evolutionary histories
of unisexual lineages. The use of these techniques has
revealed that some unisexual organisms escape their
theoretical demise by incorporating unusual meiotic
mechanisms that do allow recombination in all female
lineages (Scali 

 

et al

 

. 2003), periodically revert to sexual
reproduction in facultative parthenogens (Turgeon &
Hebert 1994), or incorporate additional genetic material
that can balance deleterious mutations (Schartl 

 

et al

 

. 1995).
The results of these investigations have clarified our
understanding of the evolution of many unisexual lineages
and generally support theoretical contentions that unisex-
ual lineages, often previously believed to be long lived or
ancient, are in fact recently derived and short lived (Schartl

 

et al

 

. 1995; Normark 

 

et al

 

. 2003; Simon 

 

et al

 

. 2003). Despite the
recent temporal contraction of many unisexual lineages,
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“ We believe that the unisexual 
Ambystoma exemplify a new unisexual 
reproductive mode, kleptogenesis. 
Kleptogens would be females that 
maintain a common cytoplasm but have 
a flexible nuclear genomic constitution. 
They acquire genomes from males of  
species that are compatible with their 
cytoplasm. The sperm nucleus may or 
may not be incorporated to increase 
ploidy level or to replace a genome."

Source: Todd Pierson

Source: Todd Pierson

1. Understand principles of  
biological systematics

2. Define ‘amphibians’ from 
an evolutionary 
perspective.

3. Describe some of  the 
challenges of  modern 
systematics.

Source: Todd Pierson

Source: Todd Pierson

questions?


