Chapter 6
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and Evolution
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Abstract The theory of evolution has recently been in turmoil, with great interest in
applying empirical information from EvoDevo, genomics, and ecology into the
framework of quantitative genetic studies of evolution. Ciona is a small genus of
sea squirts within the class Ascidiacea of the subphylum Tunicata, the sister group of
vertebrates, a phylogenetic position that has contributed to fuel the interest in studying
development and evolution in ascidians. Ciona species display several traits of
evolutionary interest, e.g., conservative anatomy, high genetic polymorphism, cryptic
speciation, metapopulation structure and invasive behavior. Some of these aspects
may depend on the ecology of these marine animals, which display a great ecophysio-
logical tolerance and unpredictable colonization capabilities. In addition, natural
populations show the occurrence of spontaneous mutations with phylomimicking
phenotypes. Here we review some key features of this talented marine organism that
promise to provide insights in specific aspects of the expanded evolutionary biology.

6.1 The Model System

The ascidian genus Ciona (Chordata, Tunicata) has attracted the interest of
biologists for over a century because of the ecological importance and the key
position in the evolutionary path leading to vertebrates. Ciona intestinalis (L. 1767)
is a marine invertebrate that lives on shallow hard bottoms, where it can represent a
major component of coastal benthic ecosystems. The life cycle is characterized by a
short pelagic stage with a chordate-like tadpole larva that, upon settlement and
metamorphosis, loses the chordate body plan and generates an invertebrate form.
To increase the rate of successful reproduction, Ciona is hermaphrodite like all
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tunicates, and like many ascidians, it spawns large numbers of gametes on a daily
basis. Moreover, due to the high tolerance of C. intestinalis to ecophysiological
parameters, such as euthrophic conditions following anthropization, this opportu-
nistic species is considered a sentinel of environmental conditions in coastal
biotopes. These biological traits may contribute to the cosmopolitan, and some-
times invasive, distribution of intestinalis in temperate to sub-boreal waters of both
hemispheres. Phylogenetic and comparative genomic studies have demonstrated
that the Linnean taxon is a complex of at least four (C. intestinalis spA-D)
morphologically cryptic but genetically distinct sibling species of disjoint geo-
graphical distribution (see Sect. 6.2; Suzuki et al. 2005; Caputi et al. 2007;
Nydam and Harrison 2007; Zhan et al. 2010) (Fig. 6.1). C. intestinalis spA is the
cryptic species for which the genome sequence is available (Dehal et al. 2002).

Evolutionary developmental biology is providing strong evidence that embry-
onic processes are conserved between basal chordates and vertebrates. Therefore, it
is not surprising that this animal occupies a prominent role in several branches of
biology (Satoh 1994). A unique blend of advantageous features for experimental
analysis has made it a powerful model organism for genetics and genomics of
chordates due to ease of manipulability. Its genome carries fewer genes and less
genetic redundancy than in vertebrates (Dehal et al. 2002; Small et al. 2007a). In
addition, the application of bioinformatics and experimental approaches to the
Ciona system, such as means for manipulating gene expression, provides reverse
and forward genetics tools for studying the genetic basis of cellular and develop-
mental processes common to all chordates (Hendrickson et al. 2004; Sasakura et al.
2007; Sordino et al. 2008; Veeman et al. 2008).

Besides advancements in culturing and formal genetics, yet research with
C. intestinalis is largely based on sampling in nature. Indeed, growing Ciona strains
is labor intensive, and sporadic loss of genotypes occurs due to yet suboptimal

Fig. 6.1 Sympatric
individuals of Ciona
intestinalis spA and spB from
North European coasts.
Photo by L. Caputi
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culturing conditions (Kano 2007; Cirino et al. 2002; Joly et al. 2007). Simple,
efficient, and rapid method for long-term storage of Ciona sperm in liquid nitrogen
can greatly facilitate strain management and experimental design. Obligation to
sample natural populations for laboratory needs has prompted better understanding
of genetic diversity in the wild as well as of Ciona population biology sensu lato,
also in the light of preserving natural resources.

However, knowledge of classical genetics is still fragmentary. Progress in
genetic studies is revealing a high degree of genetic polymorphisms at individual
and population scales (Dehal et al. 2002; Boffelli et al. 2004). Therefore, to
understand the complex genetic structure observed between natural populations
at different geographical scales (Schmidtke and Engel 1980; Kano et al. 2001;
Small et al. 2007b; Sordino et al. 2008; Zhan et al. 2010Caputi et al. Personal
Communication), it is important to address genetic polymorphism and gene flow
within and among distant and close populations by means of unlinked markers of
nuclear, mitochondrial, and ribosomal origins (see Sect. 6.3). This allows to resolve
historic phylogeographical patterns of C. intestinalis populations and to determine
current patterns of allelic flow between genotypes. Resolution of the genetic
structure of populations is also a prerequisite for undertaking analysis of environ-
mental selection across gradients of physical conditions within specific areas.

What ecological and evolutionary forces generate and maintain variation? Which
and how many loci are involved? Which is their effect? Answering these questions
may help to elucidate the particular evolutionary and demographic history of natural
populations, identifying new genomic regions and candidate genes of evolutionary
significance (Stinchcombe and Hoekstra 2007). The increasing knowledge concerning
C. intestinalis population biology makes this species an ideal tool for studying
microevolutionary processes. The advent of next-generation genomic technologies
in C. intestinalis research provides a useful instrument to study environmental impact
and adaptation of this invasive species by population genomics studies, as well as to
understand the involvement of epigenetic mechanisms in the control of ascidian
development. Genomic technologies can be used to analyze the dynamic distribution
of epigenetic marks such as cytosine methylation, posttranslational modification of
histone tails, and nucleosome composition, at distinct stages of development and in
different environmental settings. The resulting spatiotemporal information will pro-
vide detailed insights into how the ascidian transcriptome is controlled by epigenetic
processes, and what is the effect of environmental cues on the chromatin landscape.
We suggest that combining ecology, population genetics and genomics, and the study
of spontaneous mutations in Ciona may aid in understanding which types of micro-
evolutionary mechanisms and factors do generate variation (see Sect. 6.5).

6.2 Distribution and Ecology

Ciona intestinalis has always been considered as a species with cosmopolitan
distribution, and broad environmental tolerance to unstable or fluctuating
environments (Hoshino and Nishikawa 1985; Therriault and Herborg 2008a, b).
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Nevertheless, the recent finding of cryptic species within the so-called
C. intestinalis, has questioned this general assumption. Two C. intestinalis cryptic
species are more widely distributed and have a mostly disjoint distribution, which
overlaps only in few areas. C. intestinalis spA, in fact, lives in temperate seas
around the globe (Mediterranean Sea, south European and South American Atlantic
coasts, and Pacific Ocean), while C. intestinalis spB is found in North Atlantic
waters (Caputi et al. 2007; Zhan et al. 2010). They coexist in the English Channel,
where they can theoretically hybridize (Caputi et al. 2007; Nydam and Harrison
2011a, b). A third and a fourth cryptic species, defined as spC and spD, have been
described only for one location in the Mediterranean Sea and the Black Sea,
respectively, within the distribution range of spA (Nydam and Harrison 2007,
2010; Zhan et al. 2010) (Fig. 6.2).

Specific studies on life cycle and life history of C. intestinalis spA are lacking. As
a matter of fact, most published information deals with the biology and ecology of C.
intestinalis spB (Suzuki et al. 2005; Caputi et al. 2007), referring to Scandinavian-
Danish (Svane and Havenhand 1993; Petersen and Svane 1995; Petersen et al. 1995;
Petersen 2007) and eastern Canadian populations (Ramsay et al. 2008, 2009). It
has been shown that recruitant waves of spB larvae settle close to or on adults
individuals, forming multigenerational clusters (Havenhand and Svane 1991), and
that larval settlement is enhanced by the formation of a fouling canopy on a bare
substratum that is subsequently monopolized by ascidian clusters (Schmidt 1983).
Thus, the environment into which C. intestinalis settles is strongly affected by the
occurrence and density of conspecific individuals (Marshall and Keough 2003).

W C. intestinalis spA
C. intestinalis spB

Fig. 6.2 Worldwide distribution of Ciona intestinalis cryptic species
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Recruitment is also driven by the seasonal fluctuations of density that C. intestinalis
experiences in the different sites the taxon colonizes, as a function of the year and
particularly season (Lambert and Lambert 1998). Moreover, predation does not
seem to be a selective factor for recruitment as C. intestinalis lives in environments
where the number of predators is reduced (Petersen and Svane 1995; de Oliveira
Marins et al. 2009).

According to known distribution, spB is more adapted to cold water, as also
reflected in its response to the unfavorable seasons. C. intestinalis spB populations,
in fact, experience a reduction in density of individuals in winter (Petersen and
Svane 1995), while spA populations completely disappear in late summer and
winter, reoccurring when the environmental conditions are again favorable in
spring and autumn as shown for the southern California harbors (Péres 1952;
Sabbadin 1958; Lambert and Lambert 1998). Due to the lack of specific informa-
tion, many questions related to the ecology and distribution of spA are still open.
For example, how T° - S %o seasonal variations influence the reoccurrence of the
species in the benthic community, being the taxon offspring sensible to the quality
of the environment (Marshall and Keough 2003) even if the species tolerates
moderate excess of nitrogen, reduced water clarity, low oxygen levels, and periodic
algal blooms (Carman et al. 2007). C. intestinalis inhabits harbors and confined
natural environments where thanks to its capacity to tolerate a wide range of
temperature and salinity, produces viable gametes in different environmental
conditions, which are an important extrinsic ecological forcing influencing its life
history, in particular the occurrence timing (Dybern 1965; Lambert and Lambert
1998; Carver et al. 2003). Tolerance to salinity and temperature also varies ontoge-
netically, embryos and larvae being less tolerant to high temperatures, and young
post-metamorphic ascidians more resistant than adults to low temperatures. The
favorable temperature range is between 15°C and 20°C, with a salinity value of
35%o (Marin et al. 1987). C. intestinalis has a remarkable filter suspension feeder
capacity with a high efficiency in terms of particles range in relation to temperature
which affects the clearance rates (Petersen 2007). Examining stomach and gut
contents of C. intestinalis, it is possible to distinguish an amorphous matrix made
of particulate matter rich of pelagic and benthic diatoms (Fig. 6.3). The species
represents also a useful sentinel organism being able to tolerate oil pollution,
industrial and radioactive wastes into marine environments concentrated in its
tunic or filtered from the water column. Recently, the invasive behavior of Ciona
species has been reported throughout the globe (e.g., Canada, Argentina, South
Africa, New Zealand; reviewed in Zhan et al. 2010). In most newly introduced
areas, C. intestinalis is a very competitive species that rapidly covers nearly 100%
of the available substratum excluding native species in a short period of time
(Ramsay et al. 2008). The ecological impact caused by the introduction of nonin-
digenous ascidian species in natural coastal environments has raised a growing
concern in recent years (Whitlatch et al. 1995; Lambert 2001). Nonindigenous
species cause different types of influences, as the reduction of biodiversity, the
alteration of ecosystems, and the decline of native species (Everett 2000; Pimentel
et al. 2000). The ecological impact also reflects on the coastal human activities,
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Fig. 6.3 Stomach content of
Ciona intestinalis spA. Note
particulate matter embedding
fragments and recognizable
pelagic diatoms, such as one
belonging to the genus
Thalassiosira sp. (light gray
arrow), and an unidentified
species. Scale bar 5 pm

with severe economic consequences. For this reason, understanding the evolution-
ary and ecological causes responsible for the rapid spread of invasive species
represents one of the main challenges for conservation biologists and environmen-
tal managers.

6.3 Population Genetics and Phylogeography

Studies of phylogeography structure, genetic diversity, and evolutionary changes
can help in understanding the potential for colonization and establishment of alien
species, the geographic patterns of invasion and range expansion, and the potential
for evolutionary responses to novel environments, giving important insights in the
definition of management practices (Everett 2000; Holland 2000; Pimentel et al.
2000). Understanding population dynamics and spread potential of invasive species
means also determining the degree of population connectivity and investigating
factors driving genetic exchange at various geographical scales. Population con-
nectivity in aquatic invasive species can be influenced by water currents, natural
and human-mediated pathways of propagule dispersal, species’ life histories, and
by variation in environmental and community composition across geographical
scales (Lee 2002; Darling and Folino-Rorem 2009; Jesse et al. 2009; Goldstien
et al. 2010; Sorte et al. 2010).

In C. intestinalis, allelic DNA polymorphism across the entire genome is very
high (1.2%, based on Single Nucleotide Polymorphisms — SNPs, and insertion/
deletions; Dehal et al. 2002), including non-synonymous SNP frequency in impor-
tant developmental genes such as Hox5 and HoxI0 (0.27% and 1.89% in spA and
spB, respectively) (Caputi et al. 2008). The average genome-wide SNP heterozy-
gosity in C. savignyi is even higher, reaching 4.5% (Small et al. 2007b). Because of
that, it has been argued that C. savignyi exhibits the highest levels of SNP variation
and structural polymorphism among multicellular organisms (Small et al. 2007b).
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In Ciona populations, high levels of genetic diversity may derive from several
factors, among which the mutation—selection balance between reappearing
phenotypes and their elimination by natural selection, the reproductive strategies,
the geographical connectivity, and the association with the large effective popula-
tion size. From here on we focus our attention on population genetic structure and
population connectivity at both large and regional geographical scales of
C. intestinalis spA.

6.3.1 Genetic Diversity

A high level of polymorphism has been demonstrated at various enzyme
(Schmidtke and Engel 1980) and microsatellite loci (Procaccini et al. 2000;
Andreakis et al. 2007; Zhan et al. 2010). In allozymes, average heterozygosity
was 0.319 and the average number of alleles per locus was 2.6 (Schmidtke and
Engel 1980). For microsatellites, allelic richness is higher, ranging from 5.1 to 5.9
(Zhan et al. 2010). The high degree of polymorphism observed in C. intestinalis
populations determines extremely high values of expected heterozygosity (HE) in
all analyzed populations, with values ranging from 0.65-0.69 on eight populations
distributed worldwide (Zhan et al. 2010), to 0.73 on three populations in the Gulf of
Naples (Tyrrhenian Sea) (Sordino et al. 2008) (Table 6.1). These values are higher
than those recorded in other solitary tunicates such as Styela clava (HE =
0.48-0.63, Dupont et al. 2009, 2010; Goldstien et al. 2010). Small et al. (2007b)
suggested that extreme polymorphism in Ciona is probably associated with large
effective population size rather than an elevated mutation rate.

Despite the high expected heterozygosis, populations show a relevant heterozy-
gote deficit, which determines a significant deviation from Hardy—Weinberg equi-
librium (HWE) (P < 0.001; Sordino et al. 2008; Zhan et al. 2010). Similar or
higher departure ratio from HWE was previously reported in other ascidians
including the solitary S. clava (Dupont et al. 2010) and the colonial Botryllus
schlosseri (Ben-Shlomo et al. 2006). The departure resulting from heterozygote

Table 6.1 Genetic diversity at microsatellite loci for Ciona intestinalis spA and spB

Pop n Na Ho Hg Fis Fsr Reference

SpA

3 26-52 6.8-9.3 0.42-0.48 0.65-0.69 0.30-0.42 0.03-0.05 Zhan et al. (2010)

3 20 6.25-7.83 0.38-0.50 0.56-0.71 0.20-0.38 — Sordino et al. (2008)
2 20 7.58-7.83 0.57-0.71 0.66-0.71 - 0.18 Caputi et al. (2007)
spB

9 21-49 8.9-15 0.31-0.63 0.80-0.871 0.28-0.63 0.001-0.15 Zhan et al. (2010)

2 20 6.08-7.17 0.56-0.60 0.63-0.65 - 0.24-0.81  Caputi et al. (2007)

Pop number of populations, » number of individuals, Na number of alleles; Ho observed
heterozygosity, Hg expected heterozygosity, Fs inbreeding coefficient within individuals relative
to the subpopulations, Fgr inbreeding coefficient within subpopulations relative to the total
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deficit might be explained in three different ways. First, recurrent inbreeding.
Different studies suggested that C. intestinalis larvae generally settle very close
to the adult individuals (Petersen and Svane 1995; Howes et al. 2007), increasing
the possibility of breeding with related individuals. Additionally, C. intestinalis
self-sterility is not complete; about 15-20% of individuals can self-fertilize (Rosati
and Santis 1978; Kawamura et al. 1987). Second, subpopulation structure. The
possibility that a temporal andor spatial Wahlund effect can be another cause for
the massive heterozygote deficit, is suggested by the enhanced subpopulation
structure, the high connectivity among population, which are highly dynamic in
their fluctuations, and the metapopulation structure shown at small geographic
scale. Third, the presence of null alleles. Null alleles are very likely to be present
in C. intestinalis, due to the highly polymorphic genome, and have been recognized
to be one important cause for heterozygote deficiency in many marine species (e.g.,
Hedgecock et al. 2004; Zhan et al. 2007).

6.3.2 Genetic Structure

Despite high genetic polymorphism of populations, geographic isolation and theo-
retical short-distance dispersal of larvae, an impressive level of genetic homogene-
ity is revealed by microsatellites and mtDNA analyses. In the Mediterranean basin,
C. intestinalis spA shows a single mitochondrial COI haplotype and low degree of
microsatellite-based differentiation (Caputi et al. 2007; Caputi et al. personal
communication), suggesting a recent bottleneck event followed by rapid recoloni-
zation by a dominant mitochondrial haplotype with high dispersal capacity
(Fig. 6.4). In comparison, spB mitochondrial COI shows higher geographical
structure, suggestive of fixed populations (Caputi et al. 2007; Zhan et al. 2010).
From this point of view, the Mediterranean Sea seems to act as a metapopulation
formed by genetically homogeneous clusters of spA individuals occupying
fragmented habitats in completely different environmental conditions (Caputi
et al. 2007). Another theoretical factor linked to the observed lack of sharp genetic
structure is the absence of barriers to gene flow among populations that may dilute
the effects of genetic bottlenecks and decrease the genetic differentiation among
populations (Nei et al. 1975). Nevertheless, we hypothesize that the short larval
dispersal and ecological preference for enclosed habitats of C. intestinalis act as
barriers to natural patterns of gene flow.

Global Fst values, ranging from 0.0353 to 0.0543, are dramatically lower than
the average values (0.2354) recorded for populations of the same areas, suggesting
that gene flow among populations at a large geographical distance is more active
than gene flow among close-by localities (Zhan et al. 2010). These results are in
agreement with preliminary observations showing high levels of migration between
continents (Caputi et al. personal communication).

How can we explain the lower gene flow at regional scale, compared to global
scale, coupled with the absence of genetic structure and low theoretical dispersal of
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Fig. 6.4 Nested Clade
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larvae? In our opinion there are two possible reasons. The most obvious explanation
is that the geographic structure of C. intestinalis spA does not reflect only natural
dispersal patterns but results also from propagation vectors of anthropogenic origin.
The second is that local populations can be adapted to specific environmental
conditions and isolated from local gene flow, due to their persistence in enclosed
environments such as lagoons and marinas.

Larvae can be entrapped in water currents, which may offer an effective method
of long-distance dispersal in “open” environments lacking of physical barriers
(Palumbi 1992). By the way, this dispersal method appears to have a limited
range and is not expected to be sufficient to homogenize genetic variation at an
intercontinental scale (Dupont et al. 2010). Generally, human-mediated vectors
such as ballast water exchange, vessel hull fouling, and aquaculture trading have
been considered responsible for such a genetic pattern and the recent range expan-
sion of C. intestinalis (Carver et al. 2003; Lambert 2007). Looking at the isolation
of populations living in enclosed environments, no significant differentiation was
detected between open-shore and lagoon sites in the Gulf of Naples (Tyrrhenian
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Fig. 6.5 Principal coordinate analysis showing significant differentiation between isolated (Ful)
and open-sea (VC/CdS) populations. (Modified from Sordino et al. 2008)

Sea, Italy). The only exception is represented by the innermost population of the
Fusaro lagoon (Sordino et al. 2008), which shows genotypic proportions deviating
significantly from HWE expectations at several loci. This population occupies
specific microhabitats and it oscillates between periodical extinction events from
the upper layers and subsequent recolonization with the likely contribution of
deeper refugees (Riisgard et al. 1998). These environmental constraints coupled
with nonrandom mating, or eventually selfing, offer the reproductive assurance of
selected mating combinations and an increased probability that locally adapted
genotypes are able to persist (Fields and Johnston 2005). In general, we can assume
that local adaptation and physical barriers experienced by populations living in
confined environments can add an important variable in the interpretation of neutral
patterns of gene flow in C. intestinalis (Fig. 6.5).

6.4 Naturally Occurring Mutations

One of the oldest and unsolved problems in evolutionary biology is which
mutations generate evolutionarily relevant phenotypic variation. To understand
the genetic basis of evolutionary change in nature, we need to address questions
about the relative importance of coding vs. regulatory DNA in morphological
variation, the origin of phenotypic traits by either natural selection or genetic
drift, and how the ecology mediates such processes. Because the genetic variation
responsible for phenotypic variation is but a subset of the genetic variation in
general, it is essential to understand the evolutionary processes underlying this
variation if we are to identify genes that cause morphological transitions. Further-
more, it is clear that allelic variation affects responses to key environmental
Stressors.

Several traits make ascidians suitable for studying the role of developmental
genes in natural variation. Transparent and externally fertilized embryos develop by
bilaterally symmetrical cleavage, according to a determined pattern, with a defined
and well-characterized cell lineage and segregation of developmental fate of cells
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until the end of gastrulation. Larvae are valuable for understanding the elements of
structure, developmental processes, and possibly also the evolution of the
vertebrate body plan, including organogenesis of the chordate nervous system.

Natural variation and neutral population genetics can be used for the characteri-
zation of phylogenetically relevant mutations in C. intestinalis, under the assump-
tion that the accumulation and distribution of mutant phenotypic classes is mostly
influenced by historical and environmental factors (i.e., effective population size,
genetic variability, reproductive strategies, geographical barriers, environmental
harshness). It has been previously shown that up to 20% individuals from natural
populations are heterozygote carriers of developmental mutations that segregate in
a way typical of recessive alleles (Hendrickson et al. 2004; Sordino et al. 2008). The
percentage of heterozygote carriers varies from 13.4% to 19.5% among
populations, as well as the relative contribution of lethal and nonlethal mutant
phenotypes that may be sharply different (20-60% and 40-80%, respectively). It
has been argued that these phenotypes contribute to local adaptation but do not
represent potentially independent evolutionary lineages, as suggested by the low
morphological complexity of the species, which is adapted to an ecological sce-
nario featuring low intraspecific competition and stressful environmental
conditions (Sordino et al. 2008).

Changes in terms of presence, position, size, and structure of the larval brain
sensory organs have occurred repeatedly in ascidian phylogeny (Jeffery 2004). In
C. intestinalis, mutations that affect sensory organ phenotype are of special interest
to uncover the changes in regulatory gene networks that underlie morphological
diversity. Phylomimicking mutations, as they are called, have been also termed
“hopeful monsters” by Richard Goldschmidt, who proposed that they were
generated through alterations of development (Goldschmidt 1940). Which are the
molecular networks controlling organ specification and how morphogenetic
structures evolved in the chordate lineage? Which seemingly different mechanisms
drove the remodelling of the larval body plan in ascidians, as seen in the indepen-
dent loss of tail and brain sensory organs in Molgulid and Clavelinid species?
Mutations that affect development of the Ciona embryo in a similar way might have
played analogous roles during evolution, but the degree to which these mutations
are identical to those upon which ascidian evolution depends is unknown. The
molecular identity of Ciona mutation can be disclosed by positional cloning via
bulked segregant analysis (BSA) with AFLP reactions and the support of genetic
and physical linkage maps and the C. intestinalis genomic sequence (Dehal et al.
2002; Kano et al. 2006; Kano 2007; Veeman et al. 2008). Then, the orthologue of
the genes mutated in Ciona can be isolated from specific ascidian lineages, and
compared at the levels of sequence, expression, function, and regulation in order to
address their implication in phenotypic radiation. At the population level, the
molecular identity of specific mutations that underlie evolutionary shift can be
correlated with the performance in natural environments, e.g., fitness of mutated
sensory organs compared with the wild type, and with the rules of population
genetics that allow their repeated fixation under conditions of natural selection.
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The combination of marker-assisted analysis of population structure and screen-
ing of phenotypic classes is central not only in shaping models in developmental
biology but also in evolutionary genetics of populations. The comparison between
frequencies of natural variation and population genetic patterning represents a
unique opportunity to quantify the importance of biogeographic and anthropogenic
factors in affecting mutation—selection dynamics (Sordino et al. 2008).

6.5 Ciona Intestinalis as a Model for the Ecology
and Genetics of Adaptation

Assessing the dynamics and timescales of phenotypic and genetic polymorphism in
different environments requires the study of the dynamics of natural populations
through extensive field work. C. intestinalis represents an ideal species for studies
in the wild (see Sect. 6.2). Here we suggest that Ciona species can become a model
organism for deciphering the evolutionary potential of invasive species in the newly
colonized habitats and, more in general, for understanding the microevolution of
natural populations in response to changing environmental conditions. This is
particularly important if we consider the continuous and increasing impact of
human activities on natural environments. One of the main challenges in evolution-
ary biology is the understanding of evolutionary processes in natural populations
and their relationship with environmental conditions and environmental quality. In
a recent review, Charmantier and Garant (2005) discuss three important points,
which should be taken into consideration for evaluating the evolutionary potential
of a species in the natural environment. First, unfavorable environmental conditions
determine lower rate of evolution although the rapid increasing of human distur-
bance on natural environments makes it difficult to derive general trends for all the
species. Second, different genotypes can have different levels of interaction with
the environment, which reflects on a different evolutionary potential in stressful
conditions. Third, authors stress that environments can be variable in space and
time, making that the evolutionary potential of a single population can vary when
environmental conditions change. In this case, the potential for microevolution is
constrained by either a lack of heritable variation in unfavorable environments, or
by a reduced strength of selection in favorable environments (Wilson et al. 2006).

In species which are displaced from their natural habitat and move to colonize
new habitats, the change of environmental conditions to which they must adapt can
be orders of magnitude faster than what would occur in the same natural habitat.
Successful invasive species show to possess high evolutionary potential, which is
theoretically proportional to the amount of additive genetic variation present
(Fisher 1930). Nevertheless, very little is known about the role of genetic diversity
in process of adaptation to new environments.

C. intestinalis seems to possess very high genetic polymorphism (see Sect. 6.3),
which could be at the basis of its invasive success, in particular in some areas
(Ramsay et al. 2008). Also, the existence of a significant number of natural mutants
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seems to confirm the high evolutionary potential of the species. Nevertheless, the
life cycle of the species, the ecological requirements which seem to favor its life in
isolated and enclosed environments, with low water quality, make the scenario
more complicated. The deficit in heterozygosis encountered in most of the natural
populations analyzed so far (Sordino et al. 2008; Zhan et al. 2010) seems to
counteract the positive effect toward rapid evolution provided by the high genetic
polymorphism.

Until now, no studies have specifically focused on the relationship between
genetic polymorphism and adaptive potential in C. intestinalis, taking into consid-
eration the life cycle of the species and its ecological requirements. Recently, we
started a multidisciplinary research program which aims to study population ecol-
ogy of the adult and larval stages, population genetics of natural populations, and
evolutionary significance of natural mutants, in relation to the biotic and abiotic
component of a coastal lagoon. The available molecular tools existing for this
species (see Sect. 6.1) makes it an excellent model for this type of integrative
studies. Actually, being C. savignyi and the two cryptic species C. intestinalis spA
and spB separated by comparable genetic distance (13—-15%), they altogether offer
a unique experimental model for approaching levels of evolutionary divergence in
developmental programs among sister taxa. Our research aims at gaining insights in
population structure and diversity, to relate with temporal and spatial population
dynamics; to correlate population genetic structure and the occurrence of abnormal
phenotypes as an important focus for understanding selective forces that shape
natural finite populations, and to gain insights into the embryological and evolu-
tionary mechanisms that generate animal diversity. We also hope to give insights in
the understanding of the evolutionary potential of invasive species in general.
Whether a new mutation can contribute to morphological and, ultimately, taxo-
nomic radiation, entails the possibility that the frequency of this genetic change
increases in the population, leading progressively to reproductive isolation and
fixation of the change. As future perspective, we are considering the possibility to
apply a genome scan approach using gene-linked polymorphic markers in order to
identify genes under selection to be related to both the presence of mutants and the
population genetic patterns observed.
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