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Abstract
Natural hybridization is reproduction (without artificial influence) between two or
more species/populations which are distinguishable from each other by heritable
characters. Natural hybridizations among marine fishes were highly underappreciated due
to limited research effort; it seems that this phenomenon occurs more often than is
commonly recognized. As hybridization plays an important role in biodiversity processes
in the marine environment, detecting hybridization events and investigating hybridization
is important to understand and protect biodiversity.
The first chapter sets the framework for this disseration study. The Cohesion
Species Concept was selected as the working definition of a species for this study as it
can handle marine fish hybridization events. The concept does not require restrictive
species boundaries. A general history and background of natural hybridization in marine
fishes is reviewed during in chapter as well.
Four marine fish hybridization cases were examed and documented in Chapters 2
to 5. In each case study, at least one diagnostic nuclear marker, screened from among ~14
candidate markers, was found to discriminate the putative hybridizing parent species. To
further investigate genetic evidence to support the hybrid status for each hybrid offspring
in each case, haploweb analysis on diagnostic markers (nuclear and/or mitochondrial) and
the DAPC/PCA analysis on microsatellite data were used. By combining the genetic
evidences, morphological traits, and ecological observations together, the potential
reasons that triggered each hybridization events and the potential genetic/ecology effects
could be discussed.
In the last chapter, sequences from 82 pairs of hybridizing parents species (for
which COI barcoding sequences were available either on GenBank or in our lab) were
collected. By comparing the COI fragment p-distance between each hybridizing parent
species, some general questions about marine fish hybridization were discussed: Is there
any correlation between genetic similarity and the potential for hybridization in marine
fishes? In some particular geographic locations that have the existence of several
different hybridization reports, are the species involved in hybridization among those
reports all closely related or distantly related? Can any associations between parent
species’ similarities and hybrid spots be found?
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List of illustrations

Figure 1.1 Twenty-five different locations were identified to have reported cases of
marine fish hybridization. For some specific “hotspots”, hybrids appear to be
concentrated at the boundaries of biogeographic provinces. Different color
shaded regions represent biogeographic provinces. The points on the map
indicate specific locations from which hybrid marine fishes have been
reported.
Figure 1.2 Parent species genetic distance (p-distance) of marine fish hybridization cases
based on COI pairwise sequence comparisons. For each species pair (listed
on the x-axis), the value of the genetic distance is plotted on the y-axis.
Species pairs that are most similar to each other are on the far right of the plot,
i.e., small p-distance values indicate high genetic similarity.
Figure 2.1 Geographic distribution map of Dascyllus aruanus (green), and D. reticulatus
(purple). Collection sites for the hybrid specimen and samples of D. aruanus
and D. reticulatus used for molecular comparisons are marked
Figure 2.2 Anterior and lateral view and the diagnostic sits at the TMO-4C4 locus of
Dascyllus aruanus (top), the D. aruanus x D.reticulatus hybrid (middle), and
D. reticulatus. Defining color features that separate this hybrid from both D.
aruanus and D. reticulatus are marked in red.
Figure 2.3 Phylogenetic relationships of D. aruanus, D. reticulatus and their hybrid
haplotypes represented in a tree-based haploweb (Flot et al. 2011) and a
network-based haploweb (Flot et al. 2010) of the TMO-4c4 (A), COI (B),
and Cytb (C). Each branch/circle represents a unique haplotype and size of
the circle is proportional to its total frequency. The red rhombus represents
the missing haplotype. Each branch connecting different circles represents a
single nucleotide change and black cross-bars on them represents an
additional nucleotide change. The double bars in the haploweb represent
greater than one nucleotide change (as indicated). The dashed line represents
mutually exclusive of two clades. Curves connecting branches indicate these
haplotypes occurring in heterozygous individuals. Branching support on each
clade of the phylogenetic tree was given by Bayesian inference (BI) and
Neighbor-joining (NJ). Colors denote sample species and geographic origin
as indicated by the legend.
Figure 2.4 PCA scatter plot (left) and DAPC scatter plot (right) of D. aruanus, D.
reticulatus, and hybrid. The dots represent Individual genotypes and the
identity categories for genotypes of each individual are indicated in the
legend. The 99%/95% (PCA/DAPC) inertia ellipses represent the genetic
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variations within each population/species categories. The eigenvalues plots
show the amount of genetic information retained by each successive function.
Figure 3.1 Geographic distribution map of Amphiprion chrysopterus (green), and A.
sandaracinos (purple). Collection sites for the hybrid specimen and samples
of A. chrysopterus and A. sandaracinos used for molecular comparisons are
marked.
Figure 3.2 Anterior and lateral view and the diagnostic sits at the TMO-4C4/S7 locus of
A. chrysopterus, A. sandaracinos, and their hybrids.
Figure 3.3 Phylogenetic relationships of A. chrysopterus, A. sandaracinos, and their
hybrids haplotypes represented in a tree-based haploweb (Flot et al. 2011)
and a network-based haploweb (Flot et al. 2010) of the S7 (A), TMO-4c4 (B),
COI (C), and Cytb (D). Each branch/circle represents a unique haplotype and
size of the circle is proportional to its total frequency. The red rhombus
represents the missing haplotype. Each branch connecting different circles
represents a single nucleotide change and black cross-bars on them represents
an additional nucleotide change. The double bars in the haploweb represent
greater than one nucleotide change (as indicated). The dashed line represents
mutually exclusive of two clades. Curves connecting branches indicate these
haplotypes occurring in heterozygous individuals. Branching support on each
clade of the phylogenetic tree was given by Bayesian inference (BI) and
Neighbor-joining (NJ). Colors denote sample species and geographic origin
as indicated by the legend.
Figure 3.4 PCA scatter plot (left) and DAPC scatter plot (right) of A. chrysopterus, A.
sandaracinos, and their hybrids. The dots represent Individual genotypes and
the identity categories for genotypes of each individual are indicated in the
legend. The 99%/95% (PCA/DAPC) inertia ellipses represent the genetic
variations within each population/species categories. The eigenvalue plots
show the amount of genetic information retained by each successive function.
Figure 4.1 Plectropomus leopardus (background) and P. maculatus (foreground) are
easily distinguished by their characteristic blue spot patterns, which only
become apparent after 2-3 months post-settlement. (Photo credit: Phil
Woodhead)
Figure 4.2 Coral trout (P. leopardus and P. maculatus) were collected from reefs in the
Percy Islands, Keppel Islands, and Capricorn Bunkers. The Capricorn
Channel separates these inshore and mid-shelf reefs from the outer-shelf of
the Great Barrier Reef.
Figure 4.3 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids
haplotypes represented in a network-based haploweb (Flot et al. 2010) of the
ETS2. Each circle represents a unique haplotype and size of the circle is
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proportional to its total frequency which is labeled by number next to it. Each
branch connecting different circles represents a single nucleotide change and
black cross-bar on it represents an additional nucleotide change. The double
bars in the haploweb represent greater than one nucleotide change (as
indicated). Curves connecting branches indicate these haplotypes occurring in
heterozygous individuals. Colors denote sample species as indicated by the
legend.
Figure 4.4 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids
haplotypes represented in a network-based haploweb (Flot et al. 2010) of the
TMO-4c4. Each circle represents a unique haplotype and size of the circle is
proportional to its total frequency which is labeled by number next to it. Each
branch connecting different circles represents a single nucleotide change.
Curves connecting branches indicate these haplotypes occurring in
heterozygous individuals. Colors denote sample species as indicated by the
legend.
Figure 4.5 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids
haplotypes represented in network-based haplowebs (Flot et al. 2010) of the
COI and Cytb. Each circle represents a unique haplotype and size of the
circle is proportional to its total frequency as indicated by the legend. Each
branch connecting different circles represents a single nucleotide change and
black cross-bar on it represents an additional nucleotide change. The double
bars in the haploweb represent greater than one nucleotide change (as
indicated). Curves connecting branches indicate these haplotypes occurring in
heterozygous individuals. Colors denote sample species as indicated by the
legend.
Figure 5.1 Lateral views of leps-putative hybrid (up), Platichthys flesus (middle) and
Pleuronectes platessa.
Figure 5.2 Phylogenetic relationships of Pla. flesus, Ple. platessa, and putative hybrids
haplotypes represented in a tree-based haploweb (Flot et al. 2011) and a
network-based haploweb (Flot et al. 2010) of the TMO-4c4 (a), ETS2 (b),
and COI (c). Each branch/circle represents a unique haplotype and size of the
circle is proportional to its total frequency as indicated by the legend. The red
rhombus represents the missing haplotype. Each branch connecting different
circles represents a single nucleotide substitution; black cross-bar on them
represents an additional nucleotide substitution; red cross-bar on them
represents a nucleotide insertion/deletion. The red double bars in the
haploweb represent greater than one nucleotide insertion/deletion (as
indicated). The dashed line represents mutually exclusive of two clades.
Curves connecting branches indicate these haplotypes occurring in
heterozygous individuals. Branching support on each clade of the
phylogenetic tree was given by Bayesian inference (BI) and Neighbor-joining
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(NJ). Colors denote sample species and geographic origin as indicated by the
legend.
Figure 5.3 PCA scatter plot (left) and DAPC scatter plot (right) of Pla. flesus, Ple.
platessa, and putative hybrids. The dots represent Individual genotypes and
the identity categories for genotypes of each individual are indicated in the
legend. The 99%/95% (PCA/DAPC) inertia ellipses represent the genetic
variations within each population/species categories. The eigenvalues plots
show the amount of genetic information retained by each successive function.
Figure 6.1 Parent species similarity distribution for 82 marine fish hybridization cases.
X-axis: p-distance range; Y-axis: numbers of cases falling in these ranges.
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Chapter 1 Introduction

1.1 Definitions, history, and background
1.1.1

Definitions of hybridization, introgression, and species

Natural hybridization is reproduction (without artificial influence) between two or
more species/populations which are distinguishable from each other by heritable
characters (Harrison 1990; Harrison 1993; Harrison and Larson 2014). The process of
transferring alleles (usually by backcrossing associated with hybridization) between the
gene pools of divergent species lineages is defined as introgression (Anderson and
Hubricht 1938; Anderson 1953). Some portion of the gene pools of different species
lineages involved in hybridization must remain uncontaminated in order to be able to
distinguish those two species (Harrison and Larson 2014). Those genes could be used to
clearly discriminate among the species lineages; their gene pools form the species
boundary (Harrison and Larson 2014). Some alleles at some particular loci seem to be
more easily introgressed than others, especially if they are advantageous alleles. This
introgression process was called “adaptive introgression” (e.g., see Hedrick 2013). The
introgression rate of neutral alleles varies in different circumstances but usually is
associated with advantageous genes or reproductively isolated genes which the neutral
alleles are associated with. (Barton 1979). The alleles which are subject to divergent
directional selection or which determine species boundaries usually do not introgress.
Potentially, the genes are significant to adaptation and speciation could be identified by
the genes’ varying different introgression patterns (Nachman and Payseur 2012).
Since hybridization was defined as a process based on different species, finding a
species concept fit for hybridization definition is important. There are many species
concepts to help us categorize organisms into species; apparently not all of them are able
to account for hybridization descriptions (Gardner 1997). There have been quite a few
assessments about the fitness of different species concepts for hybridization studies
(Mayr 1970; Templeton 1989; Mallet 1995).
The Biological Species Concept (BSC) is founded on the idea that taxa are
reproductively isolated from each other, primarily by intrinsic (genetic) rather than
extrinsic (geographical separation) factors (Mayr 1970). According to the definition of
the BSC, no two interbreeding taxa which produce fertile offspring can be viewed as
separated species, because they are not reproductively isolated. Hence, the specific status
of the hybridization cases which result in fertile offspring (Kijewska et al. 2009; Rutledge
et al. 2015; Zhang et al. 2016) would not be recognized by this concept. Other major
criticisms of the BSC are lacks of a phylogenetic perspective sufficient to aid in the
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understanding of the origins and evolutionary histories of the species and this concept
does not apply well to plants (Grant 1971; Price 1996).
The Phylogenetic Species Concept (PSC) defines a species as the smallest
recognizable groups of individual organisms which have a parental pattern of ancestry
and descent (Cracraft 1983). Even if two closely related sister species hybridize, both of
them can still be considered to be valid species if they have diagnosable taxon criterion
(Cracraft 1983). The critical point is that both species have had a distinct phylogenetic
and biogeographic history prior to hybridization. But the sister taxa involved in
hybridization possibly share similar phylogenetic and biogeographic history (Leray et al.
2010; Gainsford et al. 2015); in this case, those species should probably not be
considered valid anymore if the PSC is applied. With regard to hybridization, the PSC
can only be judged to be useful in cases where truly diagnostic characters exist between
species (Gardner 1997). This is not the case for species pairs which only exhibit
frequency differences but for which absolute differences are not found yet for all traits so
far investigated (Gardner 1992,1994; Pyle and Randall 1994).
The Recognition Species Concept (RSC) defined species as the most inclusive
groups of individuals which share a compatible fertilization system (Paterson 1985). Thus,
individuals shared common mating behavior, timing of reproduction, mating coloration
compatibility, gamete compatibility, etc. In fact any and all components which contribute
to reproductive success would be considered to belong to one species. The major
limitation of the RSC is the poor fashion in which it deals with hybridizing species for
which there is no obvious reproductive isolation (Templeton 1989).
The Cohesion Species Concept (CSC) defines a species as the most inclusive
groups of organisms having phenotypic cohesion due to the existence of intrinsic
cohesion mechanisms (Templeton 1989). Cohesion mechanisms include processes such
as gene flow, reproductive isolation, developmental constraints, and stabilizing selection
(Templeton 1989). The CSC emphasizes the mechanisms that produce and maintain
species cohesion and is a wide-ranging species concept which is equally well applied to
asexual species as it is to sexual species (Gardner 1997). The limitation with the CSC is
that the cohesive mechanisms themselves are often poorly understood and require much
more attention. Because the wide ranges of CSC do not demand restrictive species
boundaries, hybridization can be easily handled by the concept (Gardner 1997).
The general historical trend in species concepts appears to have involved a move
away from consider species as strictly closed systems (for example, the BSC), towards a
flexible view of species as evolutionary dynamic groups (in particular, the CSC). With
this change, though, has come increasing recognition the concept of hybridization. This
thesis was not based strictly on the species definition of one species concept, but does
tend to favor the CSC definition.
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1.1.2

Historical background

Humans have recognized or even potentially been involved in hybridiziation since
the Neolithic era. Human activities related to the domestication and stock breeding of
animals and plants created hybrids, although this may have been accidental (Zirkle 1935).
In 1964, Camerarius provides one of the earliest records of modern hybridization as he
suspected that cross-fertilization may be possible between a female plant of one species
with pollen from a male plant of another species (Zirkle 1935). In 1716, Cotton Mather
wrote a letter that included descriptions of hybrid crosses between garden plants. His
letter describes hybridization between Indian corn and yellow corn, as well as among
gourds and squash planted in the same place (Zirkle 1935). Since then, apart from plants
(Eaton et al. 2015), hybridization between different species has been observed among
corals (Vollmer and Palumbi 2002), insects (Nadeau et al. 2013; Rohde et al. 2015;
Zhang et al. 2016), fishes (Scribner et al. 2000; Montanari et al. 2016), reptiles (Godinho
et al. 2006), amphibians (Tunner and Heppich-Tunner 1991; Abt and Reyer 1993), birds
(Gill 1998), mammals (Rutledge et al. 2015), and rotifers (Papakostas et al. 2016). Even
humans may have experienced adaptive introgression via hybridization with
Neanderthals during our evolutionary history (Sankararaman et al. 2014; Vernot and
Akey 2014).
Crosses between different species have the potential to influence adaptation and
speciation in many ways. For instance, the effect of hybridization between recently
diverged sister species could either accelerate speciation by increasing the divergence
between two species or reverse speciation by merging the sister species together again
(Mallet 2005). In a sympatric speciation event, or during the secondary contact phase of
an allopatric speciation event, backcrossing with fertile hybrids could facilitate the
adaptive introgression process by transmitting beneficial alleles from one species to
another (Arnold 2004; Hedrick 2013) or on the contrary, reduce the fitness and destroy
the local adaptation gene complex (Rhymer and Simberloff 1996; Muhlfeld et al. 2009).
For instance, the rodenticide warfarin resistance associated alleles were shared by mouse
species (Song et al. 2011), and in the mosquito (Anopheles), there is evidence of a
mutation conferring insecticide resistance transferring via introgression between sibling
species (Clarkson et al. 2014; Norris et al. 2015). The beak shape associated gene ALX1
in Darwin’s finches, appear to be shared among different other species via ongoing
introgresstion (Lamichhaney et al. 2015). In addition, recent studies suggest some of the
Neanderthal alleles introgressed in modern humans may have helped them adapt to
environments outside of Africa (Sankararaman et al. 2014; Vernot and Akey 2014), and
the high-altitude adaptive traits from Denisovans and Nepalese Sherpa have been
introgressed into Tibetans by historical hybridization process (Huerta-Sánchez et al. 2014;
Jeong et al. 2014). However, the native wild trout species populations were found to have
reduced their fitness by losing local adaptation genes when they hybridized with
individuals of another species individuals that escaped from aquaculture facilities
(Muhlfeld et al. 2009) and on Norwegian fjord cod populations (Varne et al. 2015).
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From the 1800s to early 1900s, most ichthyologists held steadfast to the view that the
boundaries between fish species are almost never crossed (Hubbs 1955). This mistaken
idea was perhaps in part a holdover of the pre-Darwinian concept of the immutability of
species, but was, more pointedly, a reaction against the tendency of some European
ichthyologists to classify specimens that proved difficult to identify as hybrids. At this
time, the this field was still essentially in its exploratory and species-naming stage and
dealt chiefly with marine fishes, which hybridize much less often than freshwater ones
(Hubbs 1955).
Although there are lots of literature regarding hybridization of terrestrial plants,
animals, and freshwater fishes published in the mid-1900s, comparatively little work had
been done on marine fish hybrids (Pyle and Randall 1994). Reports including marine fish
hybridization only started appearing in 19th century. Holt (1895) for example, the report
of potential hybridization between flatfish turbot (Scophthalmus maximum) and brill (S.
rhombus). Robert R. Miller prepared an unpublished list of New World hybrid fishes,
which was cited by Randall in 1956. The following year, Slastenenko (1957) made a
compilation of the natural hybrid fishes of the world, which included 212 hybrids;
however, only 30 of them were marine fishes. Schwartz (1972) reviewed the literatures
on hybridization among fishes from all over the world, citing 1810 references. These
include records on hybrids spoted in natural environment and artificially cross-breeding
related species that never co-occur in the nature. He reported hybrids from 56 families of
fishes, but the majority of them occurred in seven freshwater families. Since then, more
than 173 marine fish species have been reported hybridize (Montanari et al. 2016).
Nearly three-quarters (74%) of hybrids in marine fishes have been reported only after
1990 (Montanari et al. 2016) while the freshwater fish hybridization reports have a much
broader temporal distribution (Scribner et al. 2000). The reported cases of natural hybrids
in marine fishes has more than doubled since Gardner’s seminal review (1997). Hence,
natural hybridizations among marine fish species may be highly underestimated simply
due to a lack of research effort; it seems that this phenomenon occurs more often than is
commonly recognized.

1.2 Where are marine fish species hybridizing?
Based on the summary record of Montanari et al. (2016), 114 different marine fish
hybridization cases have been collected (Appendix 1). During the collection and review
of hybridization cases for this thesis work, I found twenty-five different locations with
reports of marine fish hybrids (Fig.1.1). Similar to territorial hybrid zones, most of the
spots are located in the transition areas between two or more biological
provinces/geological districts (Hobbs and Salmond 2008; Hobbs et al. 2009; DiBattista et
al. 2015; DiBattista et al. 2016). The boundaries of biogeographic provinces contain
sister species that have diverged but have more recently come into secondary contact, and
in some cases these sister species hybridize (Hewitt 2000). Borders where hybridization
occurs among multiple species are termed suture zones (Remington 1968). Suture zones
are areas where different bioregions come into contact resulting in many hybridizing
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species (Remington 1968). These hybrid “hotspots” are common in terrestrial ecosystems,
yet few have been documented in the marine environment (Hobbs et al. 2009).
Coral reefs are the most diverse marine systems in the world and a well-known
tropical suture zone occurs in the area of Christmas and Cocos Islands off the coast of
Western Australia, where the Indian and Pacific Ocean fauna come into contact (Hobbs
and Salmond 2008). Another suture zone example is the Socotra Archipelago (Yemen) in
the Arabian Sea (Fig.1.1). This group of four islands (Socotra, Darsa, Samha, Abd alKuri) and two rocky outcrops (Sabunya and Kal Farun) is situated at the boundaries of
three biogeographic regimes: the Red Sea and Gulf of Aden, Western Indian Ocean, and
Indo-Polynesian provinces (Briggs and Bowen 2012,2013). It is also recognized as part
of the western Arabian Sea ecoregion (Spalding et al. 2007). Ecoregions contain unique
faunal elements but do not rise to the 10% endemism mandated for biogeographic
provinces, thus most provinces contain multiple ecoregions (DiBattista et al. 2015).
Socotra, therefore, represents a transition zone where distinct but nonetheless related fish
communities might overlap and possibly hybridize (DiBattista et al. 2015).

1.3 Why do marine fishes hybridize?
Several factors have been proposed as mechanisms facilitating marine fish
hybridization, including: accidental cross fertilization due to external fertilization (Hubbs
1955), limited spawning grounds that force the different parent species to mate together
spatially (Hubbs and Hubbs 1932; Campton 1987), secondary contact of recently
diverged sister taxa which have not yet established proper reproduction isolation due to
the short divergence time (McMillan and Palumbi 1995), limited suitable niches or
resources that lead to spatial or dietary overlap of different parental species (Van
Herwerden and Doherty 2006; Yaakub et al. 2006), rarity of one or both parental species
that may will cause difficulty to form homospecific breeding pairs/groups (Gosline 1948;
Frisch and Van Herwerden 2006), and sneak mating between heterospecific groups that
are spawning together (Frisch and Van Herwerden 2006).
First of all, the external fertilization of most fishes has fewer barriers to create
hybrids than animals that reproduce via internal fertilization. Creating hybrids by
accidental fertilization in the sea is mostly dependent on the removal of reproductive
barriers (Hubbs 1955). If, for example, segregated mating behavior, compatible gamete
segregation, embryo fatality during development and hatching, or similar reproductive
barriers are removed, sympatric fish species could start to hybridize.
Some fish species have more restricted reproductive behaviors such as benthic
nesting and associations with specific spawning grounds (Godwin 1995). When their
spawning grounds are limited, sister species can be forced to spawn together, thus
enhancing the possibility of hybridization (Nissling et al. 2002). For instance, some
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species of wrasses have begun hybridizing due to the loss of large amounts of spawning
grounds and suitable niches caused by hurricanes and environmental degradation (Mullen
et al. 2012). The reasons why the hybrids between the two widely distributed flatfish
species Ple. platessa and Pla. flesus are only found in Baltic Sea are considered to be
their limited spawning grounds (Nissling et al. 2002).
There are several potential processes that could explain the absence of
hybridization of some fishes in hybrid hot spots. Geologically, hybrid hot spots are
usually the suitable niches at the suture zone of several biological provinces, which
means these spots are the suitable niches near recently removed biogeographic barriers
(e.g. Gaither and Rocha 2013). Hence, the existence of these spots creates chances of
secondary contact of recently diverged sister species (McMillan and Palumbi 1995). At
the edges of distribution ranges, fish species abundances tend to be lower. Therefore,
when they are facing difficulty finding breeding partners of their own kind, the
alternative solution is choosing the fishes most closely related to themselves. Especially
for the species making assortative breeding pairs, like butterflyfish species, hybrids may
result from the formations of heterospecific assortative mating pairs, which are
sometimes observed within certain hotspots (DiBattista et al. 2015).
For those species not hybridizing on the edges of their distributions, the spatial or
dietary overlap with each other makes sneak mating a possible way for creating hybrid
offspring (Frisch and Van Herwerden 2006). This may happen unintentionally when
individuals of a rare species have difficulty locating a potential mate, leading
opportunistic males to engage in “sneaking” behavior and participate in what are
otherwise homospecific spawning events (Garcia-Vazquez et al. 2002). As producing
sperm requires less energy than producing eggs, such “sneaking” events are theoretically
favored when the male is from the less-common species (Pyle and Randall 1994).
There are few studies that suggest that hybridization cases were facilitated mainly
by a single reason (Garcia-Vazquez et al. 2002; Nissling et al. 2002). Instead, for most
cases it is apparent that they were facilitated by more than one of the aforementioned
factors (Montanari et al. 2016).

1.4 The aim of this study
As hybridization plays an important role in biodiversity processes in the marine
environment (Rocha et al. 2007), detecting hybridization events and investigating
hybridization is important to understand and protect biodiversity. Gene flow from one
species to the next could potentially increase their fitness or generate more genetic
variability for impoverished species in the short term. Therefore, biodiversity could be
enhanced by hybridization under these circumstances. On the contrary, the hybridization
process could lead to reverse speciation in the long term that could lead to extinction of

19

one or both of the parent species if intensive introgression subsequently expands out of
the hybridization region into the entire distribution ranges (Coleman et al. 2014) in terms
of management. Then the hybrids could therefore be targeted for elimination to prevent
potential biodiversity losses.
Further investigation of hybridization cases using morphological and ecological
evidence provides us a window to see how the hybridization process between marine
fishes affects the adaptation and fitness of each species, hence potentially increasing or
decreasing biodiversity. By revealing the genetic impact of hybridization on each species
involved in hybridization process, the general understanding of the evolutionary
processes that are facilitated by hybridization will be enhanced as well.
The aims of this study are as followed:
A primary aim is to find diagnostic nuclear/mitochondrial markers to discriminate
the putative hybridizing parent species. A second aim is to investigate genetic evidence to
support the hybrid status for each hybrid offspring by using the diagnostic markers I
tested for the purebred lineages. Combine genetic evidence, morphological traits, and
ecological observations together to shed light on the reasons that triggered the
hybridization events.
As stated by Montanari et al. (2016), it is difficult to compare the genetic distance
between hybridizing species due to the use of different molecular markers in studies.
Nonetheless, I managed to collect 82 pairs of hybridizing species for which COI
barcoding sequences were available either on GenBank or in our lab from previous work
(Appendix 1). These sequences were used to calculate genetic similarities (p-distance) of
parent species. By comparing the COI fragments p-distance between each hybridizing
parent species (Fig. 1.2) at some selected hybrid spots the following questions were asked
during this study: In some particular geographic locations that have the existence of
several different hybridization reports, are the species involved in hybridization among
those reports all closely related or distantly related? Can any associations between parent
species’ similarities and hybrid spots be found?
By comparing the hybrids’ parent similarities with the records of fertilities of
hybrid offspring, the relatedness of genetic distances between hybrids’ parents and the
reproductive abilities of the hybrid offspring was explored during this thesis.
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1.5 How are hybrids recognized?
1.5.1

Intermediate coloration

During the working process of describing new species and preliminary revisions,
quite a few hybridization cases of angelfishes and butterflyfishes were discovered
(Randall et al. 1977; Pyle and Randall 1994). Like most other hybridization events in
other animal taxa, marine fish hybrids have been traditionally identified by intermediate
color patterns and morphological traits between their parent species, (Pyle and Randall
1994). Hybrid identification results based on intermediate coloration patterns were
usually confirmed by genetic data (Yaakub et al. 2006; Marie et al. 2007; Yaakub et al.
2007; DiBattista et al. 2015; DiBattista et al. 2016). Genetic validation of the hybrid
status of intermediate-colored individuals demonstrated that this approach could be an
important tool for detecting hybrids (DiBattista et al. 2015). However, this is not always
true, especially in some rare hybridization cases between morphologically similar species
(Gardner 1994; Pyle and Randall 1994).
Identification of all aquarium hybrids is based only on intermediate colorations. For
some fish species, the natural body color variations will potentially be an impediment for
hybrid identification as well. Some species of parrotfish have different appearances
between males and females as well as between mature and immature individuals (Ohta et
al. 2008). The intermediate phase could be easily be misidentified as hybrids between the
individuals on different phases. Another problem with the use of coloration to identify
potential hybrids is that second-generation (or later generation) hybrids can be difficult to
distinguish from the parent species with which they backcrossed (Gardner 1992).
Although it cannot 100% guarantee the right identification, intermediate coloration for
detecting the hybrids is still is an essential tool for the early stages of studying the
hybridization process, especially in the field (DiBattista et al. 2015). DNA analysis is
necessary for further investigations and confirmation of suspected hybrid individuals.
During this study, all the coloration pattern of different species and hybrids were
documented and shown by representative profile pictures.
1.5.2

Morphological traits

Morphological traits with quantitative genetic background are useful for detecting
hybrids (Norman 1934). This is especially useful when the parents can be easily
distinguished by some morphological traits. For instance, the intermediate ranges of the
hybrids’ fin ray and vertebrate counts can serve as a reliable tool for detecting hybrids
(Norman 1934).
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However, for hybridization cases with closely related parent species, the
distributions ranges are close or overlap with each other. The inter-specific variations
between parent species can be covered by population variations (Gardner 1994). In this
case, the morphological traits with the intermediate coloration may also be a useful hint
to point out the potential hybrids. Still, hybrid identification based only on morphological
traits is not always sufficient, and molecular evidence is still needed for further
investigation. During this study, morphological characters of hybrids and parent species
were reported for damselfish and flatfish.
1.5.3

Molecular identification tools

1.5.3.1 Protein electrophoresis
During the 1970s, many publications described enzymatic polymorphism using
electrophoretic separations on paper, agarose gel, cellulose acetate, starch gel, and
polyacrylamide gel (Wadström and Smyth 1973). Most of these earlier studies, including
major investigations of the LDH (lactate dehydrogenase E.C. 1.1.1.27) isozymes of fish
tissue extracts, were carried out using conventional electrophoresis on vertical starch gels
(Clayton and Franzin 1970; Whitt 1970; Mork et al. 1983). Naturally, these techniques
were applied to species identifications and hybridization studies. Sick et al. (1963) used
electrophoretic separation of hemoglobin on an agarose gel to investigate a well-known
hybridization case between European plaice (Pleuronectes platessa) and European
flounder (Platichthys flesus) in the Baltic Sea. Later, the developments in isoelectric
focusing in polyacrylamide gel (IFPAG), (Wadström and Smyth 1973) provided an
analytical separation technique of higher resolving power than conventional
electrophoresis. This separation is based on the accumulation of the sample proteins at
their corresponding isoelectric points when a potential is applied across an ampholyte
(carrier electrolyte) system. Dale and Latner (1968), using IFPAG in a gel-rod technique,
described the existence of more LDH isozyme bands in extracts of the human heart and
liver than are usually obtainable in starch or acrylamide gels by conventional
electrophoresis. This relatively new electrophoresis technique was applied on this same
flatfish hybridization case again (He and Mork 2015). The LDH and MDH (malate
dehydrogenase, EC 1.1.1.37) loci appear to be reliable tools for species identification in
the flatfishes and for detecting their hybrids. Although the allozymes markers have the
advantages of less cost and universal protocols that are transferable among different
organisms, compared to DNA-based markers, the drawbacks such as indirect and
insensitive of DNA variation detection are still unavoidable (Schlötterer 2004).
1.5.3.2 Fragment analysis RFLP/Sanger sequencing
Restriction fragment length polymorphism (RFLP) and random amplified
polymorphic DNA (RAPD) can be used to shed light on the specific regions where
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hybridization is occuring (Harrison and Arnold 1982; Cothran and Zimmerman 1985;
Arnold et al. 1991), to identify hybrids from among the purebred individuals (Kocher and
Sage 1986; Howard and Waring 1991), and to document the introgression patterns due to
the hybridization process (Kijewska et al. 2009).
RFLP markers detecting DNA variation by recognizing the sequence pattern
change of the restriction fragments via restriction enzyme digestions. This technological
improvement provided a mechanism to assess non-coding sequences or changes in a
protein coding sequence that do not result in a protein change (known as “silent
changes”), in addition to changes in the coding sequences (Botstein et al. 1980). The
greatest obstacle for wide range applications of RFLP is the need for suitable
amplification conditions to detect a polymorphism. So, despite the huge numbers of
available RFLP markers, technical reasons limited their appeal and they became less
popular among researchers (Schlötterer 2004).
Nevertheless, screening nuclear/mitochondrial gene fragments by PCR followed by
Sanger sequencing is a feasible method to detect evidence of introgression and
hybridization at phylogenetic and population genetic levels (DiBattista et al. 2015; Ahti
et al. 2016).
Nuclear markers can be used to discriminate different species and detecting the
hybrids by showing the heterozygote status on the diagnostic SNPs (Boecklen and
Howard 1997). One problem with the markers is that some may be under relatively
significant selection pressures, and these might misidentify different ecotypes as different
species (Prof. Jean-François Flot per. com.). Alternatively, choosing non-coding markers
(e.g. gene introns) that experience weak or no selection could be a good way to avoid this
problem. Due to their maternal inheritance in most sexually reproducing animals,
mitochondrial markers have been used as an indicator of the direction of the maternal
contribution (Kijewska et al. 2009). Combined with the positive hybridization
confirmation results from other methods (e.g. nuclear markers) the absence of
introgression and the directions of them could also be deduced from the mitochondrial
fragment analysis. However, it could be difficult to determine whether the introgression
happened recently or historically only based on sequencing results.
During this study, Sanger sequencing was used as the main approach to acquire
genetic evidence validating the hybrid origin of each putative specimen.
1.5.3.3 Microsatellites
Many microsatellites/Simple Sequence Repeats (SSR) are located in non-coding
regions and neutral loci (Jarne and Lagoda 1996). They are frequently used in ecology
and population genetic studies to measure genetic variability among populations within
the same species (Hartl et al. 1997). Their highly diverse nature makes them ideal for
species identification (Guichoux et al. 2011), for assigning individuals to population
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groups (Lukacs and Burnham 2005), and for phylogenetic studies (Blouin 2003; Jones et
al. 2010). For marine fishes, microsatellites were usually used to cataloging important
ecological processes such as larval dispersal (Saenz-Agudelo et al. 2011; Berumen et al.
2012), adult migrations (Hansen et al. 2001), and reproductive success (Beldade et al.
2012). To ensure relatively accurate results when applying these methods, numerous,
highly polymorphic markers (Harrison et al. 2013), sufficient sampling sizes, and
optimized PCR multiplexes are necessary to maximize the cost-effectiveness of using
microsatellites (Harrison et al. 2014). One of the disadvantages of using SSR markers is
size homoplasy. Homoplasy occurs when different copies of a locus are identical in state,
but not identical by descent due to convergent mutations (Estoup et al. 2002). And the
uncertainty about mutation rates and pattern greatly complicate the population genetics
analysis (Schlötterer 2000). Thus, high levels of homoplasy could potentially cause
microsatellite markers to lose the power to discriminate parent species from their hybrids.
Nevertheless, specific microsatellites markers developed on one group of fish can only be
used on closely related species; otherwise, a careful cross-study comparison between
different species is needed to re-assess the species resolving power of those
microsatellites (Schlötterer 2004).
During this study, analyses of microsatellites were only used as an alternative
approach to cross-check the results obtained from Sanger sequencing.
1.5.3.4 Next Generation Sequencing
Restriction-site associated (RAD) DNA markers were initially used in connecting
low-cost microarray genotyped sequences (Miller 2000). During RAD sequencing (RADseq), restriction-digested DNA were combined with the sequencing adaptors prior to
sequencing process on tagged restriction sites rather than on whole genome. This
approach dramatically increases the coverage sites (Rowe et al. 2011). RAD sequencing
provides a feasible method for sopt thousands of single nucleotide polymorphisms (SNPs)
in a very efficient way(Rowe et al. 2011).
Based on single-nucleotide polymorphisms (SNPs) identified from RAD-seq,
hybrids between two species of wolves (Canis lycaon and Canis lupus) and coyotes
(Canis latrans) were detected (Rutledge et al. 2015). Due to the high resolution of RADseq data sets, the first generation hybrids and backcrosses between these three Canis spp.
hybridizing complex were well discriminated (Rutledge et al. 2015). Bidirectional
genome-wide introgression at multiple time points was detected between distantly related
butterfly species using a large SNP data set obtained by RAD sequencing (Zhang et al.
2016). Alleles of the gene optix known to control red wing patterning were found to be
shared between hybridizing species (Zhang et al. 2016).
During this study, the possibility of using of next-generation sequencing techniques
to detect hybridization among marine fishes in the future will be discussed in Chapter 6.
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Figures & Tables

Figure 2.1 Twenty-five different locations were identified to have reported cases of
marine fish hybridization. For some specific “hotspots”, hybrids appear to be
concentrated at the boundaries of biogeographic provinces. Different color shaded
regions represent biogeographic provinces. The points on the map indicate specific
locations from which hybrid marine fishes have been reported.

Figure 1.2 Parent species genetic distance (p-distance) of marine fish hybridization cases
based on COI pairwise sequence comparisons. For each species pair (listed on the xaxis), the value of the genetic distance is plotted on the y-axis. Species pairs that are most
similar to each other are on the far right of the plot, i.e., small p-distance values indicate
high genetic similarity.
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Chapter 2 Hybrid damselfish

2.1

Introduction

Natural hybridization is reproduction (without artificial influence) between two or
more species/populations which are distinguishable from each other by heritable
characters (Harrison 1990; Harrison 1993; Harrison and Larson 2014). The existence of
the hybridization phenomenon challenges the Biological Species Concept (Mayr 1982)
which is not accepting the existence of the fertile hybrid offspring. Alternatively, the
Cohesion Species Concept (CSC) which has no demand of restrictive species boundary
was recommended to handling the hybridization phenomenon (Gardner 1997). The CSC
defines a species as the most inclusive groups of organisms having phenotypic cohesion
due to the existence of intrinsic cohesion mechanisms (Templeton 1989). The cohesion
mechanisms include processes such as gene flow, reproductive isolation, developmental
constraints, and stabilizing selection (Templeton 1989). To delimiting species and
detecting their hybrids based on molecular sequence data, a suitable criterion for
distinguishability needs to be identified. The genetically distinguishable between
different species requires mutually exclusive states (i.e. two species do not share gene
pools), which is reached before or at the same times as reciprocal monophyly (i.e. no
braches mixed together in the phylogenetic tree)(Flot et al. 2010). Hence the mutual
exclusivity is a more powerful and sensitive criterion than reciprocal monophyly to
discriminate species lineages (Flot et al. 2010). If the individuals from different groups
have mutually exclusive allele pools but are not monophyletic, then the most likely
explanation is they are different species but there are unresolved ancestral
polymorphisms (incomplete lineage sorting).
Hybridization has been suggested as one of the most important mechanisms for
generating biodiversity and evolutionary novelty in the marine environment (Rocha et al.
2007; Montanari et al. 2016). At least 111 putative hybrids have been reported so far
among fish species in natural environments, involving 173 species across 17 families,
over two-thirds of them among tropical coral reef fishes (e.g., (Montanari et al. 2012;
Bernardi et al. 2013; Walter et al. 2014; DiBattista et al. 2015; Gainsford et al. 2015).
More than 80 coral reef fish species that are thought to hybridize; the vast majority of
reported hybrids have come from closely related species of butterflyfishes
(Chaetodontidae), angelfishes (Pomacanthidae), and wrasses (Labridae) that spawn midwater (i.e., that release eggs and sperm directly into the water column, Montanari et al.
2016). In contrast, hybridization appears exceedingly rare among benthic nesting species
that engage in deliberate pair spawning and vigorously guard their eggs until hatching,
such as the Pomacentridae (Yaakub et al. 2006).
To date, four hybridizing species pairs from benthic nesting species have been
supported by molecular evidence (Yaakub et al. 2006; Maruska and Peyton 2007; Van
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der Meer et al. 2012; Gainsford et al. 2015). Hybridization among these benthic nesting
species has been described as a breakdown of assortative mating (McMillan et al. 1999;
Montanari et al. 2016) as it represents not only a deliberate choice of courtship between
different species, but also a deliberate choice to nurture and guard the cross-fertilized
eggs (Maruska and Peyton 2007; Gainsford et al. 2015). While a number of ecological
and behavioral factors may contribute to the likelihood of hybridization, it is thought to
be most common in regions where one or both parental species are rare, such as species
biogeographic range boundaries (DiBattista et al. 2015; Montanari et al. 2016). Further, it
has been suggested that the likelihood of hybridization among benthic spawning species
may be higher in degraded habitats as the availability of suitable nesting sites and
conspecific mates may be limited (Gainsford et al. 2015).
The damselfishes (Pomacentridae) represent one of the most speciose of coral reef
fishes, with most of the 385 known species forming breeding pairs and laying demersal
(negatively buoyant) eggs. Within this group, closely related species often have
overlapping geographic distributions, co-occur in the same microhabitats (e.g. coral
heads), and form deliberate heterospecific social groups (Randall et al. 1977). Not
surprisingly, hybridization has been suggested to occur in several damselfishes. For
example, Abudefduf abdominalis and A. vaigiensis were found, based on molecular
evidence, to form hybrids that have now almost overrun some local populations in
Hawaii (Coleman et al. 2014). Inter-specific hybridization among clownfish (genera
Amphiprion) is common in the aquarium trade and has been reported in natural
environments. The hybrids between these two species were described as Amphiprion
leucokranos by Allen (1973). Gainsford et al. (2015) assessed the hybrid status of A.
leucokranos by using microsatellite data. Several other species of the genera Amphiprion
and Stegastes appear to be hybridizing, although the molecular evidence is less clear for
some putative crosses such as A. mccullochi X A. akindynos in Southern Australia (Van
der Meer et al. 2012) and S. adustus X S. diencaeus in Jamaica (Mullen et al. 2012) due
to the lack of definitive diagnostic markers.
Three potential hybridization cases have also been reported in the Dascyllus genus,
but definitive diagnostic molecular evidence is also lacking. At a newly identified hybrid
hotspot in the Socotra Archipelago (Yemen), which lies at the range limits for species
from four different geographical regions, DiBattista et al. (2015) reported a possible
Dascyllus carneus X D. marginatus hybrid based on morphological traits and genetic
evidences. McCafferty et al. (2002) found 0.78% sequence divergence between D.
reticulatus and D. flavicaudus at the eastern range boundary for D. reticulatus in French
Polynesia, which is an order of magnitude less than the 13.7% ± 4.7 divergences
previously seen among other Dascyllus species (McCafferty et al. 2002). McCafferty et al.
(2002) suggested that this low sequence divergence could be the result of introgression
from D. flavicaudus into D. reticulatus, although an analysis of the nuclear
recombination activating genes (RAG1 & RAG2) failed to identify fixed differences
between these two species (Quenouille et al. 2004). At the Phoenix Islands, genetic
divergence between the putative D. auripinnis and D. trimaculatus was only 2.5%
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(Bernardi and Crane (1999), suggesting either recent species divergence (Randall and
Randall 2001; Bernardi et al. 2002) or significant hybridization between the two (Leray et
al. 2010). Importantly, (Leray et al. 2010) also found that D. auripinnis and D.
trimaculatus can be grouped into a single, well-supported clade which shows no clear
genetic subdivision. All of these suggested hybrids within the Dascyllus genus are only
found at places where the range of their parents’ species overlap and definitive molecular
evidence of hybridization is lacking to support these cases.
Clear morphological and molecular evidence for hybridization among deliberate pair
breeding species as well as the development of definitive tools for detecting hybrids
could provide greater insight into the prevalence of hybridization among sympatric reef
fishes and the conditions under which it may occur. This study aimed to assess the hybrid
status of a putative D. aruanus X D. reticulatus hybrid collected from the northern Great
Barrier Reef in Australia. Using a combination of morphometric analysis and the
application of novel nuclear and mitochondrial DNA marker diagnostics, we assessed the
validity of this putative hybrid.

2.2

Material and methods

2.2.1

Study species and location

The putative D. aruanus X D. reticulatus hybrid individual was found habiting a
colony of Pocillopora damicornis together with several D. aruanus and D. reticulatus at
a depth of 6m on the northern side of Lizard Island (14°40′08″S 145°27′34″E) on
the northern Great Barrier Reef, Australia (Fig. 2.1). This location is well within the
distribution range of both species and has historically supported a high abundance of both
of them and a high availability of their preferred coral habitat, Pocillopora damicornis
(Sweatman 1983; Randall et al. 1997; Coker et al. 2012).
The two parental species of the putative hybrid, D. aruanus and D. reticulatus,
represent distinct species lineages based on established morphometric and phylogenetic
analyses (Cooper et al. 2009; Steinke et al. 2009). Yet, D. aruanus and D. reticulatus
both occur in small social groups and typically occupy the same species of branching
coral, often cohabiting the same coral colony (Randall and Allen 1977). Both species are
predominantly planktivorous and overlap considerably in their distributions among the
different reef zones (Allen 1975). They are also hermaphroditic, form deliberate breeding
pairs, and lay demersal eggs that are guarded until hatching (Schwarz and Smith 1990;
Asoh 2003). On hatching, larvae drift to the surface and are typically carried away by
currents (Randall and Allen 1977) although recent estimates from New Caledonia based
on D. aruanus suggest that as many as 68% self-recruited back to their natal reef (Cuif et
al. 2015). Sex change in D. aruanus and D. reticulatus is socially controlled. At any
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given time, there is one mature male and several mature females in a social group. When
a male dies or leaves, many mature females will begin to change to males, but the first
individual which completes the transformation subsequently prevents the other females
from completing the sex change (Schwarz and Smith 1990; Asoh 2003). Hence, a biased
sex-ratio in these samples was expected.
2.2.2

Sample collection, DNA preservation and extraction

Samples of D. aruanus and D. reticulatus were collected across a broad geographical
range. For D. aruanus, samples were obtained from Lizard Island, northern GBR (n=3),
the central Red Sea (n=8), and the Paracel Islands, South China Sea (n=12). Red Sea
samples, however, were subsequently excluded from the analysis due to potential
concerns about cryptic speciation of Red Sea vs. Indian Ocean populations of this species
(Borsa et al. 2014; Liu et al. 2014). For D. reticulatus, samples were collected at Lizard
Island (n=3) and Orpheus Island (n=10) in the northern and central GBR, respectively
(Fig. 2.1).
All fish were collected by snorkelers or divers using hand nets and the fish anesthetic
clove oil. Fish were euthanized using exposure to a high dose of clove oil immediately
following collection, after which they were placed on ice and a small section of the
caudal fin (ca. 10mm2) was removed. The whole samples were preserved in 80% ethanol
for further morphology and examinations, including sex determination; therefore it was
not possible to release the fish. Fin clips from fresh specimens were preserved
immediately in 80% ethanol and stored at 20ºC. A subsample of each fin clip from each
specimen, approximately 2 mm2, was used for DNA extraction. The samples were
extracted using a “hotshot” DNA extraction protocol (Truett et al. 2000).
2.2.3

Morphometric analysis

Morphological features that distinguish these two species were quantified for the
putative hybrid and six adult individuals of D. aruanus and D. reticulatus collected in the
same coral colony. The morphological examinations were performed by our collaborator
Dr. J. Johansen following the examination procedures described in Randall and Allen
(1977).
2.2.4

DNA analysis

Ideally, diagnostic markers have no variations within the species, have fixed
difference between parent species (mutually exclusive), and have the potential to show
hybrids as heterozygous (Fig. 2.2). To investigate a potential diagnostic marker, nuclear
intron TMO-4c4 fragments were amplified by primers TMO-4C4F/TMO-4C4R
(Streelman et al. 2002). To investigate maternal contributions of the hybrid,
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mitochondrial gene Cytb and COI fragments were amplified by primers Cytb9/Cytb7
(Song et al. 1998) and FishF2/FishR2 (Ward et al. 2005). It is important to note that
many other potential diagnostic markers were assessed; including RAG1, RAG2, ETS2,
BMP4, and S7, none of which were informative (Appendix 2).
The QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the
polymerized chain reaction. PCR cycling parameters were as follows: initial 95°C
denaturation for 15 min., followed by 35 cycles of 94°C for 45 sec., annealing for 60 sec.
(TMO-4C4F/TMO-4C4R: 62°C; Cytb9/Cytb7: 50°C; FishF2/FishR2: 50°C), and 72 °C for
60 sec., and a final elongation step of 72 °C for 10 min. The PCR products were checked
under UV light after running in 1% agarose gel under 90V for 45 minutes. All PCR
products were cleaned by incubating with exonuclease I and FastAP™ Thermosensitive
Alkaline Phosphatase (ExoFAP; USB, Cleveland, OH, USA) at 37 °C for 60 min.,
followed by 85 °C for 15 min. The final products were sequenced in the forward
direction with fluorescently labeled dye terminators following the manufacturer’s
protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA), and analyzed using
an ABI 3130XL Genetic Analyzer (Applied Biosystems).
The sequences were aligned using the program Geneious R8 (Biomatters Ltd.,
Auckland, New Zealand) and were uploaded to GenBank. COI and Cytb fragments from
each species were blasted on GenBank and were 99%-100% identical with voucher
sequences from their own species (Accessions: KP194938, KP195000, JQ431676,
FJ583332, AF119400, AY208539, AY208544, KT258989). These reference sequences
were included in the next step of analysis.
Haplotypes were inferred using the Bayesian analysis PHASE 2.1 (Stephens and
Donnelly 2003) implemented in DnaSP 5.0 (Librado and Rozas 2009). Each run was
performed with a burn-in of 100,000 generations, followed by 200,000 generations. All
runs returned consistent results and were able to phase each haplotype pairs with > 90%
posterior probability. The Individuals with clear double peaks in their chromatograms
were considered to be heterozygotes (Flot and Tillier 2006), and two haplotype fragments
of each sequence were separated by using the online software SeqPHASE (Flot 2010)
when both fragments had the same length. When two haplotype fragments of each alleles
had different lengths, the software CHAMPURU (Flot 2007) was used to sort them apart.
The latter was only found in the S7 region (Appendix 2). After delineation, heterozygote
individuals were represented by their two haplotype fragments in the alignments used for
network construction. Median-joining networks showing the relationships among the
haplotypes were generated in NETWORK v4.6.1.3 (Bandelt 1999). The haplowebs (Flot
et al. 2010) were derived from the median-joining networks by drawing curves
connecting haplotypes found co-occurring in heterozygous hybrids.
Separate phylogenetic trees were generated using the phylogenetic tree-building
plug-in of Geneious 8.1.3 (Biomatters Ltd., Auckland, New Zealand) based on the COI,
Cytb, and TMO-4c4 gene fragments. The Tamura-Nei genetic distance model was
selected by Geneious for constructing the neighbor-joining tree. One hundred replicates
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were resampled using the bootstrap method and the support threshold was set to 95%.
Bayesian inference (McMillan et al. 1999) was also applied, using Mr. Bayes 3.1.2
(Huelsenbeck and Ronquist 2001). The evolutionary model GTR + I + G was selected
using the program jModelTest-2.1.4 (Darriba et al. 2012). BI analysis utilized a Markov
chain Monte Carlo search with 1,000,000 generations with trees sampled every 100
generations. The branch support threshold was 95%. Consolidated trees were rooted with
the midpoint and edited using the program FigTree V1.4.2 (http://tree.bio.ed.ac.uk/).
Tree-based haplowebs (Flot et al. 2011) were derived from the phylogenetic tree by
drawing curves connecting haplotypes found co-occurring in heterozygous hybrids.
In haplowebs, if all the specimens belong to a single species lineage, the curved
connections between haplotypes will conform to Hardy-Weinberg equilibrium (frequent
haplotypes are frequently found together in heterozygotes); if all the specimens belong
belongs to two hybridizing species lineages, two haplotype groups conforming to HardyWeinberg equilibrium will be observed but connections between those haplotype groups
will be much more rare than if all specimens are conspecific. Rare connections between
these two haplotypes would therefore haplotype are represent heterozygous hybrid
individuals. Hence, haplowebs can be used to identify hybrids independently and crossreference the results inferred by other methods.
2.2.5

Microsatellite analysis

Microsatellites for all samples were amplified using the following primers: Da593,
Da590, Da479, Da565, Da589, and Da360 (Fauvelot et al. 2009); DTR B109, DTR A115,
DTR A105, DTR B105, DTR B113, and DTR A120 (Leray et al. 2009); 2Al2 and 2AL13
(Carvalho et al. 2000); and Dmar07, Dmar11, Dmar14, Dmar17, Dmar23, Dmar25 and
Dmar29 (Alpermann et al. unpublished). QIAGEN Multiplex PCR Kit (Qiagen, Hilden,
Germany) was used for the polymerase chain reaction. PCR cycling parameters were as
follows: initial 95°C denaturation for 15 min., followed by 4 cycles of touch-down (94 °C
for 40 sec., 90 sec. annealing initially at 57 °C then decreasing by 0.5 °C for each cycle, and
72 °C for 60 sec) then 23 additional cycles (94 °C for 40 sec., 55 °C for 90 sec., and 72 °C for
60 sec). A final elongation step was performed at 60 °C for 20 min.
Sixteen out of 21 microsatellite marker genotypes were successfully amplified and
scored with Geneious R8 (Biomatters Ltd., Auckland, New Zealand), while five (Da565,
Da360, DTR A115, DTR B113, and Dmar07) could not be amplified across majority
samples or scored confidently. Therefore, those markers were excluded from further
analyses (Appendix 3). Microsatellite metrics including the number of alleles (Na) and
the observed (Ho) and expected heterozygosities (HE) were calculated in Genalex and
Fstat V2.9.3.2 (Oudet 2001). The presence of null alleles, the probabilities of departure
from Hardy-Weinberg equilibrium (Schweitzer et al.) (Schweitzer et al.), and linkage
disequilibrium (LD) were estimated using GenePop V4.3 (Rousset 2008) (Appendix 3).
Under the circumstances of insufficient sample sizes for each species populations at
present study, the four of the successfully amplified microsatellite loci were excluded
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from further analysis due to > 0.1 null allele rates (DTR A105, Dmar11, Dmar17, and
Dmar25). Those microsatellite loci that passed the null-allele test did not deviate from
HWE.
To confirm the hybrid status, principal components analysis (PCA) (Mackiewicz
and Ratajczak 1993) and discriminant analysis of principal components (DAPC) (Jombart
et al. 2010) were performed on 12 microsatellites dataset which has less than 0.1 null
allele frequencies. These methods were designed to assign individuals to predefined
populations or species groups based on genetic information datasets (Jombart et al. 2010).
For fish hybridization studies, the DAPC method minimizes genetic variation within each
parent species and maximizes the difference between different parent species lineages.
This method is robust to deviations from HWE and LD (Jombart et al. 2010). PCA and
DAPC were implemented using add-in packages in R v2.12 (R Core Team 2015) using
functions dudi.pca and dapc from the R packages ade4, adegenet, and MASS. The results
were visualized in a scatterplot generated using adegenet (Jombart 2008; Jombart et al.
2010).

2.3

Results

2.3.1

Morphometrics

Our collaborator Dr. J. Johansen found that the putative hybrid exhibited a coloration
and morphology intermediate between both D. aruanus and D. reticulatus. The hybrid
was of adult size (60mm TL), which is common for both parent species (reaching a
maximum size of 100mm and 90mm respectively (Table 2.1). At the hybrid collection
site (Lizard Island), both parent species have black pelvic fins, and pale caudal and
pectoral fins. The bodies of D. aruanus were white with three broad black bars over the
head, pectoral fins and anterior to the caudal fin (Fig. 2.2), while D. reticulatus had tan
bodies and iris, with a thin black bar across the pectoral fins and black stripe along the
dorsal margin (Fig. 2.2). Both species differed in their soft dorsal, anal, and pectoral fin
counts, as well as tubular lateral line-scales and gill rakers. All were typical
representatives of previous meristic counts used to differentiate these two species (Table
2.1).
By comparison, our collaborators found that the hybrid had the same color pelvic,
caudal, and pectoral fins as both parent species, but an intermediate coloration over the
body (Fig. 2.2). It had a white body with two black bars over the head and pectoral fin
base, a black stripe along the dorsal margin of the body, and no bar was visible across the
anterior part of the caudal fin. It also had a light spot on the snout, similar to D. aruanus
and tan coloration around the dorsal surface of the head, similar to D. reticulatus (Fig.
2.2). The hybrid also had an intermediate number of soft dorsal fin rays and pectoral fin
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rays (14 and 19 respectively). However, anal fin rays, tubed lateral line-scales, and gill
rakers were identical only to D. reticulatus, at 14, 18, and 27 respectively. Female gonads
were present in all D. aruanus and D. reticulatus individuals collected at the hybrid site,
but no gonads were detected in the hybrid (Table 2.1).
2.3.2

Nuclear DNA

The length of 350 bp TMO-4c4 fragments from the samples were aligned together
and 11 variable sites were found. In total, the number of TMO-4c4 fragments haplotypes
is 7 and the haplotype diversity is 0.7331.
For the tree based haploweb and network based haploweb, two Dascyllus clades
were well separated by seven nucleotide substitutions (Fig. 2.3A). Hence there are 7
diagnostic sites which could use for hybrid detection. The hybrid was heterozygous at all
diagnostic sites in the TMO-4C4 fragment examined. After the analysis of the
SeqPHASE, the two haplotypes of the hybrid were identical to both D. reticulatus and D.
aruanus respectively (Fig. 3.3A). Consequently, the hybrid genotypes were distributed
evenly between the two separate presumptive purebred lineages. In other words, the
hybrid individual represents an exception to the otherwise species-specific haplotypes
generated by this marker, confirming that this individual was a hybrid offspring of D.
aruanus and D. reticulatus.
2.3.3

Mitochondrial DNA

The length of 592bp COI fragments and 714 bp Cytb fragments from the samples
were aligned together and there are 84 and 99 variable sites, respectively. In total,
numbers of fragments haplotypes (h) are 6 and 11, respectively. The haplotype diversity
is 0.6545 for COI and 0.8201 for Cytb.
For the tree based haploweb and network based haploweb two Dascyllus clades were
well separated by 78/95 nucleotide substitutions of COI/Cytb fragments. The COI/Cytb
gene pools of these clades were mutually exclusive. The mitochondrial haplotypes from
the hybrid specimen were identical to D. reticulatus (Fig. 2.3B/C), indicating that the
maternal contribution to this hybrid came from the D. reticulatus clade. No signs of
introgression were detected between these two species from other samples.
2.3.4

Microsatellite

The clear mutually exclusive of these two species shown by traditional analyses of
both mtDNA and nuclear DNA was also visible in the PCA/DAPC of 12 microsatellite
loci (Fig. 2.4). In PCA plot, the two Dascyllus spp. were clearly clustered within species
and separated from each other regardless of sampling location (Fig. 2.4). No clear
separations of different populations were shown. In DAPC plots, two populations of each
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species were merged together indicated the limited population separation within the
species as well. The hybrid was distinct from all others in both plot, and genotypes of this
individual were intermediate between those of the parental species (Fig. 2.4).

2.4

Discussion

Hybridization among benthic nesting coral reef fishes that engage in deliberate pair
spawning appears extremely rare in the literature, and has previously only been shown at
the margins of species distribution ranges for three damselfish genera, Abudefduf,
Amphiprion, and Stegastes (Van der Meer et al. 2012, Coleman et al. 2014, Gainsford et
al. 2015). Here we conclusively document the first hybridization case for the genus
Dascyllus, using a combination of morphometric data and new diagnostic molecular
markers.
Both parent species have a similar geographic distribution across the Indo-Pacific,
with significant overlap in depth dispersal, diet, and habitat use, often living in close
proximity within the same coral colonies (Sweatman 1983; Randall et al. 1997). Despite
these close associations, we are not aware of any previously reported cases of
hybridization between D. aruanus and D. reticulatus. Interestingly, Mullen et al., (2012)
found significantly more putative Stegastes hybrids on low complexity Caribbean reefs
damaged by intense hurricanes and suggested that this was related to the lack of their
preferred nesting habitat in these locations. Although we cannot discount the potential for
reef degradation and the availability of preferred nesting sites to have contributed to the
interspecific breeding in this instance, it appears unlikely. The collection site for this
hybrid specimen was (at the time of collection) a relatively healthy mid-shelf location on
the northern Great Barrier Reef with a historical high abundance of both parent species
and a high cover of Pocillopora corals. Several inshore reefs with low coral cover are
within ca 20km of the hybrid collection site, but the vast majority of reefs within the
vicinity of Lizard Island had relatively high coral in the years immediately prior to and at
the time of the collections (Wismer et al. 2009; Hoey and Bellwood 2010; De’ath et al.
2012). Without information on the natal origin of the Dascyllus hybrid, the potential
importance of reef condition cannot be determined. However, like most coral reef fishes,
members of the Dascyllus genus have a pelagic larval phase that can disperse over
several hundreds of kilometers (Godwin 1995; Randall et al. 1997; Cuif et al. 2015).
Large sections of the GBR are presently experiencing rapid declines in habitat health and
complexity due to recurrent cyclones, crown-of-thorns outbreaks and coral bleaching
events (Bellwood et al. 2004). Many degraded reefs with low coral cover are within this
possible dispersal distance, including sections of the Turtle Group 20km SW of the Lizard
Island Group (Wismer et al. 2009; Hoey and Bellwood 2010). Most significantly, in 2016,
the Great Barrier Reef experienced a severe and widespread bleaching event. Lizard
Island was particularly damaged by the bleaching (Hoegh-Guldberg and Ridgway 2016),
and was also subject to a major cyclone in 2014 (Cheal et al. 2017). It would be
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interesting to follow-up on Dascyllus populations around Lizard Island to see if the
degraded habitat has indeed promoted the occurrence of hybridization events (Mullen et
al. 2012).
Microsatellites rarely offer diagnostic loci among closely related species, because of
the generally wide range and subsequent overlap in allele size. Where possible, the use
of diagnostic markers with heterozygosity in fixed nucleotide positions (i.e., diagnostic
sites) between species appears to be the most efficient method to confirm hybrid status
(Bernardi et al. 2013; Coleman et al. 2014). And it is easier to compare the sequences
between different studies than the microsatellite data. For the future hybrid investigations
between D. aruanus and D. reticulatus, the hybrid identification could be simply
accomplished by comparing the TMO-4c4 fragment sequences with the GenBank
voucher sequences of Dascyllus hybrid which amplified during this study. However, in
other hybridization cases where diagnostic markers cannot be identified, nuclear
microsatellites may present an alternative method for hybrid identifications (Van
Herwerden et al. 2006; Harrison et al. 2014), although this approach requires screening
large sample sizes and the data are difficult to compare between studies.
This study reports the first conclusive evidence of hybridization between D.aruanus
and D. reticulatus, and to our knowledge the first report of hybridization among
pomacentrids on the GBR. Importantly, the hybrid appears to have originated well within
the range boundaries of both species, and in a region that, until recently, supported
relatively healthy coral populations (De’ath et al. 2012). This study reports the genetic
evidence of hybridization between D.aruanus and D. reticulatus. The nuclear diagnostic
marker which was identified during this study could serve as a hybrid indicator and
benefit the future hybrid investigations for hybridization between these two species. As
instances of hybridization may be expected to escalate in areas of ecosystem decline,
confirmation of such events and identification of tools to study the process make valuable
contributions to our general understanding of coral reef resilience and biodiversity.

Figures & Tables

Figure 2.1 Geographic distribution map of Dascyllus aruanus (green), and D. reticulatus (purple). Collection sites for the hybrid
specimen and samples of D. aruanus and D. reticulatus used for molecular comparisons are marked
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Figure 2.2 Anterior and lateral view and the diagnostic sits at the TMO-4C4 locus of Dascyllus aruanus (top), the D. aruanus x D.
reticulatus hybrid (middle), and D. reticulatus. Defining color features that separate this hybrid from both D. aruanus and D.
reticulatus are marked in red.
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Figure 2.3 Phylogenetic relationships of D. aruanus, D. reticulatus and their hybrid haplotypes represented in a tree-based haploweb
(Flot et al. 2011) and a network-based haploweb (Flot et al. 2010) of the TMO-4c4 (A), COI (B), and Cytb (C). Each branch/circle
represents a unique haplotype and size of the circle is proportional to its total frequency. The red rhombus represents the missing
haplotype. Each branch connecting different circles represents a single nucleotide change and black cross-bars on them represents an
additional nucleotide change. The double bars in the haploweb represent greater than one nucleotide change (as indicated). The dashed
line represents mutually exclusive of two clades. Curves connecting branches indicate these haplotypes occurring in heterozygous
individuals. Branching support on each clade of the phylogenetic tree was given by Bayesian inference (BI) and Neighbor-joining (NJ).
Colors denote sample species and geographic origin as indicated by the legend.
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Figure 2.4 PCA scatter plot (left) and DAPC scatter plot (right) of D. aruanus, D. reticulatus, and hybrid. The dots represent
Individual genotypes and the identity categories for genotypes of each individual are indicated in the legend. The 99%/95%
(PCA/DAPC) inertia ellipses represent the genetic variations within each population/species categories. The eigenvalues plots show
the amount of genetic information retained by each successive function.
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Table 2.1 Morphometrical analysis of Dascyllus aruanus, D. reticulatus and the putative D. aruanus x D. reticulatus hybrid. All
measurements were conducted following Allen (1972) and Randall and Allen (1977) based on the morphological features that clearly
distinguish these two species. Typical values for D. aruanus and D. reticulatus were taken from Randall and Allen (1977)

Hybrid
Measure

D. aruanus

Typical

D. reticulatus

1

1

2

3

1

2

3

D. aruanus

D. reticulatus

Dorsal fin rays
(soft)

14

12

12

13

16

16

15

11-13

14-16

Anal fin rays (soft)

14

13

13

13

14

14

14

11-13

12-14

Pectoral fin rays

19

17

17

17

20

20

21

17-19

20-21

8, 19

7, 16

6, 15

6, 16

7, 19

8, 19

8, 19

5-8, 15-19

6-8, 18-22

18

15

16

16

18

17

18

15-19

17-19

-

Female

Female

Female

Female

Female

Female

Gill rakers on first
gill arc
Tubular lateral
line scales
Gonads

Chapter 3 Hybrid clownfish

3.1

Introduction

Hybridization has been suggested as one of the most important mechanisms for
generating biodiversity and evolutionary novelty in the marine environment (Rocha et al.
2007; Montanari et al. 2016). At least 111 putative hybrids have been reported so far
among fish species in natural environments, involving 173 species across 17 families,
over two-thirds of them among tropical coral reef fishes (e.g., (Montanari et al. 2012;
Bernardi et al. 2013; Walter et al. 2014; DiBattista et al. 2015; Gainsford et al. 2015).
Hybridization among clownfish (genera Amphiprion) is common in the aquarium
trade and has been reported in natural environments. Anemonefish are known to have
size-based hierarchical breeding patterns (Buston 2004; Buston and Cant 2006), change
sex from male to female (Moyer and Nakazono 1978), and live in an obligatory
symbiosis with anemones (Fautin 1986; Fautin and Allen 1997). Within each breeding
group of anemonefish, the largest individual will always be female. The rest of the
smaller size individuals, which are behaviorally dominated by the large female, are either
males or nonbreeding subordinates (Fricke 1979; Hattori 1991). These smaller-sized
individuals within each breeding group can only acquire reproductive rights and higher
social status by outliving higher-ranked individuals (Mitchell 2003; Buston 2004). The
dominant females, which have the largest sizes within each breeding groups, prevent
smaller-sized male individuals from undergoing the sex transformation process as well as
suppress growth and sexual maturation of nonbreeding subordinates (Ross 1990).
Individuals displaying intermediate color patterns between the orange-fin
anemonefish (Amphiprion chrysopterus Cuvier, 1830) and orange skunk clownfish
(Amphiprion sandaracinos Allen, 1972) were described as Amphiprion leucokranos by
Allen (1973). Gainsford et al. (2015) assessed these individuals and determined, using
microsatellite data, that A. leucokranos is actually a hybrid. The study suggests that niche
and resource overlap in Kimbe Bay, Papua New Guinea, may be a factor promoting the
hybridization process. The size-dominant behavior of female clownfish limited the
introgression to one direction: female A. chrysopterus/hybrids (bigger size) breeding with
male A. sandaracinos (smaller size). Several other species of the genera Amphiprion
appear to be hybridizing as well, such as hybridizing process between Amphiprion
bicinctus and A. omanensis in Socotra Island (DiBattista et al. 2015) and the historical
hybridization that occurred between A. mccullochi X A. akindynos in Southern Australia
(Van der Meer et al. 2012).
The genetic methods for confirming hybrid status were largely dependent on
nuclear microsatellites in previous studies. Microsatellites rarely offer diagnostic loci
among closely related species, because of the generally wide range and subsequent
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overlap in allele size. This approach requires screening large sample sizes and the data
are difficult to compare between studies. Where possible, the use of diagnostic markers
with heterozygosity in fixed nucleotide positions (i.e., diagnostic sites) between species
appears to be the most efficient method to confirm hybrid status (Bernardi et al. 2013;
Coleman et al. 2014). Comparing the sequences of fixed nucleotides among different
studies is more straightforward than comparing microsatellite data among studies.
During this study, several potential diagnostic markers were tested. The fragment results
from best candidate markers were cross referenced with microsatellite data. Finally, to
investigate maternal contributions of the hybrids, several mitochondrial gene markers
were amplified as well.

3.2

Material and methods

3.2.1

Study species and location

Amphiprion chrysopterus and Amphiprion sandaracinos occur throughout the west
and the central Pacific Ocean, respectively (Fig. 3.1). The putative hybrids between these
two species (formerly known as Amphiprion leucokranos) had a restricted distribution
from the north-western regions of Papua New Guinea (PNG) to the Solomon Islands
(Fautin and Allen 1997), which matched the overlap of the distribution ranges of A.
chrysopterus and A. sandaracinos. Camp et al. (2016) discovered intensive inter-specific
clownfish cohabitation within that area. During surveys at Kimbe Island, Papua New
Guinea (5.21 S, 150.37 E), we observed an anemone that included a clownfish showing
intermediate coloration between A. chrysopterus and A. sandaracinos (Fig. 3.2). The
parent species reference samples for diagnostic marker investigations were acquired from
a collabrator’s (Serge Planes) collection within those areas.
3.2.2

Sample collection, DNA preservation and extraction

Samples of A. chrysopterus and A. sandaracinos were collected from Papua New
Guinea (PNG), French Polynesia (PF). For A. chrysopterus, samples were obtained from
Moorea, PF (n=29) and Kimbe Bay, PNG (n=1). For A. sandaracinos, samples were
obtained from Kapepa (n=6), Tuare (n=12), Wulai (n=3), Garove (n=8), and Kimbe,
(n=1), all islands located in PNG.
All fish were collected by snorkelers or divers using hand nets and clove oil, which
works as an anesthetic for fish. Fish were euthanized using exposure to a high dose of
clove oil immediately following collection, after which they were placed on ice and a
small section of the caudal fin (ca. 10mm2) was removed. The whole samples were
preserved in 80% ethanol for further morphology and examinations, including sex
determination; therefore it was not possible to release the fish. Fin clips from fresh
specimens were preserved immediately in 80% ethanol and stored at 20°C. A subsample
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of each fin clip from each specimen, approximately 2 mm2, was used for DNA extraction.
The samples were extracted using “hotshot” DNA extraction protocol (Truett et al. 2000)
and manufacturer’s protocol (using Qiagen DNeasy Blood and Tissue kit).
3.2.3

DNA analysis

Ideally, diagnostic markers have no variations within the species, have fixed
difference between parent species (mutually exclusive), and have the potential to show
hybrids as heterozygous (Fig. 3.2). To investigate a potential diagnostic marker, nuclear
intron TMO-4c4 and S7 fragments were amplified by primers TMO-4C4F/TMO-4C4R
(Streelman et al. 2002) and S7RPEX1F/ S7RPEX2R (Chow and Hazama 1998). To
investigate maternal contributions of the hybrid, mitochondrial gene Cytb and COI
fragments were amplified by primers Cytb9/Cytb7 (Song et al. 1998) and FishF2/FishR2
(Ward et al. 2005). It is important to note that many other potential diagnostic markers
were assessed; including RAG1, RAG2, ETS2, and BMP4, none of which were suitable
for diagnostic purpose (Appendix 2).
The QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the
polymerized chain reaction. PCR cycling parameters were as follows: initial 95°C
denaturation for 15 min., followed by 35 cycles of 94°C for 45 sec., annealing for 60 sec.
(TMO-4C4F/TMO-4C4R: 62°C; S7RPEX1F/ S7RPEX2R: 60°C; Cytb9/Cytb7: 50°C;
FishF2/FishR2: 50°C), and 72 °C for 60 sec., and a final elongation step of 72 °C for 10 min.
The PCR products were checked under UV light after running in 1% agarose gel under
90V for 45 minutes. All PCR products were cleaned by incubating with exonuclease I
and FastAP™ Thermosensitive Alkaline Phosphatase (ExoFAP; USB, Cleveland, OH,
USA) at 37 °C for 60 min., followed by 85 °C for 15 min. The final products were
sequenced in the forward direction with fluorescently labeled dye terminators following
the manufacturer’s protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA),
and analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems).
The sequences were aligned using the program Geneious R8 (Biomatters Ltd.,
Auckland, New Zealand) and were uploaded to GenBank. COI and Cytb fragments from
each species were blasted on GenBank and were 98%-100% identical with voucher
sequences from their own species (Accessions: KF929595, JF434732, FJ582815,
FJ582816, KF264280, DQ343948, KF264306, DQ343962). These reference sequences
were included in next step analysis.
Haplotypes were inferred using the Bayesian analysis PHASE 2.1 (Stephens and
Donnelly 2003) implemented in DnaSP 5.0 (Librado and Rozas 2009). Each run was
performed with a burn-in of 100,000 generations, followed by 200,000 generations. All
runs returned consistent results and were able to phase each haplotype pairs with > 90%
posterior probability. Individuals were categorized as heterozygotes if they had
chromatograms showing double peaks (Flot and Tillier 2006), and sequences were
delineated using SeqPHASE (Flot 2010). Median-joining networks showing the
relationships among the haplotypes were generated in NETWORK v4.6.1.3 (Bandelt
1999). The haplowebs (Flot et al. 2010) were derived from the median-joining networks
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by drawing curved lines to connect haplotypes that were co-occurring in heterozygous
hybrids.
Separate phylogenetic trees were generated using the phylogenetic tree-building
plug-in of Geneious 8.1.3 (Biomatters Ltd., Auckland, New Zealand) based on the COI,
Cytb, and TMO-4c4 gene fragments. The Tamura-Nei genetic distance model was
selected by Geneious for constructing the neighbor-joining tree. One hundred replicates
were resampled using the bootstrap method and the support threshold was set to 95%.
Bayesian inference (McMillan et al. 1999) was also applied, using Mr. Bayes 3.1.2
(Huelsenbeck and Ronquist 2001). The evolutionary model GTR + I + G was selected
using the program jModelTest-2.1.4 (Darriba et al. 2012). BI analysis utilized a Markov
chain Monte Carlo search with 1,000,000 generations with trees sampled every 100
generations. The branch support threshold was 95%. Consolidated trees were rooted with
the midpoint and edited using the program FigTree V1.4.2 (http://tree.bio.ed.ac.uk/).
Tree-based haplowebs (Flot et al. 2011) were derived from the phylogenetic tree by
drawing curved lines to connect haplotypes that were co-occurring in heterozygous
hybrids.
3.2.4

Microsatellite analysis

According to previous studies, there are fixed differences between species on
microsatellites A115 (Beldade et al. 2009) as well as As18 and As20 (Gainsford et al.
2015). They have potential for species determination by showing mutually exclusive
status of these two species. Hence, these three microsatellites were chosen to screen for
cross-referencing and validation of the results from putative diagnostic markers.
QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the
polymerase chain reaction. PCR cycling parameters were as follows: initial 95°C
denaturation for 15 min., followed by 40 cycles of touch-down 94 °C for 45 sec., 60 sec.
annealing at 60 °C and 72 °C for 60 sec. A final elongation step was performed at 72 °C for
20 min.
The entire microsatellite marker genotypes were successfully amplified and scored
with Geneious R8 (Biomatters Ltd., Auckland, New Zealand). Microsatellite metrics
(Appendix 3) including the number of alleles (Na) and the observed (Ho) and expected
heterozygosities (HE) were calculated in Genalex and Fstat V2.9.3.2 (Oudet 2001). The
presence of null alleles, the probabilities of departure from Hardy-Weinberg equilibrium
(Schweitzer et al. 2002), and linkage disequilibrium (LD) were estimated using GenePop
V4.3 (Rousset 2008) (Appendix 3).
To identify hybrids, principal components analysis (PCA) (Mackiewicz and
Ratajczak 1993) and discriminant analysis of principal components (DAPC) (Jombart et
al. 2010) were performed on the 3 aforementioned microsatellite datasets.
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3.3

Results

3.3.1

Nuclear DNA

The length of 312bp S7 fragments and 322 bp TMO-4c4 fragments from the
samples were aligned together and there are five and three variable sites, respectively. In
total, numbers of fragments haplotypes (h) are four and three, respectively. The haplotype
diversity is 0.634 for S7 and 0.5324 for TMO-4c4.
For the tree based haploweb and network based haploweb, two Amphiprion clades
were well separated by three nucleotide substitutions (Fig. 3.3a) and two nucleotide
substitutions (Fig. 3.3b) respectively. Hence there are five diagnostic sites in total which
could use for hybrid detection. The hybrid was heterozygous at all diagnostic sites. After
the analysis of the SeqPHASE, the two haplotypes of the hybrid were identical to parent
species (Fig. 3.3a/b). The hybrid individual represents an exception to the otherwise
species-specific haplotypes (mutually exclusive if the hybrid specimens were excluded)
generated by this marker, confirming that this individual was a hybrid offspring of A.
chrysopterus and A. sandaracinos. Interestingly, the TMO-4C4 fragment of one
specimen we subsampled from an existing A. sandaracinos collection showed the same
heterozygous pattern as the hybrid. However, the S7 fragment was identical with the
other “purebred” A. sandaracinos. These results suggest that this is a backcrossed
individual.
3.3.2

Mitochondrial DNA

The length of 529bp COI fragments and 374 bp Cytb fragments from the samples
were aligned together and there are 36 and 26 variable sites respectively. Numbers of
fragments haplotypes (h) are eight and seven respectively. The haplotype diversity is
0.722 for COI and 0.698 for Cytb.
For the tree based haploweb and network based haploweb two Amphiprion clades
were well separated by 25/21 nucleotide substitutions of COI/Cytb fragments. The
COI/Cytb gene pools of these clades were mutually exclusive. The mitochondrial
haplotypes from the hybrid specimen were identical to A. chrysopterus (Fig. 3.3c/d),
indicating that the maternal contribution of the hybrids were all from the A. chrysopterus
clade. The backcross hybrid detected by nuclear diagnostic markers was clustered in the
A. chrysopterus clade.
3.3.3

Microsatellite

The clear, mutually exclusive nature of these two species shown in both mtDNA and
nuclear DNA was also apparent in the PCA/DAPC of 3 microsatellite loci (Fig. 3.4). In
the PCA plot and the DAPC plot, the two Amphiprion spp. were separated from each
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other and individuals clustered tightly within their respective species (Fig. 3.4). The
hybrids and backcross specimens were easily distinguished in both plots, and genotypes
of those individuals were positioned in-between those of the parental species (Fig. 3.4).
There results confirmed the hybrid identities, which were indicated by nuclear diagnostic
markers. For microsatellite As18 and As20, they showed fixed difference between parent
species and have almost no variation within the species. Meanwhile, microsatellite A115
has a fixed position for A. sandaracinos samples, but showed polymorphism among A.
chrysopterus samples.

3.4

Discussion

Two diagnostic nuclear markers TMO-4c4 and S7 for A. chrysopterus and A.
sandaracinos species determination and hybrid identification were identified during this
study. The mutually exclusive status of these two species was found using these two
markers. Combined with mtDNA analysis results, the pattern of single side maternal
contribution from A. chrysopterus on hybrids was found. This is consistent as expected if
it is the result of unidirectional introgression caused by size-based female dominance in
clownfish (i.e., the larger A. chrysopterus female will most likely breed with a smaller
male A. sandaracinos or a hybrid) (Gainsford et al. 2015). The discovery of the backcross
individual strongly suggests that first generation hybrids are fertile and could successfully
reproduce.
Microsatellites rarely offer diagnostic loci among closely related species, because of
the generally wide range and subsequent overlap in allele size. Where possible, the use
of diagnostic markers with heterozygosity in fixed nucleotide positions (i.e., diagnostic
sites) between species appears to be the efficient method to confirm hybrid status
(Bernardi et al. 2013; Coleman et al. 2014). As mentioned in the previous chapter, fixed
nucleotide positions facilitate comparison among studies more easily than comparison of
microsatellite results. For the future hybrid investigations between for A. chrysopterus
and A. sandaracinos, the hybrid identification could be simply accomplished by
comparing the TMO-4c4/S7 fragment sequences with the GenBank voucher sequences of
Amphiprion hybrids which amplified during this study. Alternatively, it would be
possible to check microsatellite markers As18 and As20 to see if the samples are
heterozygous. (This is the case at least as far as we have seen in the existing samples.)
However, in other hybridization cases where diagnostic markers cannot be identified,
nuclear microsatellites may present an alternative method for hybrid identifications (Van
Herwerden et al. 2006; Harrison et al. 2014), although this approach requires screening
large sample sizes and the data are difficult to compare between studies.
This hybridization process appears to introduce species-specific haplotypes into both
parent species. The genetic diversity within each of the parent species populations could
be increased in the short term due to the new unique alleles transferred from other species
with which it is hybridizing via an intensive introgression process (Gainsford et al. 2015).
Coral hybridization studies suggested that some corals may overcome the extinction risk

46
posed by a loss of genetic diversity through the process of hybridizing with other closely
related species (Richards et al. 2008). Although hybridization might increase diversity at
first, it could eventually reduce diversity by reverse speciation due to introgressions
through time (Seehausen 2006).
The genetic distance between A. chrysopterus and A. sandaracinos (4.5% p-distance) is
relatively large compared to the other genetically-investigated Amphiprion hybridization
case (A. bicinctus x A. omanensis, 0.1% p-distance) (Fig 1.2). Although this is a relatively
large distance, it is actually much smaller than some other known hybridization cases
(e.g., between different genera or even between different families). The genetic distance,
therefore, does not seem to be a major factor in this case. The rarity of one of the parent
species (DiBattista et al. 2015) or the specialized habitat requirements of most
Amphiprion species (i.e., obligatory association with an anemone (Fautin 1986)) could be
key factors contributing to the hybridization between A. chrysopterus and A.
sandaracinos. Furthermore, the size differentiation between the two species and the
hierarchical (size-based) reproductive behavior in most Amphiprion species likely shaped
the evolutionary outcomes for this hybridization process (Gainsford et al. 2015). Still, the
impacts of the genomic rearrangements facilitated by this hybridization process are
largely unknown. Phenotypes associated with the hybridization promotion factors could
be connected to genotypes created by hybridization events through a complete genome
analysis and through the creation of a linkage map. Since Amphiprion species are
relatively easy to maintain and breed in aquaria (Gordon and Bok 2001; Ignatius et al.
2001; Kumar and Balasubramanian 2009), this genus may represent a valuable model
study group for further detailed study of hybridization in marine fishes.

Figures

Figure 3.1 Geographic distribution map of Amphiprion chrysopterus (green), and A. sandaracinos (purple). Collection sites for the
hybrid specimen and samples of A. chrysopterus and A. sandaracinos used for molecular comparisons are marked.
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Figure 3.2 Anterior and lateral view and the diagnostic sits at the TMO-4C4/S7 locus of A. chrysopterus, A. sandaracinos, and their
hybrids.
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Figure 3.3 Phylogenetic relationships of A. chrysopterus, A. sandaracinos, and their hybrids haplotypes represented in a tree-based
haploweb (Flot et al. 2011) and a network-based haploweb (Flot et al. 2010) of the S7 (A), TMO-4c4 (B), COI (C), and Cytb (D).
Each branch/circle represents a unique haplotype and size of the circle is proportional to its total frequency. The red rhombus
represents the missing haplotype. Each branch connecting different circles represents a single nucleotide change and black cross-bars
on them represents an additional nucleotide change. The double bars in the haploweb represent greater than one nucleotide change (as
indicated). The dashed line represents mutually exclusive of two clades. Curves connecting branches indicate these haplotypes
occurring in heterozygous individuals. Branching support on each clade of the phylogenetic tree was given by Bayesian inference (BI)
and Neighbor-joining (NJ). Colors denote sample species and geographic origin as indicated by the legend.
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Figure 3.4 PCA scatter plot (left) and DAPC scatter plot (right) of A. chrysopterus, A. sandaracinos, and their hybrids. The dots
represent Individual genotypes and the identity categories for genotypes of each individual are indicated in the legend. The 99%/95%
(PCA/DAPC) inertia ellipses represent the genetic variations within each population/species categories. The eigenvalue plots show the
amount of genetic information retained by each successive function.

Chapter 4 Diagnostic nuclear markers for Plectropomus leopardus X
Plectropomus maculatus hybrids

4.1 INTRODUCTION
In the marine environment, at least 111 natural fish hybrids have been reported,
involving more than 173 species across 17 families (Montanari et al. 2012; Bernardi et al.
2013; Walter et al. 2014; DiBattista et al. 2015; Gainsford et al. 2015; Montanari et al.
2016). At least 81 species of coral reef fish species are known to hybridize (McCafferty
et al. 2002; Yaakub et al. 2006; Leray et al. 2010; DiBattista et al. 2012; Montanari et al.
2012; Van der Meer et al. 2012; Bernardi et al. 2013; Coleman et al. 2014; DiBattista et
al. 2015; Gainsford et al. 2015). Hybridization may thus represent an important
evolutionary mechanism in the marine environment, although the evolutionary
significance of the process is somewhat debated (McMillan et al. 1999; Yaakub et al.
2006; Marie et al. 2007; Yaakub et al. 2007).
Coral trout (Plectropomus spp., family Serranidae) are large coral reef predators
which are widely distributed throughout the Indo-Pacific (Van Herwerden et al. 2006).
The habitation of P. maculatus are generally more frequent on inner-shelf reefs, while P.
leopardus are more prefer the niches on mid- and outer-shelf reefs (Heemstra and
Randall 1993; Mapstone et al. 1998; Russ et al. 2008). The two species can be found to
co-occur in large numbers on some inner-shelf reefs in areas such as the Palm and
Whitsunday Islands and on reefs located at the western (inshore) margin of the Capricorn
Bunker Reefs. The two study species, P. maculatus and P. leopardus, share many
morphological and life history characteristics (Leis 1986; Heemstra and Randall 1993)
and adult individuals are most easily identified by their distinctive spot patterns (Fig. 4.1).
The juveniles of these two species, however, are very difficult to distinguish in the field
(Harrison et al. in review). Naturally occurring putative hybrids from these species have
been detected from field collections from reefs near Palm and Whitsunday Islands and
from the Capricorn Bunker Reefs in the Great Barrier Reef (GBR) (Van Herwerden et al.
2002; Van Herwerden and Doherty 2006). The two species and their putative hybrids are
not readily distinguishable morphologically as juveniles (Frisch and Hobbs 2007) but the
putative hybrids do show some intermediate coloration patterns such as half-elongated
spots on the opercula.
Van Herwerden et al. (2002) sequenced 5 individuals from each Plectropomus spp.
but found that mitochondrial fragments (using primers L16007 and H00651 for the
hypervariable region I of the control region) were not mutually exclusive between P.
leopardus and P. maculatus. However, the nuclear oncogene intron (ETS2) sequences
sharing between P. leopardus and P. maculates in this small preliminary sampling was
not observed. Subsequently, after analyzing an additional 20 individuals of P. leopardus
and 8 individuals of P. maculatus from the same area, the ETS2 region gene pools failed
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to show the mutually exclusive pattern these two species (van Herwerden et al. 2006). A
single nuclear microsatellite (locus 7-90T) appears to have the ability to discriminate the
two Plectropomus species but putative hybrid samples were not tested using this marker
(van Herwerden et al. 2006). Still, these markers were used for phylogenetic studies for
these species (Ding et al. 2006; Ma et al. 2016). Harrison et al. (2014) used a large panel
of microsatellite markers to demonstrate a surprising frequency of P. leopardus X P.
maculatus hybrids in wild populations on the GBR.
Molecular identification of Plectropmus spp. hybrids thus remains to be attempted.
The validation of a method to detect and confirm hybrid cases is the first step towards a
better general understanding of the processes that underlie hybridization and enables
future studies exploring the associated evolutionary mechanisms involved.
The specific aim of this study was to identify diagnostic markers capable of
distinguishing P. leopardus, P. maculatus, and their putative hybrids. Ideally, the
diagnostic markers should be invariable within species and have fixed difference between
species. In a previous study, 91 interspecific hybrids were identified from a collection of
2,961 P. leopardus and P. maculatus sampled from reefs in the Keppel Islands, the Percy
Islands, and the Capricorn Bunker group in the southern GBR (Fig. 4.2) (Harrison et al.
in review)( . These samples were identified using 21 microsatellite markers (Harrison et
al. 2014) and were classified as purebred genotypes, first-generation hybrids (N=17), or
second-generation hybrids (N=74) (Table 4.1) (Harrison et al. in review). For the present
study, 48 P. leopardus, 48 P. maculatus, and all the identified hybrids (91 samples) were
used as material to test for potential diagnostic markers.
To investigate potential diagnostic markers for P. leopardus, P. maculatus, and
their hybrids, several nuclear markers were tested. Finally, to investigate maternal
contributions of the hybrids, two mitochondrial gene markers were amplified as well.

4.2 MATERIAL AND METHODS
4.2.2

Sample Collection

Samples were collected from the Keppel Islands (23°10’ S, 150°57’ E), the Percy
Islands (21°42’ S, 150°18’ E), and the Capricorn Bunker reefs (23°25’ S, 151°46’ E)
in the southern section of the GBR, Australia (Fig. 4.2). The Keppel and Percy Island
groups are archipelagos of high continental islands surrounded by fringing coral reefs,
while the Capricorn-Bunker group is comprised of emergent platform reefs located on the
outer margin of the continental shelf.
Tissue samples for Plectropomus spp. were collected from the three previously
mentioned locations (Table 4.1). Juvenile fish (<300 mm) were collected on SCUBA
using spears with the aid of clove oil as an anesthetic. A small section of the pectoral fin
of each sample was preserved in 95% ethanol for genetic analyses. Modified tissue
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biopsy probes (Pneu-Dart, USA) on spears were used to unobtrusively collect tissue
samples from adult fish (>300 mm). The size of each fish was estimated in situ, with
individuals categorized into 50-mm size classes. Muscle tissue, skin, or scales were
preserved in 95% ethanol for genetic analyses. All samples were collected between
August 2010 and August 2013 under Marine Parks permit No. G11/3354.1, Queensland
General Fisheries permit No. 148534 and Animal Ethics Permit A1625.
The analyses presented in this chapter focus on the 91 samples identified by
Harrison et al. (2014) as hybrids.
4.2.3

DNA analyses

Ideally, diagnostic markers have no variations within the species, have fixed
difference between parent species (mutually exclusive), and have the potential to show
hybrids as heterozygous. To investigate a potential diagnostic marker, nuclear intron
TMO-4c4 and ETS2 fragments were amplified by primers TMO-4C4F/TMO-4C4R and
ETS2F/ETS2R (Lyons et al. 1997). To investigate maternal contributions of the hybrid,
mitochondrial gene Cytb and COI fragments were amplified by primers Cytb9/Cytb7
(Song et al. 1998) and FishF2/FishR2 (Ward et al. 2005). It is important to note that
many other potential diagnostic markers were assessed; including RAG1, RAG2, S7, and
BMP4, none of which were suitable for diagnostic purpose (Appendix 2).
The QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the
polymerized chain reaction. PCR cycling parameters were as follows: initial 95°C
denaturation for 15 min., followed by 35 cycles of 94°C for 45 sec., annealing for 60 sec.
(TMO-4C4F/TMO-4C4R: 60°C; ETS2F/ ETS2R: 62°C; Cytb9/Cytb7: 50°C;
FishF2/FishR2: 50°C), and 72 °C for 60 sec., and a final elongation step of 72 °C for 10
min. The PCR products were checked under UV light after running in 1% agarose gel
under 90V for 45 minutes. All PCR products were cleaned by incubating with
exonuclease I and FastAP™ Thermosensitive Alkaline Phosphatase (ExoFAP; USB,
Cleveland, OH, USA) at 37 °C for 60 min., followed by 85 °C for 15 min. The final
products were sequenced in the forward direction with fluorescently labeled dye
terminators following the manufacturer’s protocols (BigDye, Applied Biosystems Inc.,
Foster City, CA, USA), and analyzed using an ABI 3130XL Genetic Analyzer (Applied
Biosystems).
The sequences were aligned using the program Geneious R8 (Biomatters Ltd.,
Auckland, New Zealand) and were uploaded to GenBank. Haplotypes were inferred
using the Bayesian analysis PHASE 2.1 (Stephens and Donnelly 2003) implemented in
DnaSP 5.0 (Librado and Rozas 2009). Each run was performed with a burn-in of 100,000
generations, followed by 200,000 generations. All runs returned consistent results and
were able to phase each haplotype pairs with > 90% posterior probability. The
Individuals were classified as heterozygotes if their chromatograms exhibited double
peaks (Flot and Tillier 2006), and sequences were delineated using SeqPHASE (Flot
2010). Median-joining networks showing the relationships among the haplotypes were
generated in NETWORK v4.6.1.3 (Bandelt 1999). The haplowebs (Flot et al. 2010) were
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derived from the median-joining networks by drawing to connect haplotypes that were
co-occurring in heterozygous hybrids.

4.3 RESULTS
4.3.2

Nuclear DNA

The length of 320bp ETS2 fragments and 353 bp TMO-4c4 fragments from the
samples were aligned together and there are seven and five variable sites, respectively. In
total, numbers of fragments haplotypes (h) are five and nine, respectively. The haplotype
diversity is 0.690 for ETS2 and 0.788 for TMO-4c4.
For the network based haploweb, two Plectropomus clades were well separated by
four nucleotide substitutions (Fig. 4.3) and one insertion (Fig. 4.4) respectively. Hence
there are five diagnostic sites in total which could use for hybrid detection. First
generation hybrids were determined by heterozygosity at all diagnostic sites. 17 of the 91
samples were confirmed as F1 hybrids, matching 100% of the 17 F1 hybrids identified
using microsatellites in Harrison et al. (2014). After the analysis of the SeqPHASE, the
two haplotypes of the F1 hybrids were identical to parent species (Fig. 4.3/4.4). The F1
hybrid individuals represent exception to the otherwise species-specific haplotypes
(mutually exclusive if the hybrid specimens were excluded) generated by this marker,
confirming that these individuals were a hybrid offspring of P. maculatus and P.
leopardus.
A total of 74 individuals from the 91 samples were identified as backcrossed
hybrids by Harrison et al. (2014). Some of these backcrossed individuals (N=12 out of
total N=74) were heterozygous at all diagnostic sites examined, confirming their hybrid
status but not resolving the status further. The other backcrossed individuals (N=41 out
of total N=74) had homozygous genotypes on one diagnostic marker, confirming their
hybrid status and indicating which of the pure lineage they had backcrossed with (i.e.,
they remained heterozygous on the other diagnostic marker). However, some backcrossed
individuals (N=19 out of total N=74) were homozygous and the same as one of the
purebred lineages at all diagnostic sites, precluding our ability to identify these as hybrids
using the nuclear marker. Interestingly, two backcrossed individuals (N=2 out of total
N=74) were homozygous for both diagnostic markers, but with haplotypes indicating
mulitple backcrosses to both parent species.
In total, 80% of the hybrid sampled (N=72 out of total N=91) that had been
identified through microsatellite analyses were confirmed through the use of these two
diagnostic markers. These 72 displayed exceptions to the species-specific haplotypes
(mutually exclusive) generated by these two diagnostic markers.
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4.3.3

mtDNA

The length of 633bp COI fragments and 798 bp Cytb fragments from the samples
were aligned together and there are eight and 13 variable sites respectively. Numbers of
fragments haplotypes (h) are eight and 12 respectively. The haplotype diversity is 0.310
for COI and 0.741 for Cytb.
For the network based haploweb, two Plectropomus clades could not be
discriminated by COI/Cytb haplotypes. The COI/Cytb gene pools of these clades were
not mutually exclusive. The mitochondrial haplotypes from the hybrid specimens were
indistinguishable with purebred parent species (Fig. 4.5), indicating that the maternal
contribution of the hybrids could come from both lineages.
However, when the existence of hybrids and backcrosses were supported by
nuclear data, COI and Cytb networks provided evidence of bidirectional introgression
between these two species.

4.4 DISCUSSION
In studies of hybridization, markers that can clearly and reliably separate two
purebred lineages are useful as diagnostic markers (Boecklen and Howard 1997). In
principle, ideal markers will show no intraspecific variation (i.e., within both potential
parent species) and will show a fixed interspecific difference (i.e., between the two
species). Identification of such diagnostic markers requires assessing several potential
markers in a suite of samples from both species. We found evidence that the ETS2 and
TMo-4c4 can be used to distinguish between two closely related Plectropomus species, P.
maculatus and P. leopardus. Consistent with previous studies, we found that the two
species lineages could not be discriminated by COI and Cytb fragments, likely because
the maternal contribution of the hybrids could be from either lineage.
Although Van Herwerden et al. (2009) failed to find the ETS2 region useful to
discriminate these two species, we found this region informative. It is possible that some
of the hybrid specimens were within the samples they worked on and this led to the
absence of mutual allelic exclusivity on this marker. These two species share many
morphological and life-history characteristics (Leis 1986; Heemstra and Randall 1993)
and they are not readily distinguishable from each other as juveniles (Frisch and Van
Herwerden 2006; Frisch and Hobbs 2007). With this in mind, it is likely that cryptic
hybrid offspring may have accidentally been misidentified as their parent species in the
past. This would have reduced the apparent discrimination abilities of the nuclear
markers, potentially explaining the difference in diagnostic abilities found in the ETS2
marker by (Van Herwerden et al. 2006) compared with our study. Hybrids need to be
removed from the analysis to ensure proper species delimitation (Flot et al. 2010). During
this study, all the sample identifications were carried out by microsatellite data (Harrison
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et al. in review) before they proceed to the diagnostic marker investigation. Hence, the
interference of hybrids on the ability to detect mutual exclusivity between these two
species did not exist in this study.
Due to the similar appearances of juveniles of the two species, misidentifications
are possible. Further exacerbating this issue is the presence of hybrids and frequent
introgression (Van Herwerden et al. 2006; Harrison et al. 2014). Misidentification of
purebred samples or inclusion of hybrid individuals considered "purebred" has prevented
the identification of useful markers in some previous studies. For example, checking
numerous published GenBank sequences revealed several questionable cases or likely
errors. For example, two ETS2 sequences deposited as P. leopardus (DQ666713;
DQ666714) actually show the diagnostic sequence for P. maculatus. It appears that minor
misidentifications such as this may occur frequently. Ding et al. (2006) misidentified a P.
leopardus (EF517751) as P. maculatus, and two P. maculatus specimens (KM658838;
KM658839) as P. leopardus (both based on diagnostic ETS2 sequences). Two ETS2
sequences labeled as P. leopardus (KM658840; KM658841) show an ambiguous
nucleotide at diagnostic sites,, indicating that these are likely hybrid individuals. The
error is further propagated by the inclusion of some of these sequences in a phylogenetic
study (Ma et al. 2016); as a result, the mutual exclusivity between P. leopardus and P.
maculatus was not detected.
The use of markers with heterozygosity in fixed nucleotide positions (i.e.,
diagnostic sites) between species could be a method to confirm hybrid status (Bernardi et
al. 2013; Coleman et al. 2014). This is particularly true under circumstances where the
sample size is insufficient to use microsatellite analysis. Ttheoretically, 25-30 nuclear
markers are needed to produce very high resolution and confidence for documenting
interspecific hybrids (Boecklen and Howard 1997). However, our results suggest that
even for later-generation Plectropomus hybrids, the TMO-4c4 and ETS2 markers were
sufficient to identify most (80%) of the hybrids and backcrossed individuals identified
using a large suite of microsatellites (Harrison et al. 2014). Based on one direction
backcross model tested by Boecklen and Howard (1997), to achieve approximately 5%
misclassification probability (i.e., 95% detection) between first generation backcross and
parent species, 4 independent nuclear markers will be needed. Hence, in addition to ETS2
and TMO-4c4, two or three additional diagnostic markers might be needed to increase
our detection ability to 95% of first generation backcross individuals. There would be a
diminishing return on the additional effort required to add more markers and gradually
increase the detection capability, so future work would need to consider the inherent
tradeoff between increasing accuracy and effort required.
Plectropomus leopardus and P. maculatus have sympatric distributions with very
similar life history characteristics but occupy different coral reef habitats (Heemstra and
Randall 1993; Mapstone et al. 1998; Russ et al. 2008). It is clear from our results that,
where they interact, they produce viable hybrids. Unsurprisingly, the distribution and
abundance of hybrids did not coincide with the relative densities of parental species
(Harrison et al. in review) . Coral reef fish larvae are capable of dispersing over dozens of
kilometers (Almany et al. 2013) so the source of hybrids is unclear. However, recent
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studies of coral trout have demonstrated that multiple populations are partially selfrecruiting (Harrison et al. 2012). Assuming that hybrids are the progeny of local
populations, the distribution and abundance of coral trout in these reefs is likely to be an
important factor in the proliferation of hybrids.
While both species appear to maintain specific habitat preferences, coral trout are
not distinctly habitat specialists (Heemstra and Randall 1993). The southern GBR,
particularly the Capricorn Bunker group, represents the leading edge of the species’ range
and may provide an intermediate habitat between offshore oligotrophic and murky
inshore reefs where P. leopardus and P. maculatus can interact (Harrison et al. in
review) . Since both species have peak spawning around the new moon lunar phase and
are known to form large spawning aggregations, it is possible that hybrids are the results
of sneak mating or accidental fertilization (Hubbs 1955; Avise and Saunders 1984; Wirtz
1999). For example, P. leopardus are rare on inshore reefs of the GBR such as the
Keppel Islands and the large disparity in abundance of one species relative to the other
may encourage both males and females to engage in sneak mating or may result in
accidental fertilization. In contrast, reefs of the Capricorn Bunkers have high densities of
both species and some degree of assortative mating is likely to occur simply due to the
habitat preferences of the individual species (Harrison et al. in review).
It is evident from the analysis of microsatellite loci, nuclear loci, and sequence
information that interspecific hybridization has led to genetic introgression of parental
lineages in reefs of the southern GBR. The presence of backcrossed individuals indicates
that recent introgression has occurred, though it remains difficult to isolate contemporary
patterns of interspecific gene flow from ancestral introgression and incomplete lineage
sorting when estimating admixture proportions (Pollard et al. 2006). A complete genome
analysis and a linkage map would be necessary to determine the impact of any genomic
rearrangements.

Figures & Tables

Figure 4.1 Plectropomus leopardus (background) and P. maculatus (foreground) are easily distinguished by their characteristic blue
spot patterns, which only become apparent after 2-3 months post-settlement. (Photo credit: Phil Woodhead)

59

Figure 4.2 Coral trout (P. leopardus and P. maculatus) were collected from reefs in the Percy Islands, Keppel Islands, and Capricorn
Bunkers. The Capricorn Channel separates these inshore and mid-shelf reefs from the outer-shelf of the Great Barrier Reef.
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Figure 4.3 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids haplotypes represented in a network-based
haploweb (Flot et al. 2010) of the ETS2. Each circle represents a unique haplotype and size of the circle is proportional to its total
frequency which is labeled by number next to it. Each branch connecting different circles represents a single nucleotide change and
black cross-bar on it represents an additional nucleotide change. The double bars in the haploweb represent greater than one nucleotide
change (as indicated). Curves connecting branches indicate these haplotypes occurring in heterozygous individuals. Colors denote
sample species as indicated by the legend.
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Figure 4.4 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids haplotypes represented in a network-based
haploweb (Flot et al. 2010) of the TMO-4c4. Each circle represents a unique haplotype and size of the circle is proportional to its total
frequency which is labeled by number next to it. Each branch connecting different circles represents a single nucleotide change.
Curves connecting branches indicate these haplotypes occurring in heterozygous individuals. Colors denote sample species as
indicated by the legend.
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Figure 4.5 Phylogenetic relationships of P. leopardus and P. maculatus, and their hybrids haplotypes represented in network-based
haplowebs (Flot et al. 2010) of the COI and Cytb. Each circle represents a unique haplotype and size of the circle is proportional to its
total frequency as indicated by the legend. Each branch connecting different circles represents a single nucleotide change and black
cross-bar on it represents an additional nucleotide change. The double bars in the haploweb represent greater than one nucleotide
change (as indicated). Curves connecting branches indicate these haplotypes occurring in heterozygous individuals. Colors denote
sample species as indicated by the legend.

Chapter 5

Pleuronectes platessa X Platichthys flesus hybrids

5.1 INTRODUCTION
Recent studies have demonstrated that hybridization among marine fishes is not
rare on coral reefs (Richards and Hobbs 2015). Almost 70% of marine fish hybrids have
been reported from tropical waters (Montanari et al. 2016). These contrasts with the
finding that over 90% of the hybrid fishes in freshwater were reported from temperate or
subtropical areas (Scribner et al. 2000). There are still many questions about the potential
explanations for this apparent geographic distribution trend in marine fish hybridization:
is it just a reflection of the higher biodiversity in the tropics, or of the greater sampling
effort and accessibility of shallow tropical reefs? In my previous chapters, I have
explored hybridization in several tropical reef species, and in this chapter I will focus on
a temperate case study.
Documented interspecific hybridization events within the flatfish family
Pleuronectidae are mostly reported from temperate or subtropical areas. A series of
potential hybrids were documented by intermediate morphological traits in early studies,
including plaice (Pleuronectes platessa) x flounder (Platichthys flesus), and plaice x
witch flounder (Glyptocephalus cynoglossus) in the Baltic Sea; flounder x dab (Limanda
limanda), plaice x dab, and plaice x flounder in England (Norman 1934). Natural flatfish
hybrids have also been reported in Japan (Hubbs and Kuronuma 1942) and examined
using allelic isozymes (Fujio 1977). In addition to naturally occurring hybrids, many
artificial Pleuronectidae hybrids were produced in attempts to produce new strains of fish
with interesting traits for flatfish aquaculture, including dab x flounder, plaice x dab,
plaice x lemon sole (Microstomus kitt), flounder x lemon sole, halibut (Hippoglossus
hippoglossus) x plaice, halibut x flounder, and plaice x flounder (Riley and Thacker 1969;
Purdom and Lincoln 1974; Lincoln 1981b,a). These studies indicate the potential for
hybridization in this group of fishes. The family provides a good opportunity to
investigate with modern genetic tools the nature of hybridization in widespread and
commercially important temperate species.
A group of flatfishes known by the Danish name “leps” attracted the attention of
scientists due to their intermediate appearance between a species of flounder (Pla. flesus)
and plaice (Ple. platessa) (Fig. 5.1). Gottsche (1835) reported it as a variation of plaice
and named it Platessa pseudoflesus. A few later studies investigated the newly described
species and concluded that it is a distinct species closely related to flounder and plaice
(Stead 1896; Otterstrøm 1914; Norman 1934). Morphologically, Pla. pseudoflesus
(hereafter referred to as leps) presents similarities to both plaice and flounder. Much like
plaice, these individuals exhibit rough scales that run along the lateral line, in addition to
similar anal and dorsal fins, whereas the size of the mouth and the shape of gill rakers are
more similar to those found on flounder (Stead 1896; Otterstrøm 1914; Norman 1934).
Pape (1935), in contrast to the previous authors, came to the conclusion that leps are most
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likely a hybrid between flounder and plaice. A detailed morphological study showed that
the characteristics of leps including body depth, head length, the length of the back, and
anal fin ray count are intermediate between those recorded for flounder and for plaice.
von Ubisch (1950) suggested that vertebrae counts could be used to differentiate them
due to the limited overlap in the count ranges (flounder 34-37, plaice 41-44, leps 38-41).
Leps are common in the Baltic Sea(Sick et al. 1963; Lincoln 1981b). According to Sick
et al. (1963), leps consist of up to 10% of the total plaice population in the Baltic Sea.
Several studies have also proven that leps are fertile (von Ubisch 1950; Riley and
Thacker 1969; Purdom and Lincoln 1974; Lincoln 1981b; Kijewska et al. 2009)
Flounder (Pla. flesus) and plaice (Ple. platessa) are species of commercial value
that live on the European continental shelf. The life history of these two species is of
interest because their pelagic eggs and larvae have high dispersal abilities and adults are
known to migrate; two factors that could result in genetic similarity between populations.
However, adults also display fidelity to specific, separate spawning grounds, which could
play a role in isolating populations from each other (Van der Veer 1986; Rijnsdorp and
Pastoors 1995). Both of the species are capable of tolerating low salinity and occupy
different, but partially overlapping, habitats due to the salinity limitations within the
Baltic Sea (Eggens et al. 1995). They were found to coexist with freshwater species in the
brackish waters in the Baltic Sea but still require certain salinity conditions for egg
development (Nissling et al. 2002). In Baltic Sea, due to the heavily inner land river
injection from eastern lands, the salinity is lower if moving towards the east in the surface
layers but salinity rises if moving into deeper waters (Kijewska et al. 2009). For plaice
and flounder, the only suitable breeding grounds are in the deepest areas of the southern
Baltic Sea, for example in the Bornholm and Gdansk Basins (Nissling et al. 2002).
Therefore, the sharing of spawning grounds between plaice and flounder in this area
could contribute to hybridization (Nissling et al. 2002; Kijewska et al. 2009).
Previous studies on plaice using allozymes did not reveal any clear evidence of
population differentiation (Purdom 1976; Ward and Beardmore 1977). All plaice found in
northern Europe have strong genetic differentiation between on-shelf and off-shelf
populations (Hoarau et al. 2004). Among the flounder populations in European waters,
significant genetic differentiation was detected using microsatellite analysis (HemmerHansen et al. 2007; Florin and Höglund 2008), however no significant genetic
differentiation was found between populations of flounder from the North Sea and the
Baltic Sea. Within the Baltic Sea, there are two behaviorally distinct populations within
the flounder species. One population displays pelagic spawning typical of most flounders.
A second sympatric population, however, utilizes a benthic spawning mode (the eggs are
slightly less buoyant and do not float). Florin and Höglund (2008) suggested that the
Baltic Sea demersal flounders descend from ancestors that arrived in the Baltic Sea prior
to pelagic spawners. The populations in the Baltic Sea and Danish Straits were
subsequently found to have typical genetic signatures of isolation from each other (Florin
and Höglund 2008). Overall, both flounder and plaice tend to show subtle differentiation
associated with either regional or behavioral differences within their respective species.
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Pleuronectidae systematics have been traditionally based solely on morphology
(Berendzen et al. 2002). Some flatfish species belonging to different genera within the
family have been known to hybridize (Norman 1934; Riley and Thacker 1969; Purdom
and Lincoln 1974; Lincoln 1981b,a) and the presence of hybridized indviduals can lead to
misidentification of specimens when exclusively identified using morphological
characteristics (Kijewska et al., 2009). Previous systematic studies of the Pleuronectidae
conducted using molecular markers could not show reciprocal monophyly between plaice
and flounder (Pardo et al. 2005; Kartavtsev et al. 2007; Betancur-R et al. 2013). Given
the occurrence of intergeneric crosses within the Pleuronectidae family, the phylogenetic
relationship and the possibilities of reverting some of those natural hybridizing species
into the common genus Pleuronectes need to be critically re-examined (Riley and
Thacker 1969). Various genetic analyses have been used to study plaice and flounder in
the Baltic Sea. Hemoglobin (Sick et al. 1963), allozymes (He and Mork 2015), and length
variation nuclear markers (Kijewska et al. 2009) were used to try to identify plaice X
flounder hybrids and microsatellites were used to investigate the population genetic
structures of both species (Hoarau et al. 2002b; Hemmer-Hansen et al. 2007).
Unfortunately, apart from allele frequency differences, the results of these studies were
not conclusive.
The specific aim of this study was to identify diagnostic markers capable of
distinguishing Pleuronectes platessa, Platichthys flesus, and their putative hybrids (leps)
in comparison to the identification using traditional morphological traits. In previous
study, 21 morphological hybrids were identified from the Baltic Sea (Appendix 6). For
the present study, 37 Platichthys flesus, 31 Pleuronectes platessa, and 16 leps were used
as material to test for potential diagnostic markers. To investigate potential diagnostic
markers for Ple. platessa, Pla. flesus, and their hybrids, several nuclear markers were
tested. I will use mitochondrial gene markers to investigate maternal contributions of the
hybrids. This approach will enable me to investigate further the actual status of leps and
potentially to resolve questions about the origin of leps.

5.2 MATERIAL AND METHODS
5.2.1

Sample collection and morphological examination

Samples of Ple. platessa (n= 22), Pla. flesus (n= 25), and hybrids (n=16) were
collected by snorkelers or divers using hand nets from the Baltic Sea (our collaborator W.
B. Larsen’s project report contains detailed field sampling information; Appendix 6).
Additional Ple. platessa (n= 50) and Pla. flesus (n= 41) samples were collected from the
Norwegian fjords using multiple collecting methods, as described in He et al. (2015)
(Appendix 5). These samples were used as purebred references due to the apparent low
hybridization rate within that area (He et al., 2015). Fin clips of 31 plaice (20 from the
Baltic Sea and 11 from Norwegian fjords), 37 flounder (21 from the Baltic Sea and 16
from Norwegian fjords), and 16 hybrids (all from the Baltic Sea) were taken from fresh
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specimens at the time of collection and were preserved in 80% ethanol then stored at 20°C. For the current study, a subsample (approximately 2 mm 2) of each fin clip was
retrieved and was used for DNA extraction. The samples were extracted using a “hotshot”
DNA extraction protocol (Truett et al. 2000).
Morphological identifications were performed according to Eschmeyer (1990) and
(von Ubisch 1950). This included measurements of vertebrae, anal fin rays, dorsal fin
rays, tail fin rays, thorns on the anal fin rays, thorns on the scales, and other detailed
morphometric (Appendix 6). Detailed statistical comparisons of the collected data are
described in Larsen’s report (Appendix 6).
5.2.2

DNA analysis

Ideally, diagnostic markers have no variations within the species, have fixed
difference between parent species (i.e., they are mutually exclusive), and have the
potential to show hybrids as heterozygous between these otherwise-exclusive parent
species. To investigate potential diagnostic markers, nuclear intron TMO-4c4 and ETS2
fragments were amplified by primers TMO-4C4F/TMO-4C4R and ETS2F/ETS2R
(Lyons et al. 1997). To investigate maternal contributions of the hybrid, mitochondrial
gene Cytb and COI fragments were amplified by primers Cytb9/Cytb7 (Song et al. 1998)
and FishF2/FishR2 (Ward et al. 2005). It is important to note that many other potential
diagnostic markers were assessed; including RAG1, RAG2, S7, and BMP4, none of
which were suitable for diagnostic purpose (Appendix 2).
The QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the
polymerized chain reaction. PCR cycling parameters were as follows: initial 95°C
denaturation for 15 min., followed by 35 cycles of 94°C for 45 sec., annealing for 60 sec.
(TMO-4C4F/TMO-4C4R: 58°C; ETS2F/ETS2R: 54°C; FishF2/FishR2: 50°C), and 72 °C
for 60 sec., and a final elongation step of 72 °C for 10 min. The PCR products were
checked under UV light after running in 1% agarose gel under 90V for 45 minutes. All
PCR products were cleaned by incubating with exonuclease I and FastAP™
Thermosensitive Alkaline Phosphatase (ExoFAP; USB, Cleveland, OH, USA) at 37 °C
for 60 min., followed by 85 °C for 15 min. The final products were sequenced in the
forward direction with fluorescently labeled dye terminators following the
manufacturer’s protocols (BigDye, Applied Biosystems Inc., Foster City, CA, USA), and
analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems).
The sequences were aligned using the program Geneious R8 (Biomatters Ltd.,
Auckland, New Zealand) and were uploaded to GenBank. COI fragments from each
species were blasted on GenBank and were 98%-100% identical with voucher sequences
from their own species (Accessions: KM654275, JN859194, JN859191, KM654278,
EU513682, KJ128581).
Haplotypes were inferred using the Bayesian analysis PHASE 2.1 (Stephens and
Donnelly 2003) implemented in DnaSP 5.0 (Librado and Rozas 2009). Each run was
performed with a burn-in of 100,000 generations, followed by 200,000 generations. All
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runs returned consistent results and were able to phase each haplotype pairs with > 90%
posterior probability. The samples with double peaks in their sequences chromatograms
were recognized to be heterozygotes (Flot and Tillier 2006). Two haplotypes of each
sequences were separated by using SeqPHASE (Flot 2010) when both haplotype alleles
were same length and CHAMPURU (Flot 2007) when two alleles had different lengths.
The latter case was only found in the ETS2 region. After delineation, heterozygote
speciments were represented by their two haplotypes sequences in the alignments used
for network construction. Median-joining networks showing the relationships among the
haplotypes were generated in NETWORK v4.6.1.3 (Bandelt 1999). The haplowebs (Flot
et al. 2010) were derived from the median-joining networks by drawing curved lines to
connect haplotypes that were co-occurring in heterozygous hybrids.
Separate phylogenetic trees were generated using the phylogenetic tree-building
plug-in of Geneious 8.1.3 (Biomatters Ltd., Auckland, New Zealand) based on the COI,
ETS2, and TMO-4c4 gene fragments. The Tamura-Nei genetic distance model was
selected by Geneious for constructing the neighbor-joining tree. One hundred replicates
were resampled using the bootstrap method and the support threshold was set to 95%.
Bayesian inference (McMillan et al. 1999) was also applied, using Mr. Bayes 3.1.2
(Huelsenbeck and Ronquist 2001). The evolutionary model GTR + I + G was selected
using the program jModelTest-2.1.4 (Darriba et al. 2012). BI analysis utilized a Markov
chain Monte Carlo search with 1,000,000 generations with trees sampled every 100
generations. The branch support threshold was 95%. Consolidated trees were rooted with
the midpoint and edited using the program FigTree V1.4.2 (http://tree.bio.ed.ac.uk/).
Tree-based haplowebs (Flot et al. 2011) were derived from the phylogenetic tree by
drawing curved lines to connect haplotypes that were co-occurring in heterozygous
hybrids.
5.2.3

Microsatellite analysis

Microsatellites for all samples were amplified using the following primers: PL06,
PL09, PL52, PL92, PL115, PL142, and PL167 (Hoarau et al. 2002a). QIAGEN Multiplex
PCR Kit (Qiagen, Hilden, Germany) was used for the polymerase chain reaction. PCR
cycling parameters were as follows: initial 95°C denaturation for 15 min., followed by 40
cycles of touch-down 94 °C for 45 sec., 60 sec. annealing at 60 °C and 72 °C for 60 sec. A
final elongation step was performed at 72 °C for 20 min.
The entire microsatellite marker genotypes were successfully amplified and scored
with Geneious R8 (Biomatters Ltd., Auckland, New Zealand). Microsatellite metrics
(Appendix 3) including the number of alleles (Na) as well as the observed (Ho) and
expected heterozygosities (HE) were calculated in Genalex and Fstat V2.9.3.2 (Oudet
2001). The presence of null alleles, the probabilities of departure from Hardy-Weinberg
equilibrium (Schweitzer et al. 2002), and linkage disequilibrium (LD) were estimated
using GenePop V4.3 (Rousset 2008) (Appendix 3).
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To identify hybrids, discriminant analysis of principal components (DAPC)
(Jombart et al. 2010) and principal components analysis (PCA) (Mackiewicz and
Ratajczak 1993) were performed on the microsatellite dataset.

5.3 RESULTS
5.3.1

Morphometrics

Morphologically, leps (putative hybrids) were found to be more similar to plaice
rather than flounder (Appendix 6). Flounders had a bigger mouth, larger head, longer
snout, and a narrower body (Chapter 4 Table 2). Vertebrae counts were found to be the
characteristic that could most accurately differentiate plaices, flounders, and leps.
Flounders have significantly fewer vertebrae than plaices or leps. There was a significant
difference between flounder and leps in the number of vertebrae, anal fin rays, dorsal fin
rays, and tail fin rays. Conversely, plaices and leps were found to have a more similar
morphology (Appendix 6). Using the same diagnostics as with the comparison to
flounder, no significant difference was found between plaices and leps when examining
the number of dorsal fin rays. However, significant differences between plaices and leps
appeared in the number of vertebrae, anal fin rays, and tail fin rays (Appendix 6).
The thorns on the anal and dorsal fin rays were observed to vary on an individual
basis for flounders, plaices, and leps. Some of the plaices had thorns on their dorsal and
anal fin rays, while others lacked them entirely. Conversely, thorns on anal fin rays were
totally absent in flounders. All leps individuals were observed to have thorns on the
dorsal and anal fin rays in higher abundance than in plaice. There was no correlation
between the presence or absence of thorns and the sex of the individuals. Although anal
and dorsal fin ray thorns were not found to be useful as a diagnostic characteristic, the
number of thorns on scales was shown to have diagnostic capabilities. There was a large
difference in the number of thorns on the scales of flounders, plaices, and leps. The
flounders were observed to have significantly more thorns on their scales than both
plaices and leps. Plaices exhibited thorns that where thinner than those found on
flounders and had fewer thorns than leps. The range of the number of thorns for leps was
intermediate to those found for the two parent species, with no overlap (Appendix 6). To
sum up all the morphological results, the leps were morphologically closer to plaice and
they were quite difficult to tell apart from plaice without thorough morphological
examinations.
5.3.2

Nuclear DNA

The length of 473 bp TMO-4c4 fragments from all the samples were aligned together
and there are six variable sites. In total, numbers of fragments haplotypes (h) is four and
haplotype diversity is 0.553.
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The two flatfish lineages were well separated by four nucleotide substitutions in the
TMO-4c4 marker across all geographic distribution ranges of our samples. (Fig. 5.2a).
Hence there are four diagnostic sites which could use for hybrid detection. After the
analysis of the SeqPHASE, 81% of the putative hybrids (13 out of 16 in total) haplotypes
were grouped with Ple. platessa while 19 % putative hybrids (3 out of 16 in total) were
heterozygous and having species-specific haplotypes from plaice and flounder
populations (Fig. 5.2a). These heterozygous putative hybrid individuals represent an
exception to mutually exclusive generated (if the hybrid specimens were excluded) by
this marker which indicating these individuals might be the hybrid offspring of Ple.
platessa and Pla. flesus.
There are 18 flounder individuals, six putative hybrids, and five plaice individuals
for which I found length heterozygous patterns on ETS2 region. Some of the length
heterozygous individuals (flounder: 10/18; putative hybrids: 1/6; plaice: 2/5) were
successfully delineated using CHAMPURU (Flot 2007). The rest of them could not be
delineated due to the aligning failures caused by low sequencing qualities. This problem
still existed even though I developed the internal primers of this region (Appendix 2).
The length of 172bp ETS2 (with length heterozygous individual haplotypes) and
516bp ETS2 (without length heterozygous individual haplotypes) fragments from the
samples were aligned together and there were 21 and 51 variable sites, respectively. In
total, numbers of fragments haplotypes (h) are 13 and 27, respectively. The haplotype
diversity is 0.701 (with length heterozygous individual haplotypes individual haplotypes)
and 0.809 (without length heterozygous individual haplotypes). More than 50% of
haplotypes and more than 10% of haplotype diversity were lost when the length
heterozygous individuals were included. However, the results from the tree-based
haploweb and network-based haploweb analysis were not significantly different. Hence,
the result from the dataset including length heterozygous individual haplotypes was
reported in Appendix 2.
The two flatfish lineages were well separated by 18 nucleotide substitutions and 2
insertions/deletions in the ETS2 marker across all geographic distribution ranges of our
samples. (Fig. 5.2b). Hence there are 20 diagnostic sites which could be used for hybrid
detection. After the analysis of the SeqPHASE, all of the putative hybrid haplotypes were
grouped with Ple. platessa (Fig. 5.2b). The putative hybrid individuals could not
represent an exception to mutually exclusive pool generated by this marker. In other
words, the hypothesis that these individuals were hybrid offspring of Ple. platessa and
Pla. flesus. was not supported on this marker.
5.3.3

Mitochondrial DNA

The length of 632 bp COI fragments from all the samples were aligned together and
there are 54 polymorphic sites. In total, numbers of fragments haplotypes (h) is 22 and
haplotype diversity is 0.775. The two presumptive purebred flatfish lineages were wellseparated by 54 nucleotide substitutions. No well-supported phylogeographic structures
were detected within clades (Fig. 5.2c). The haplotypes of the putative hybrid individuals
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were grouped with plaice, indicating that the maternal contribution to these individuals
came from Pleuronectes platessa clade (Fig. 5.2c). No sign of mitochondrial
introgression was detected between these two species based on mitochondrial DNA data.
5.3.4

Microsatellite

Among 7 microsatellites, three of them (PL06, PL52, and PL92) have null allele
frequencies exceeding 10% with most of the populations. However, the results from the
DAPC analysis were not significantly different between the dataset with and without
these three markers.
In DAPC plots, the clear mutually exclusive nature of these two species shown by
traditional analyses of both mtDNA and nuclear DNA was also visible in the DAPC of 7
microsatellites (Fig. 5.3). The more subtle population differences (i.e., between the Baltic
Sea population and the Trondhejmfjord population) within each species were evident.
Only a few putative hybrid samples were distributed in the intermediate positions
between Ple. platessa and Pla. flesus populations, but the majority of the putative hybrids
were not distinct from Ple. platessa populations (Fig. 5.3). The hybrid identity of these
putative hybrids (nominated by morphological traits) was not supported by
microsatellites data.

5.4 DISCUSSION
Flatfishes have been commercially important species and hybridization among
flatfishes has attracted scientific attention since the early 19 th century (Gottsche 1835).
Despite their importance, there remain unsettled debates about the actual species
boundaries and hybridization among wild-caught samples (Stead 1896; Otterstrøm 1914;
Norman 1934). The first speculation about hybridization between flounder and plaice was
published by Pape in 1934. In this chapter, I explored several genetic markers that could
be potentially be used for diagnosing the actual genetic makeup of a sample. Purebred
Ple. platessa and Pla. flesus samples were well discriminated by nuclear marker TMO4c4, ETS2, and microsatellites. Hence, these two nuclear markers could serve as
diagnostic methods to identify purebred lineages and detect hybrids between them. Three
putative hybrids showed heterozygous patterns in diagnostic sites for TMO-4c4 marker
while none of them showed heterozygous patterns on ETS2 diagnostic sites. Additionally,
the microsatellites results were not supporting the hybrid identities of these putative
hybrids either. The genetic examination results were basically consistent with the
morphological findings in that the hybrids were morphologically closer to plaice and they
were quite difficult to tell apart from the Baltic Sea Ple. platessa population while Ple.
platessa and Pla. flesus samples significantly differ from each other.
Three possible explanations could be made for the results we found during this
study. The first potential explanation is that the identities of these putative hybrids are
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actually all Ple. platessa individuals. They could simply be one of the plaice populations
distributed inside the Baltic Sea. The morphological and genetic differences with other
plaice populations may just the natural population-level variations as previously seen
within the species. Plaice as a species is older (in evolutionary terms) than flounder
(Pardo et al. 2005), so the existence of some heterozygous TMO-4c4 haplotypes may be
simply the result of slightly incomplete lineage sorting. The effective population sizes
estimated based on the mitochondrial marker (COI) and the nuclear ribosomal DNA
marker (ETS2) are smaller than caculations based on nuclear single copy markers (TMO4c4) (Navajas and Boursot 2003). That is because the mitochondrial markers and nuclear
ribosomal DNA markers have different transmission and evoludtionmode of evolution
than nuclear single copy markers (Navajas and Boursot 2003). Although it appears to be
an incongruence presentswith the presence of mutually exclusive gene pools for small
effective population sizes markers (COI and ETS2) absents ofcombined with the absence
of a mutually exclusive gene pool for a marker indicating a large effective population size
(TMO-4c4), this is exactly what is expected if incomplete lineage sorting has occurred
(Buckler and Holtsford 1996; Navajas and Boursot 2003).
The low salinity tolerance for the brackish waters might be the key factors that
shape this population difference from other plaice populations (Hoarau et al. 2002b;
Nissling et al. 2002). Artificial triploid plaice and flounder hybrids bred in experimental
conditions were infertile independent of which species provided the maternal contribution
(Lincoln 1981b,a). Previous studies (Kandler 1935; Riley and Thacker 1969) suggested
that the lower percentage of eggs fertilizing and severely deformed hatchlings were the
reasons for the failure of hybridization experiment between male plaice and female
flounders, but it is possible in the wild that rare hybrid individuals do survive and
potentially even reproduce. To further explore this possibility, additional artificial
experiments should specifically target whether or not the leps are capable of reproducing
with plaice and flounder populations from the same sampling area under all gender
combinations. If this scenario is true (i.e., that leps are simply a population within the
plaice population), we would expect to see that leps are only capable of breeding with
plaice populations and not with flounder populations.
A second possible explanation is these putative hybrids are plaice individuals, and
they represent the populations that experienced historical hybridization between plaice
and flounder. Under this scenario, the hybridization process is not happening anymore.
Thus there are only a few individuals retaining the unique haplotype from the flounder
side of some alleles. According to the estimation from Sick et al. (1963) there are
approximately 10% of overall flatfish from the Baltic Sea are considered morphological
hybrids while Kijewska et al. (2009) states that about 20% of flatfish samples were
carrying heterozygous alleles which indicate their hybrid identity. The hybridization
frequency, in this case, is relatively high. The estimations of 10% to 20% of hybrids
within the total population may be more appropriately considered as a subset of the
species. If this scenario is true (i.e., if ancestral polymorphism effects are the cause of the
observed results) more informative single-copy nuclear diagnostic nuclear markers need
to be discovered and sequenced in further studies to confirm this hypothesis. If leps are
indeed first-generation hybrids, they should show up repeatedly as rare heterozygotes
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connecting frequent haplotypes (i.e. haplotypes that would have been expected to be
connected much more frequently if there was a single panmictic species). On the other
hand, in the case of ancestral polymorphism, the rare connections should be observed in
different individuals for each informative single-copy nuclear diagnostic nuclear marker.
This criterion does not hold well, however, if leps are mostly backcrossed individuals and
not the original first-generation hybrids.
A third possible explanation is that the identities of these putative hybrids are
indeed hybrids between Ple. platessa and Pla. flesus. The mtDNA data analyses
suggested that plaice provided the maternal contribution to these putative hybrid
individuals. Hence, this hybridization process seems to always involve female Ple.
platessa and male Pla. flesus. Due to the intensively unidirectional introgression to the
plaice side, the backcrossed hybrids are not quite different with purebred plaice
populations. Under this scenario, this hybridization process only happens very rarely and
for some reasons the survival rate of first generation hybrids is much lower than
backcrosses. Hence, the first generation hybrids are only a very small part of the totally
hybrid populations. This means there are only very few of the hybrids were easily
detected by the molecular methods that were applied during this study. During this study,
no signs of first generation hybrids were found among all putative hybrid individuals. If
they do exist, the frequency of their occurrence in the ‘population’ of hybrids would give
some indication to the frequency of actual hybridization occurrence. Apparently, to find
evidence of first generation hybrids, larger sample sizes would be needed. In the previous
Plectropomus hybridization case, the F1 hybrids consisted of about 15% of all detectable
hybrid individuals. If the hybridization rate of plaice and flounder complex is about 1020%, with sample size of 300 to 600 flatfishes collected from the hybridization spots,
then it would be expected to recover 5-20 F1 hybrid individuals. However, given the
proposed scenario in which F1 hybrids are rare (or F1 hybrid reproductive success is
limited), it would require a very large sample size to detect meaningful numbers of F1
plaice x flounder hybrids. In any case, the existence of even just one F1 hybrid would
confirm ongoing (albeit rare) hybridization.
It is hard to determine which explanation is most likely based on current results.
During this study, only 3 putative hybrids out of 16 showed probable hybridization
signals and no first generation hybrid was identified. A larger sample from the Baltic Sea
might help to find the trace of first generation hybrids which would confirm active
hybridization. According to the present study, the morphological examinations will not
resolve the three scenarios above, while thorough genetic evaluations would provide
more insight. To resolve these questions, more thorough genetic investigations (etc. Next
Generation Sequencing) and comparisons between purebred populations, artificial
hybrids, and natural putative hybrids are needed. The more diagnostic SNPs (compared to
the limited number detectable under my previous approach) may be identified by utilizing
the next generation sequencing techniques. The genomes distributions of diagnostic SNPs
could be highlighted with abundant diagnostic SNPs. And functional phenotypic
expressions affected by hybridization process would be predicted based on diagnostic
SNPs concentration genomic positions. For example, the diagnostic SNPs would be
expected to be concentrated on the genomic positions that closely associate with
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particular phenotypes, such as skin pigment coloration, gametes development, bone
structure generations, immune system functions, etc.
Flounder and plaice are species of great economic value that occupy the European
continental shelf (Kijewska et al. 2009). Their putative hybrids were found to be
morphologically similar to plaice and quite difficult to tell apart from it unless the
thoroughly morphological examinations were performed. The putative hybrids were
usually sold as plaice by fisherman in Denmark (Prof. Jarle Mork per.com). The
existence of identification problems with such putative hybrids can lead to
misidentifications based solely on morphological traits observations (Kijewska et al.
2009). Either misidentification of hybrids as purebred stock or misclassification based on
morphological variation populations to putative hybrids could potentially propogate
errors in studies of flatfish stocks and in determining the fishing quotas established to
manage the fishery. Potentially the putative hybrids were able to breed with purebred
plaice populations, the potential genetic effect and phenotypic influence due to this
putative hybridization process need to be carefully examined by genome wide genetic
investigations. Confirmation of hybridization events and identification of tools to study
the process make valuable contributions to our general understanding of the role played
by hybridization in evolutionary processes and biodiversity.

Figure Legend & Table Captions

Figure 5.1 Lateral views of leps-putative hybrid (up), Platichthys flesus (middle) and
Pleuronectes platessa .
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Figure 5.2 Phylogenetic relationships of Pla. flesus, Ple. platessa, and putative hybrids
haplotypes represented in a tree-based haploweb (Flot et al. 2011) and a network-based
haploweb (Flot et al. 2010) of the TMO-4c4 (a), ETS2 (b), and COI (c). Each
branch/circle represents a unique haplotype and size of the circle is proportional to its
total frequency as indicated by the legend. The red rhombus represents the missing
haplotype. Each branch connecting different circles represents a single nucleotide
substitution; black cross-bar on them represents an additional nucleotide substitution; red
cross-bar on them represents a nucleotide insertion/deletion. The red double bars in the
haploweb represent greater than one nucleotide insertion/deletion (as indicated). The
dashed line represents mutually exclusive of two clades. Curves connecting branches
indicate these haplotypes occurring in heterozygous individuals. Branching support on
each clade of the phylogenetic tree was given by Bayesian inference (BI) and Neighborjoining (NJ). Colors denote sample species and geographic origin as indicated by the
legend.
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Figure 5.3 PCA scatter plot (left) and DAPC scatter plot (right) of Pla. flesus, Ple.
platessa, and putative hybrids. The dots represent Individual genotypes and the identity
categories for genotypes of each individual are indicated in the legend. The 99%/95%
(PCA/DAPC) inertia ellipses represent the genetic variations within each
population/species categories. The eigenvalues plots show the amount of genetic
information retained by each successive function.

Chapter 6.

Discussion & Conclusions

6.1 The value hybrid case studies
Hybridization is increasingly appreciated as an important process playing a role in
maintaining or generating biodiversity in the marine environment (Rocha et al. 2007). It
is also an important experimental component in modern genomic studies (Henning et al.
2017). Studying the process in wild populations, however, is not always simple. In some
cases, it requires some good fortune and an experienced eye to identify a potential hybrid.
Subsequent examination of suspected hybrids is increasingly expected to include
appropriate genetic analysis. In Chapter 1, I reviewed available evidence and concur with
previous studies that there are no simple, categorical explanations that predict or explain
the circumstances leading to individual hybridization events. Therefore, advancing
general understanding of hybridization will still require careful assessment of one case
study at a time. From this growing body of work, more generalizable concepts may
eventually emerge.
This thesis provides genetic support for several previously hypothesized
hybridization events in two damselfish genera (Dascyllus aruanus x Dascyllus reticulatus
and Amphiprion sandaracinos x Amphiprion chrysopterus) and in a grouper genus
(Plectropomus leopardus x Plectropomus maculatus). This study also identified
exclusive diagnostic markers as genetic tools for these three cases. The hybridization
status was questioned for a long-known and relatively common putative flatfish hybrid
(Pleuronectes platessa x Platichthys flesus) due to the insufficient genetic evidence. In
some of the cases I examined, there were clear phenotypic indications of hybridization
that were subsequently confirmed by the molecular approaches I used (e.g., coloration in
the two damselfish hybrid cases). In the case of the grouper, the phenotypic distinction
(again, coloration) is highly unreliable as a predictor but the situation is much more clear
when using diagnostic molecular methods. We confirmed the presence of many “cryptic”
hybrids in the grouper samples (and also one individual in the clownfish samples) for
which the coloration appeared to be that of a purebred individual but the genotypes
indicated otherwise. Finally, the flatfish case provided yet another scenario. In this case,
there is a relatively common morphological putative hybrid, but the genetic approaches
did not always diagnose these individuals as actual hybrids. Nonetheless, the genetic
methods are giving us more resolution than morphological methods, particularly as the
genetic approaches provide us with testable hypotheses to eventually explain the situation
with these flatfish.
Hybrids of Dascyllus spp. and Amphiprion spp. are the product of unidirectional
crosses between their respective parent species pairs. This single-direction hybridization
pattern in Amphiprion spp. hybrids appears to be strongly influenced by the prevalant
size-based sexual selection arising from the social hierarchy that determines the mating
‘rights’ in anemonefish groups (Gainsford et al. 2015). In the Dascyllus spp.
hybridization case, it was difficult to deduce the potential factor influencing the pattern
due to the lack of hybrid samples. Bidirectional introgressions were detected in the
Plectropomus spp. hybridization case. The closely-related nature of these species could
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be an explanation as to why they hybridize with this particular pattern. For the putative
Pleuronectidae hybridization case, there may be an “ecological phenotype” that is
influencing the existence of a commonly-occurring putative hybrid (i.e., 10-20% of the
local flatfish population). Specifically, low salinity tolerance for the brackish waters
where this case is occurring might be among the key factors that shape this population –
most other Ple. platessa populations occur in higher salinities (Hoarau et al. 2002b;
Nissling et al. 2002).
All the parent species pairs have overlapping geographic distribution ranges in the
locations where hybrids were spotted. At an even smaller habitat scale, the clownfish
parent species pair and the damselfish parent species pair often share host organisms and
frequently co-occur with heterospecific pairs/groups within the same host (Randall and
Allen 1977; Gainsford et al. 2015; Camp et al. 2016). The Dascyllus hybrid appears to
have originated well within the range boundaries of both parent species, and in a region
that, until recently, supported relatively healthy coral populations (De’ath et al. 2012). In
the grouper case, P. leopardus and P. maculatus have sympatric distributions with very
similar life history characteristics although they occupy slightly different coral reef
habitats (Heemstra and Randall 1993). Plaice and flounder are known to overlap in
distributions within the Baltic Sea and share limited spawning grounds due to the salinity
variations within the Baltic Sea (Nissling et al. 2002).
Methodologically, I explored the use of some new analytical approaches for hybrid
studies. The analysis methods network-based haploweb (Flot et al. 2010) and tree-based
haploweb (Flot et al. 2011) were applied on the marine fish hybridization cases presented
in this thesis. These are among the very first studies using haplowebs to detect hybrids,
and these are the first studies doing so for marine fishes. Previously, these methods were
used to detect hybrids in rotifers (Papakostas et al. 2016). Confirmation of hybridization
events and identification of nuclear diagnostic markers as tools to study the hybridization
process make valuable contributions to our understanding of the role hybridization plays
in the evolutionary process and biodiversity in general.

6.2 Genetic distance between hybridizing parent species
For the majority of the 82 hybridization cases that I reviewed in Chapter 1, the
location of sample collection was in areas where either multiple biological provinces
overlapped or where the edge of two species’ distribution ranges met (Fig.1). However,
the locations of hybridization studies summarized are strongly biased by sampling effort.
For instance, it is very unlikely that none of the marine fish species from the west coast of
Africa hybridize. However, potential hybridization events between the marine fish within
that area have rarely been reported (Fig. 1.1). On the contrary, within the coral triangle
(comprising the Philippines, Indonesia, and New Guinea) and western Pacific, reports of
hybrids are much more abundant. Most of these hybridization reports are not located on
the edge or overlap areas of species distribution ranges. This area is known for its high
biodiversity and has been relatively well investigated (Gaither and Rocha 2013; Bowen et
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al. 2016). There is also a large diversity in suitable niches for different fish species to
occupy (Randall 1998), that could be filled by the offspring of hybridization events.
Covering the coral triangle, the Indo-Malay-Philippine marine biodiversity
epicenter encompasses the Philippines, the Malay Peninsula, New Guinea, and the
northern part of Australia (Randall 1998; Bellwood et al. 2012; Gaither and Rocha 2013).
The reasons why this biodiversity epicenter exists have long been debated (Gaither and
Rocha 2013). There seem to be various processes that could be influencing speciation
within this region rather than single mechanism (Cowman and Bellwood 2013). Evidence
based on the distribution of individual species as well as genetic studies highlight the
likely role of the Indo-Pacific barrier in the differentiation of the Pacific Ocean fauna
from fauna of the Indian Ocean (Gaither and Rocha 2013). These studies suggested that
the gene conmunication between the sister species populations across this barrier was
decreased since the Miocene sea-level drops and was increased during Pleistocene sealevel rises (Gaither and Rocha 2013). The recent overlap of sister species from the Pacific
and Indian Oceans, which were distinct from each other due to the sea-level fluctuations
during the Miocene and Pleistocene, likely has also played a role in incrasing the number
of species found within the coral triangle region (Gaither and Rocha 2013). The
populations generated by hybrid speciation historically are now considered likely species
(Coyne and Orr 2004). On the other hand, individuals generated by hybridization events
between reconnected sister species occurring on a relatively more recent timescale are
most likely categorized as hybrids. Nevertheless, we can presume that there could be
distribution ranges with different species distributed in them and when overlap occurs
hybrids are created e.g. (Gaither et al. 2011).
Among the 114 different marine fish hybridization cases reviewed by Montanari et
al. (2016), 82 pairs of hybridizing species had COI barcoding sequences for both species
available either on GenBank or in our possession from previous hybridization studies
(Appendix 1). The corrected pairwise genetic distances (p-distance) between those
sequences was calculated using MEGA 6.0 (Tamura et al. 2013). Since all of the pdistances were calculated from the same gene region, comparisons between them could
be made (Fig. 1.2).
According to those calculation results, the p-distances ranged from 0% to 16%. 7.3%
of the cases fall in the range of 12%-16%; 16.5% fall in the range of 8%-12%; 30.5% fall
in the range of 8%-4%; 42.7% of the cases fall in the range of 0%-4% (Fig.6.1). This
suggests the hybridization process occurs more frequently with closely related species,
which is consistent with conclusions made in previous studies (Montanari et al. 2016).
Although I summarized and genetically compared more marine fish hybridization
cases than any previous study, for any given location there were still only very few
individual cases. This inherently presents some limitation to drawing broad conclusions,
but it seems that geographic location and p-distance values do not have any relationship.
From the five locations with the most cases available, the p-distance ranges of the
hybridizing parent species largely overlapped with each other (Table 6.1). Notably, no
other locations had more than two cases available.
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The Baltic Sea tends to have more divergent parent species hybridizing and all of
the cases analyzed from there were inter-genera hybridization events. The average COI pdistance of inter-genus flatfishes has not been reported in previous studies, but the
average p-distance of Cytb fragments of inter-genus flatfishes is around 12% (Kartavtsev
et al. 2007). Given the occurrence of intergeneric crosses within the Pleuronectidae
family, the phylogenetic relationship and the possibilities of reverting some of those
natural hybridizing species into the common genus Pleuronectes need to be critically reexamined (Riley and Thacker 1969). Hybridization records from the Baltic Sea are
mainly focused on flatfishes. This could be due to those species being well-studied (they
are commercial species) or it could be that minimal effort has been made to find the
hybrids among any other species. The hybridization cases within Christmas Island &
Cocos Island area tended to have a smaller p-distance range compared to other locations,
but this range was still overlapping with others. Hence, we could only presume that there
were no obvious correlations between geographic locations and p-distances ranges (Table
6.1).
Genetic evidence of introgression could be a good indicator for hybridizing genetic
outcomes (i.e., the ability of hybrid individuals to successfully reproduce). According to
the results from my previous case study chapters and parent species comparison results, it
seems possible that increasing divergence reduces the likelihood of introgression. In the
closely related grouper species Plectropomus leopardus and Plectropomus maculatus, no
divergence was detected during the p-distance calculations based on the COI marker and
1% divergence based two other mtDNA markers (Craig & Hastings 2007). Further, there
was much introgression associated with these hybrids and the maternal contribution was
coming from both parental species. The p-distance between hybridizing Amphiprion
chrysopterus and Amphiprion sandaracinos is about 4.5%, although the hybridization
was introgressive but only to Amphiprion sandaracinos side. For the relative large pdistance hybrid cases, Dascyllus reticulatus and Dascyllus aruanus (p-distance = 13.3%),
the only found hybrid specimen has undeveloped gonad. Similar evidence of p-distance
indicating hybrid fertility likelihood were also found in butterflyfish hybridization case
studies (Montanari et al. 2014). Montanari et al. (2012) found that hybrids between two
closely related butterflyfish species, C. punctatofasciatus and C. pelewensis, divergent by
0.7% at Cytb (McMillan & Palumbi 1995), were capable of producing fertile offspring
with both parent species (McMillan et al. 1999). Bidirectional introgression was detected
in hybridization of two labrids, Thalassoma jansenii and T. quinquevittatum (Yaakub et
al. 2006) while the divergence between these two species was less than 2% at Cytb
(Bernardi et al. 2004). Conversely, the divergence between Halichoeres garnoti and H.
bivittatus which estimated based on three mtDNA markers was larger than 5.5% (Barber
& Bellwood 2005) and the subsequent introgression was not detected from this
hybridization case (Yaakub et al. 2007). In two hybridizing surgeonfish species,
Acanthurus leucosternon and A. nigricans, the divergence was less than 1% at mtDNA
COI and the hybrid offsprings were capable breeding with both of the parent species
(Marie et al. 2007).
Other than the p-distances module on COI sequence fragments, a comparison of
karyotypes between each hybridizing parent marine fish species might be a better metric
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to judge how genetically “far” they are. Compared to Fig. 1.2, a similar figure could be
generated by showing the difference of chromosomal rearrangements between parent
species versus each hybridizing species parent pairs. The information of chromosomal
rearrangement numbers could be extracted from Arai (2011).

6.3 Molecular identification methods
Restriction fragment length polymorphism (RFLP) and random amplified
polymorphic DNA (RAPD) can be used to shed light on the specific regions where
hybridization is occuring (Harrison and Arnold 1982; Cothran and Zimmerman 1985;
Arnold et al. 1991), to identify hybrids from among the purebred individuals (Kocher and
Sage 1986; Howard and Waring 1991), and to document the introgression patterns due to
the hybridization process (Kijewska et al. 2009). Nevertheless, screening the nuclear gene
fragments by Sanger sequencing is also a feasible method to find evidence of
introgression and hybridization on the phylogenetic level as well as the population
genetic level (DiBattista et al. 2015; DiBattista et al. 2016).
Nuclear markers could be suitable to discriminate different species and detect
hybrids, as they would appear as heterozygotes on the diagnostic SNPs (Boecklen and
Howard 1997; Engler et al. 2015). The number of markers required depends on the
objectives of the research. If the objective is to discriminate parent species from their
crossing descendants, four or five independent markers could provide sufficient power
(Engler et al. 2015). If, on the other hand, the objective is to separate intensively
backcrossed hybrid individuals with their purebred parent species, the using of a larger
number of markers (30-50 markers) would be suggested (Boecklen and Howard 1997).
However, in some hybridization cases where diagnostic markers cannot be identified,
nuclear microsatellites may present an alternative method for hybrid identifications (Van
Herwerden et al. 2006; Harrison et al. 2014), although this approach requires screening
large sample sizes and the data are difficult to compare between studies.
The microsatellites could give insights into the ongoing hybridization frequencies
by identifying F1 hybrids. Identifing the subsequent backcrossed hybrid individuls with
these markers were strongly depends on the number of loci used and the frequency of
diagnostic markers (species-specific alleles) that these loci contain (Engler et al. 2015).
Usually, the species-specific alleles were only a small proportion of the total loci that
were selected in SSR marker studies (Engler et al. 2015; Gainsford et al. 2015). Single
nucleotide polymorphisms (SNP) are a promising alternative in this regard as their high
number leads to a higher power in identifying hybrids and thus provides a more accurate
estimate of hybridization rate (Rutledge et al. 2015).
Compared to the first-generation sequencing techniques, RAD sequencing could
generate a huge amount of SNP markers. This produces a genome-wide set of markers
that can be used to detect more genetic differences between species being investigated. In
addition, RAD sequencing can provide a high sequence yield with relatively lower cost-
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per-sample. The species discrimination between hybridizing parent species based on
whole genome-wide SNPs data would be more accurate. This could allow for more
specific quantification of a degree of hybridization, for example, by determining the
percentage of SNPs that are diagnostic of a pure lineage as Boecklen and Howard (1997)
suggested. In other words, instead of simply categorizing some particular hybrid
individuals as F1 hybrids, F1 backcrosses, F2 backcrosses, etc., we could directly
describe what percent of the hybrid’s genes came from each parent species.
Complete genome-wide SNP analysis would allow more confident determination of
species undergoing hybridization and could provide an opportunity to connect the
phenotypes associated with the hybridization promotion factors with genotypes created
by lineage crossing. This genomic data can provide insight into why – despite certain
degrees of hybridization/introgression – the parent species remain distinct instead of
merging into one species. What traits are transferred between species? Are some traits
favored by the environment and do they increase the fitness of the hybrid? These and
other questions could also be addressed through this process. By combining knowledge
gained from ecological studies (e.g., how environmental factors can affect certain traits),
hypotheses about which of these factors influenced the evolution of the species can be
formulated. Eventually, predictions including possible traits or fitness of hybrids between
specific species could be drawn. This would allow for an understanding of whether the
hybrids will be favored under certain conditions or if they will be unsuccessful or infertile.
The continued investigation of these questions will lead to better insight of the
hybridization process, the potential effect it has on evolution, and whether it generates or
deteriorates biodiversity overall.

Figures & Tables

Figure 6.1 Parent species similarity distribution for 82 marine fish hybridization cases.
X-axis: p-distance range; Y-axis: numbers of cases falling in these ranges.

Table 6.1 Range of p-distance for parent species on each geographic location
Geographic Location

Cocos and X-mas
Island
Socotra Archipelago
Baltic Sea
Great Barrier Reef
Marshall Islands

Number of
Hybridization
Cases
9

Range of p-distance for Parent
Species

7
4
4
3

~14% - < 1%
~14% to 6%
~11% to 0%
~11% to 0%

~7 to <1%
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Appendix 1: Summary of reviewed hybridization cases, P-distance values, and GenBank accession numbers
This appendix material is supporting the comparison results for genetic distance of parent species which were involved in the reviewed
hybridization cases. This file includes the case names, corrected P-distance values, and the sequences which were downloaded from GenBank for Pdistance calculations.
Not that this file is intended to be viewed in PDF format, which supports zooming for readability. Original Excel files are available upon
request.

Appendix Figure 1.1 Summary of reviewed hybridization cases, P-distance values, and GenBank accession numbers
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Appendix 2: Primer details, sequencing results, and additional analysis results
This appendix material is supporting the diagnostic marker identification results and nuclear data analysis results which were not included in
the main text for Chapter 2 to Chapter 5. This includes the names, sequences, amplification results, reference, and optimized annealing temperatures
for the primers which were tested during this thesis work. It also contains the haplotype network, tree-based haploweb, and network –based haploweb
analysis results which were not described in the main chapter text.

Supplementary files for damselfish hybrids

Analysis procedures
The QIAGEN Multiplex PCR Kit (Qiagen, Hilden, Germany) was used for the polymerized chain reaction. PCR cycling parameters were as
follows: initial 95°C denaturation for 15 min., followed by 35 cycles of 94°C for 45 sec., annealing for 60 sec. (S7RPEX1F/ S7RPEX2R: 60°C) (Chow
and Hazama 1998), and 72 °C for 60 sec., and a final elongation step of 72 °C for 10 min. The PCR products were checked under UV light after running
in 1% agarose gel under 90V for 45 minutes. All PCR products were cleaned by incubating with exonuclease I and FastAP™ Thermosensitive
Alkaline Phosphatase (ExoFAP; USB, Cleveland, OH, USA) at 37 °C for 60 min., followed by 85 °C for 15 min. The final products were sequenced
in the forward direction with fluorescently labeled dye terminators following the manufacturer’s protocols (BigDye, Applied Biosystems Inc., Foster
City, CA, USA), and analyzed using an ABI 3130XL Genetic Analyzer (Applied Biosystems).
Electropherograms were edited using Sequencher 4.9 (Gene Codes, Ann Abor, Michigan, USA) and aligned in Geneious R8 (Biomatters Ltd.,
Auckland, New Zealand) and were uploaded to GenBank. Haplotypes were inferred using the Bayesian analysis PHASE 2.1 (Stephens and Donnelly
2003) implemented in DnaSP 5.0 (Librado and Rozas 2009). Each run was performed with a burn-in of 100,000 generations, followed by 200,000
generations. Most runs returned unstable results and were only able to phase each haplotype pairs with very low posterior probability (1%~30%). The
Individuals with double peaks in their chromatograms were considered to be heterozygotes (Flot and Tillier 2006), and sequences were delineated
using SeqPHASE (Flot 2010) when both alleles were of identical length and CHAMPURU (Flot 2007) when alleles were of different length. The
latter was only found in the S7 region. After delineation, heterozygote individuals were represented by their two allelic sequences in the alignments
used for network construction. Median-joining networks showing the relationships among the haplotypes were generated in NETWORK v4.6.1.3
(Bandelt 1999).

Analysis results
The length of 650 bp S7 fragments from the samples were aligned together and there are 139 variable sites. Number of S7 fragments
haplotypes is 55 and the haplotype diversity is 0.9943.
For the haplotype network, two Dascyllus clades were separated by around 20 mutation steps. The hybrid haplotypes were grouped with D.
reticulatus (Figure Appendix 2.1). The hybrid status was not supported on this marker. In addition to that, the posterior probabilities provided by
phase were quiet low. Hence these results were discarded from the main text.
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Table Appendix 2.1 Primer details and sequencing results for Dascyllus spp.

Gene

TMO-4C4

RAG2

RAG1
S7
BMP4
ETS2
Cytb

COI

Primers

Reference

TMO-4C4F/TMO-4C4R
5’- CCTCCGGCCTTCCTAAAACCTCTC / CATCGTGCTCCTGGGTGACAAAGT -3’

Streelman et al.
(2002)

TMOFI/TMOR2
5’-ACCTCTCATTAAGAAAMGAGTGTTTG/TGCTTCTCAAATTCTTTMACCTS-3’

DiBattista et al.
(2012)

RAG2F2/RAG2R2
5’-GACTCTCCTCAGGTGTTC/GTCTGTAGAGTCTCACAGGAGAGCA-3’
RAG2F/RAG2R
5’-SACCTTGTGCTGCAAAGAGA/GGATCCCCTTBTCATCCAGA-3’
RAG2F1/RAG2R3
5’-GAGGGCCATCTCCTTCTCCAA/GATGGCCTTCCCTCTGTGGGTAC-3’
RAG1F/RAG9R
5’-AGCTGTAGTCAGTAYCACAARATG/GTGTAGAGCCAGTGRTGYTT-3’
S7RPEX1F/ S7RPEX2R
5’-TGGCCTCTTCCTTGGCCGTC/AACTCGTCTGGCTTTTCGCC-3’
BMP4Cos2FA/ BMP4Cos2R
TCTYATYTCAGAGCACATGGAGAGG/ATCGCTGAAGTCCACGTACA-3’
ETS2F/ETS2R
5’-AGCTGTGGCAGTTTCTTCTG/CGGCTCAGCTTCTCGTAG-3’
Cytb9/Cytb7
5’-GTGACTTGAAAAACCACCGTTG/AATACCAACTATCATTCGGGTTTGAT-3’
FishF2/FishR2
5’ACTTCAGGGTGACCGAAGAATCAGAA/TCGACTAATCATAAAGATATCGGCAC3’

Lovejoy and
Collette (2001)
DiBattista et al.
(2012)
Lovejoy and
Collette (2001)
Cooper et al.
(2009)
Chow and
Hazama (1998)
Cooper et al.
(2009)
Lyons et al.
(1997)

Diagnostic/amplified
with all the samples

Test Results
Amplified
Not amplified
Not informative
with majorities
of the samples

Annealing
Temperature
(℃)

✘
✔

62
✘

55

✔

✘
✘

✔

✔

50

✔

52
62

Song et al. (1998)

✔

50

(Ward et al.
2005)

✔

50
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Supplementary files for clownfish hybrids
To investigate a potential diagnostic marker, nuclear intron TMO-4c4 and S7 fragments were amplified by primers TMO-4C4F/TMO-4C4R
(Streelman et al. 2002) and S7RPEX1F/ S7RPEX2R (Chow and Hazama 1998). To investigate maternal contributions of the hybrid, mitochondrial
gene Cytb and COI fragments were amplified by primers Cytb9/Cytb7 (Song et al. 1998) and FishF2/FishR2 (Ward et al. 2005). It is important to
note that many other potential diagnostic markers were assessed; including RAG1, RAG2, ETS2, and BMP4, none of which were suitable for
diagnostic purpose (Table Appendix 2.2).
Table Appendix 2.2 Primer details and sequencing results for Amphiprion spp.

Gene

TMO-4C4

RAG2

RAG1
S7
BMP4
H3B
Cytb

COI

Primers

Reference

TMO-4C4F/TMO-4C4R
5’- CCTCCGGCCTTCCTAAAACCTCTC / CATCGTGCTCCTGGGTGACAAAGT 3’
TMOFI/TMOR2
5’-ACCTCTCATTAAGAAAMGAGTGTTTG/TGCTTCTCAAATTCTTTMACCTS3’
RAG2F2/RAG2R2
5’-GACTCTCCTCAGGTGTTC/GTCTGTAGAGTCTCACAGGAGAGCA-3’
RAG2F/RAG2R
5’-SACCTTGTGCTGCAAAGAGA/GGATCCCCTTBTCATCCAGA-3’
RAG2F1/RAG2R3
5’-GAGGGCCATCTCCTTCTCCAA/GATGGCCTTCCCTCTGTGGGTAC-3’
RAG1F/RAG9R
5’-AGCTGTAGTCAGTAYCACAARATG/GTGTAGAGCCAGTGRTGYTT-3’
S7RPEX1F/ S7RPEX2R
5’-TGGCCTCTTCCTTGGCCGTC/AACTCGTCTGGCTTTTCGCC-3’
BMP4Cos2FA/ BMP4Cos2R
TCTYATYTCAGAGCACATGGAGAGG/ATCGCTGAAGTCCACGTACA-3’
H3BF/H3BR
5’-ATGGCTCGTACCAAGCAGACVGC/ATATCCTTRGGCATRATRGTGAC-3’
Cytb9/Cytb7
5’-GTGACTTGAAAAACCACCGTTG/AATACCAACTATCATTCGGGTTTGAT-3’
FishF2/FishR2
5’ACTTCAGGGTGACCGAAGAATCAGAA/TCGACTAATCATAAAGATATCGGC
AC-3’

Diagnostic/amplified
across all distribution
ranges

Test Results
Amplified
Not amplified with
majorities of the samples
/Not informative

Annealing
Temperature
(℃)

Streelman et al.
(2002)
DiBattista et al.
(2012)
Lovejoy and
Collette (2001)
DiBattista et al.
(2012)
Lovejoy and
Collette (2001)
Cooper et al.
(2009)
Chow and
Hazama (1998)
Cooper et al.
(2009)
Colgan et al.
(1998)

✘

✔

58
✘
✔

55
✘
✘
60

✔
✔

50
✘

Song et al. (1998)

✔

50

(Ward et al. 2005)

✔

50
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Supplementary files for grouper hybrids
Ideally, diagnostic markers have no variations within the species, have fixed differences between parent species (mutually exclusive), and have
the potential to show hybrids as heterozygous. To investigate a potential diagnostic marker, nuclear intron TMO-4c4 and ETS2 fragments were
amplified by primers TMO-4C4F/TMO-4C4R and ETS2F/ETS2R (Lyons et al. 1997). To investigate maternal contributions of the hybrid,
mitochondrial gene Cytb and COI fragments were amplified by primers Cytb9/Cytb7 (Song et al. 1998) and FishF2/FishR2 (Ward et al. 2005). It is
important to note that many other potential diagnostic markers were assessed; including RAG1, RAG2, S7, and BMP4, none of which were suitable
for diagnostic purpose (Table Appendix 2.3).
Table Appendix 2.3 Primer details and sequencing results for Plectropomus spp.

Gene

TMO-4C4

RAG2

RAG1
S7
BMP4
ETS2
H3B
36298E1

COI

Cytb
HVR I

Primers

Reference

TMO-4C4F/TMO-4C4R
5’- CCTCCGGCCTTCCTAAAACCTCTC / CATCGTGCTCCTGGGTGACAAAGT -3’
TMOFI/TMOR2
5’-ACCTCTCATTAAGAAAMGAGTGTTTG/TGCTTCTCAAATTCTTTMACCTS-3’
RAG2F2/RAG2R2
5’-GACTCTCCTCAGGTGTTC/GTCTGTAGAGTCTCACAGGAGAGCA-3’
RAG2F/RAG2R
5’-SACCTTGTGCTGCAAAGAGA/GGATCCCCTTBTCATCCAGA-3’
RAG2F1/RAG2R3
5’-GAGGGCCATCTCCTTCTCCAA/GATGGCCTTCCCTCTGTGGGTAC-3’
RAG1F/RAG9R
5’-AGCTGTAGTCAGTAYCACAARATG/GTGTAGAGCCAGTGRTGYTT -3’
S7RPEX1F/ S7RPEX2R
5’-TGGCCTCTTCCTTGGCCGTC/AACTCGTCTGGCTTTTCGCC-3’
BMP4Cos2FA/ BMP4Cos2R
TCTYATYTCAGAGCACATGGAGAGG/ATCGCTGAAGTCCACGTACA-3’
ETS2F/ETS2R
5’-AGCTGTGGCAGTTTCTTCTG/CGGCTCAGCTTCTCGTAG-3’
H3BF/H3BR
5’-ATGGCTCGTACCAAGCAGACVGC/ATATCCTTRGGCATRATRGTGAC-3’
36298E1F2/36298E1R2
5’-GATCCTGAGGGAYTCCCAYGGTGT/GGGCCAGGACTCTCYTGGTCTTGTAGT3’
FishF2/FishR2
5’TCGACTAATCATAAAGATATCGGCAC/ACTTCAGGGTGACCGAAGAATCAGAA 3’
Cytb9/Cytb7
5’- GTGACTTGAAAAACCACCGTTG/AATAGGAAGTATCATTCGGGTTTGAT-3’
L16007/H00651
5'-CCCAAAGCTAAAATTCTAA/TAACTGCAGAAGGCTAGGACCAAACCT-3'

Streelman et al. (2002)

Test Results
Amplified
Diagnostic/amplified
Not
across all distribution
informative/not
ranges
amplified with
majority samples

Not
Amplified

60℃

✔

DiBattista et al. (2012)

✘

Lovejoy and Collette
(2001)

✘
54℃

✔

DiBattista et al. (2012)

Optimal
Annealing
Temperature

Lovejoy and Collette
(2001)

✘

Cooper et al. (2009)

✘

Chow and Hazama
(1998)

✔

55℃

Cooper et al. (2009)

✔

50℃

Lyons et al. (1997)

62℃

✔

Colgan et al. (1998)

✘

Li et al. (2010)

✘
50℃

Ward et al. (2005)

✔

Song et al. (1998)

✔

(Kocher et al. 1989)
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50℃
✘

Supplementary files for putative flatfish hybrids

Analysis results for ETS2 (with length heterozygous individual haplotypes)
There are 18 flounder individuals, six putative hybrids, and five plaice individuals for which we found length heterozygous patterns on ETS2
region. Some of the length heterozygous individuals (flounder: 10/18; putative hybrids: 1/6; plaice: 2/5) were successfully delineated using
CHAMPURU (Flot 2007). The rest of them could not be delineated due to the aligning failures caused by low sequencing qualities. This problem
still existed even though we developed the internal primers of this region (Chapter 4 Table S1).
The length of 172bp ETS2 (with length heterozygous individual haplotypes) from the samples were aligned together and there were 21 variable
sites. In total, number of fragment haplotypes (h) is 13. The haplotype diversity is 0.701 (with length heterozygous individual haplotypes individual
haplotypes). The two flatfish lineages were well separated by 10 nucleotide substitutions in the ETS2 marker across all geographic distribution
ranges of our samples. (Figure Appendix 2.2). Hence there are 10 diagnostic sites which could be used for hybrid detection. After the analysis using
Champuru and SeqPHASE, all of the putative hybrid haplotypes were grouped with Ple. platessa (Figure Appendix 2.2). The putative hybrid
individuals could not represent an exception to mutually exclusive pool generated by this marker. In other words, the hypothesis that these
individuals were hybrid offspring of Ple. platessa and Pla. flesus. was not supported on this marker.
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Table Appendix 2.4 Primer details and sequencing results for flatfishes

Gene

TMO-4C4

RAG2

RAG1
S7
BMP4
ETS2
ETS2 Internal
Primer

COI

Primers

Reference

TMO-4C4F/TMO-4C4R
5’- CCTCCGGCCTTCCTAAAACCTCTC / CATCGTGCTCCTGGGTGACAAAGT -3’
TMOFI/TMOR2
5’-ACCTCTCATTAAGAAAMGAGTGTTTG/TGCTTCTCAAATTCTTTMACCTS-3’
RAG2F2/RAG2R2
5’-GACTCTCCTCAGGTGTTC/GTCTGTAGAGTCTCACAGGAGAGCA-3’
RAG2F/RAG2R
5’-SACCTTGTGCTGCAAAGAGA/GGATCCCCTTBTCATCCAGA-3’
RAG2F1/RAG2R3
5’-GAGGGCCATCTCCTTCTCCAA/GATGGCCTTCCCTCTGTGGGTAC-3’
RAG1F/RAG9R
5’-AGCTGTAGTCAGTAYCACAARATG/GTGTAGAGCCAGTGRTGYTT -3’
S7RPEX1F/ S7RPEX2R
5’-TGGCCTCTTCCTTGGCCGTC/AACTCGTCTGGCTTTTCGCC-3’
BMP4Cos2FA/ BMP4Cos2R
TCTYATYTCAGAGCACATGGAGAGG/ATCGCTGAAGTCCACGTACA-3’
ETS2F/ETS2R
5’-AGCTGTGGCAGTTTCTTCTG/CGGCTCAGCTTCTCGTAG-3’
ETS2IntF/ETS2IntR
5’AGCCGTGTTTGGCTCTATTCATATTTC/AAAGAACTGCACTTGCATGTGAATC -3’
FishF2/FishR2
5’TCGACTAATCATAAAGATATCGGCAC/ACTTCAGGGTGACCGAAGAATCAGAA 3’

Streelman et al. (2002)

Test Results
Amplified
Diagnostic/am
Not
plified across
informative/not
all distribution
amplified with
ranges
majority
samples

Not
Amplified

60℃

✔

DiBattista et al. (2012)

✘

Lovejoy and Collette (2001)

✘
54℃

✔

DiBattista et al. (2012)

Optimal
Annealing
Temperature

Lovejoy and Collette (2001)

✘

Cooper et al. (2009)

✘

Chow and Hazama (1998)

✔

55℃

Cooper et al. (2009)

✔

50℃

Lyons et al. (1997)

62℃

✔
✔

Present study

60℃

50℃
Ward et al. (2005)
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Figure Appendix 2.2 Phylogenetic relationships of Pla. flesus, Ple. platessa, and putative hybrids haplotypes represented in a tree-based haploweb
(Flot et al. 2011) and a network-based haploweb (Flot et al. 2010) of the ETS2 (with length heterozygous individual haplotypes) Each branch/circle
represents a unique haplotype and size of the circle is proportional to its total frequency as indicated by the legend. The red rhombus represents the
missing haplotype. Each branch connecting different circles represents a single nucleotide substitution; black cross-bar on them represents an
additional nucleotide substitution; red cross-bar on them represents a nucleotide insertion/deletion. The red double bars in the haploweb represent
greater than one nucleotide insertion/deletion (as indicated). The dashed line represents mutually exclusive of two clades. Curves connecting
branches indicate these haplotypes occurring in heterozygous individuals. Branching support on each clade of the phylogenetic tree was given by
Bayesian inference (BI) and Neighbor-joining (NJ). Colors denote sample species and geographic origin as indicated by the legend.
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Appendix 3: Summary of microsatellite details
This appendix material is supporting the microsatellite data selection process before DAPC and PCA analysis of hybridization
cases in chapter 2, chapter 3, and chapter 5. This file includes the peak scores, Hardy-Weinberg equilibrium tests, linkage
disequilibrium tests, and null allele tests.
Note that this file is intended to be viewed in PDF format, which supports zooming for readability. Original Excel files are
available upon request.
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Characteristic LDH isozyme electrophoretic patterns in six flatfish
species in the Trondheimsfjord, Norway and their utility for the
detection of natural species hybrids
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Abstract
LDH isozyme electrophoretic patterns among 621 specimens of six different flatfish species collected in the Trondheims‐
fjord, Norway, were characterized by using the isoelectric focusing in polyacrylamide gel (IFPAG) technique. The LDH
locus appears to be a reliable tool for species identification in the Trondheimsfjord flatfishes. Hence, these patterns were
used to detect and identify potential hybrids, together with morphological traits. Among all the specimens collected during
this study no hybrids were detected. From the actual numbers analysed, the natural hybridization rate between European
plaice and European flounder in the Trondheimsfjord can be roughly estimated to be less than 1%. This is substantially
lower than corresponding values reported from Baltic and Danish waters.
Key words: Flatfishes, LDH isozyme, natural hybrids

Introduction
In fisheries management, species misidentification
can result in serious errors in the assessments of
stocks, resulting in mismanagement and conservation failure of flatfish fishery resources (Kijewska
et al. 2009). There is a concern that this is the case
in the Baltic and western Belt Sea flatfish fisheries,
where a high percentage of species hybrids have been
demonstrated using genetic identification procedures
(Sick et al. 1963; Kijewska et al. 2009). Thus, specimens assumed to be European plaice (Pleuronectes
platessa Linnaeus, 1758) were in reality sterile hybrids
(e.g. European plaice–European flounder), resulting
in an overestimation of the stock’s reproductive
capacity and, hence, the setting of too high an annual
catch quota (Kijewska et al. 2009).
Lush et al. (1969) investigated the electrophoretic
characteristics of LDH (DL-lactate dehydrogenase;
E.C. 1.1.1.27) in 12 flatfish species from English
waters. According to this study most of the

LDH zymograms in muscle tissue of European
plaice, European flounder Platichthys flesus (Linnaeus,
1758), common dab Limanda limanda (Linnaeus,
1758), lemon sole Microstomus kitt (Walbaum, 1792),
long rough dab Hippoglossoides platessoides (Fabricius,
1780) and witch flounder Glyptocephalus cynoglossus
(Linnaeus, 1758) were diagnostic to species. This
was corroborated by the study of LDH zymograms in
pelagic flatfish eggs by Mork et al. (1983), and lemon
sole studies by Heffernan et al. (2004) in the Irish
Sea. According to these studies, efficient methods for
the genetic species identification of anonymous fish
tissues are available. According to Mork et al. (1983),
many flatfishes in the Trondheimsfjord, Norway, can
be effectively distinguished by muscle tissue LDH
patterns at the egg stage. Accordingly, even very
young hybrid specimens can be identified by this
isozyme method.
The present project was therefore designed to
use isozyme markers to characterize LDH isozyme
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electrophoretic patterns in six flatfish species and
use them as a genetic method, together with
morphological traits, to detect the occurrence and
frequency of natural species hybrids among juvenile and adult flatfish in the Trondheimsfjord,
Norway.
Material and methods
Most specimens were collected with bottom gill nets
and bottom trawl operated by the NTNU research
vessel R/V Gunnerus. Sampling spanned from May
2012 to February 2013.
A total of 621 specimens of six different flatfish
species were collected during this study (Table I).
They were classified based on morphological traits as
European plaice (Pleuronectes platessa), European
flounder (Platichthys flesus), common dab (Limanda
limanda), lemon sole (Microstomus kitt), witch flounder (Glyptocephalus cynoglossus) or long rough dab
(Hippoglossoides platessoides). All of these belong to
the Pleuronectidae family. The morphological identifications were performed according to Eschmeyer
& Bailey (1990).
Muscle tissues were used for LDH and additional
MDH (malate dehydrogenase, EC 1.1.1.37) genetic
identification. For genetic identifications by IFPAG
(isoelectric focusing in polyacrylamide gel), LDH
isozyme banding patterns were performed at the
genetics laboratory of the TBS (Trondhejm Biology
Centre). Essentially, the IFPAG was carried out
according to Mork et al. (1985). All basic data
were recorded in an Excel database which is available from the authors (jarle.mork@ntnu.no, rpganubis@gmail.com).
Results and discussion
Most of the specimens of different species could be
distinguished by different banding patterns and
different banding positions on the gel (Figure 1).
Two specimens (sample IDs 262 and 311) showed
LDH zymograms with five-banded patterns (Figure 1).
These banding patterns were identical to those of
some common dabs, while the morphological traits
suggested that the two specimens could be long
rough dab. However, an additional analysis of MDH
was performed (Figure 2) and banding patterns
indicate they were pure-bred long rough dab. While
the MDH zymograms in individuals from the common dab control group showed good activity, no
activity was found for individuals 262 and 311
(Figure 2). If they were hybrids, the MDH banding
patterns would most likely have shown the activity, at
least. Besides, lack of activity also applied to the long
rough dab control specimens. All of these factors
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indicate that specimens 262 and 311 are long rough
dab. This is in accordance with the morphological
identifications. This means that the long rough dab
has another (anodal) variant allele in addition to
a heterozygote for a cathode variant allele (specimen 431).
All of these flatfishes are closely related species, so
some common bands in different species for the
LDH zymogram were expected. Lush et al (1969)
suggested that the zymograms of the common dab
and the long rough dab are indistinguishable at the
muscle locus. However, according to this study, the
utilization of high-resolution IFPAG gels makes
most of the common dab and the long rough dab
(given the similarity of common dab and IDs 262
and 311) distinguishable by the variation in permanent sub-bands, the so-called satellite bands (Figure 1).
Also, in this study, a heterozygote for a lowfrequency variant allele was found in the common
dab as well as in the long rough dab (Figure 1: 262
and 311), making these species’ zymograms more
variable than was claimed by Lush et al. (1969).
Otherwise, the general appearance of LDH activity
in muscle tissues from European plaice, European
flounder, common dab, long rough dab and lemon
sole was as described by Lush et al. (1969).
The LDH locus appears to be a reliable tool for
species identification in the Trondheimsfjord flatfishes. However, according to lab experience, an
increase in the number and intensity of temporary
sub-bands (‘satellites’) in aged tissue samples represented some challenges and necessitated re-analyses
of some samples. Although generally in accordance
with the descriptions in Lush et al. (1969), the highresolution IFPAG technique used in this study
revealed more (tightly positioned) sub-bands on the
anodic side of the main bands. They were more
prominent in aged than in fresh samples, but did not
interfere seriously with species identification.
Despite these effects of ageing, the LDH gene
stands out as the most suitable tissue enzyme for
species identification in fishes so far. There are two
main reasons for this. The first is that the LDH
enzyme appears to be an extremely robust protein
compared to others which have been investigated in
fish population genetics. For example, this means
that it shows good enzyme activity even after
prolonged storage at −20°C. The second reason is
that it has already proved very efficient for genetic
identification of marine fishes typically present on
the Norwegian coast (Mork et al. 1983). In a
different area of application, genetic identification
has long been used as an efficient tool for detecting
product fraud among domestic frozen fish products
(Rehbein 1990).
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Table I. Specimen numbers by location in the Trondheimsfjord. Date formats: dd.mm.yyyy or mm.yyyy.

Location
Stjørdalfjord

Strindfjord

Verrabotn

Borgenfjord

Beitstadfiord

Steinkjer

Høvringen
Total

European plaice
(Pleuronectes
platessa)

European
flounder
(Platichtys
flesus)

Common dab
(Limanda
limanda)

Long rough dab
(Hippoglossoides
platessoides)

Lemon sole
(Microstomus
kitt)

Witch flounder
(Glyptocephalus
cynoglossus)

37
73

2

1

Coordinates

Gear type

Time

63°27′25.90″N
10°51′22.74″E

Shrimp trawl

3.9.2012
7.2.2013
6.2.2013

30
5

1

63°26′23.02″N
10°44′29.96″E

Spear gun

7.10.2012
29.12.2012

2

1

63°48′17.37″N
10°36′21.15″E

Shrimp trawl

5.2012
14.12.2012
15.12.2012

3

63°52′57.10″N
11°21′42.46″E

Beach seine
Fish pots

63°54′12.31″N
11°3′44.38″E

Shrimp trawl

64°1′7.12″N
11°19′1.53″E

Shrimp trawl

63°26′40.54″N
10°35′18.45″E

27.8.2012
9.2012 –
11.2012
5.2.2013
9.4.2013

136
24

1
13
28

12

3
1

5
2
8

8
138
33
13
41

1
179

179
4

39

5
50

1

7
41

21

30
45
73

1

4

13.11.2012

Total

40

12
489

2

18

621
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Figure 1. Diagrammatic sketch of LDH zymogram of six different species of ﬂatﬁsh in the Trondheimsfjord (P, European plaice; F,
European ﬂounder; D, common dab; W, witch ﬂounder; LR, long rough dab; LS, lemon sole).

Sideways leakage between the sample application
paper pieces on the gel could sometimes create
patterns which confused the species identity and
give false signals of hybridization. Usually, however,

a closer inspection would reveal whether two bands
were really laterally connected through leakage and,
thus, identical with respect to isoelectric point (pI) or
whether they were bands with different pIs. Sideways

Figure 2. Diagrammatic sketch of MDH zymogram of long rough dab, common dab and samples No. 262 and 311 (D, common dab; LR,
long rough dab).
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leakage could be prevented by reducing the sample
loads in the application paper pieces and by increasing the distances between them.
No species hybridization was directly indicated in
the present samples. All specimens collected during
this study were classified as pure. In comparison to
the reported hybridization rate between European
plaice and European flounder in the Baltic and Belt
Seas (Strodtmann et al. 1935; Sick et al. 1963), the
natural hybridization rate in the Trondheimsfjord
must be much lower, if present at all. Based on the
present samples, it is likely to be less than 1% as a
function of the number of individuals examined. As
the natural hybridization rate of European plaice and
European flounder appears to be very low in the
Trondheimsfjord, misclassifications due to the morphological similarity of hybrids and pure-blooded
specimens and a high natural hybridization rate are
not expected to be problems for management. The
risk of mismanagement and conservation failure
of flatfish fishery resources due to these factors is
correspondingly low.
In comparison, Strodtmann et al. (1935) and Sick
et al. (1963) estimated the natural hybrid (European
plaice × European flounder) frequency to be ∼10%
of the total European flounder population in the
Baltic Sea and the western Belt Sea. Potential causes
of differences in natural hybridization rates between
these areas and the Trondheimsfjord could probably
refer to three aspects of hypostasis: habitat differences, behavioural difference and different pollution
intensity (Lande 1973).
The European flounder is a euryhaline fish; it
tolerates quite brackish and even fresh water and has
been found several kilometres up rivers (Allen &
Baltz 1997; Nissling et al. 2002). The European
plaice prefers waters with higher salinity (Lande
1973). In the brackish conditions of the Baltic Sea,
European plaice and European flounder cannot
choose their preferred salinities. Hence they might
be ‘forced’ to live closely with each other, even
during the spawning season, a situation which could
lead to increased natural hybridization rates. It
should be noted, however, that traits of the biology
and ecology of flatfishes in the Baltic may differ
substantially from those of their Norwegian relatives,
e.g. in preferred spawning depths (Muus &
Dahlstrøm 1969). In the Trondheimsfjord, however,
waters of different salinity exist, from pure fresh
water to relatively high-salinity fjord waters, and
species-specific preferences can better be met and,
thus, reduce the use of common spawning habitats
and rates of species hybridization.
Also, the relatively intense pollution in the Baltic
Sea could raise the environmentally induced background hormone levels (Kijewska et al. 2009). Thus,

the reproduction mechanisms of these two species
could be disturbed and lead to a relatively high
hybridization rate. This situation does not apply to
the Trondheimsfjord, which is regarded as a lowpollution fjord with very good recipient qualities.
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Abstract
This paper examines the morphology and distribution of the hybrid of plaice (Pleuronectes
platessa) and European flounder (Platichtys flesus) called danish: leps (Pleuronectes
platessa x Platichtys flesus hybrid) and compares it to the parent species. Data consists of
fish from the Danish belt sea caught by snorkeling and in cooperation with comercial
fishers and fish from the collection at The Natural History Museum of Denmark,
Copenhagen. Primary methods are genetic sequencing and countings and measurements
of certain characters. Finrays and vertebrae are counted and measurements are
presented as percent of the standard length. It is shown that the hybrid looks more like the
plaice than the flounder, although differences are small. Flounder have a bigger mouth,
bigger head, longer snout and a narrower body. Counting the vertebrae seems to be the
best method to separate flounder from plaice and hybrids. Flounder have significantly
fewer vertebrae than plaice and hybrid. The paper discusses the need for genetic
sequencing to identify hybrids, since it is shown that hybrids and the parent species look
very similar.
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Introduktion
Skrubbe (Platichtys flesus) og rødspætte (Pleuronectes platessa) er kendt for, at kunne
hybridisere og hybriderne, kaldet leps (Platichtys flesus x Pleuronectes platessa hybrid), er
kendte fra Nordsøen og Østersøen. Da de begge er vigtige kommercielle fisk, er det
væsentligt at kunne adskille dem og deres hybrider fra hinanden. Ved opgørelser af
fangster, kan fejlklassifikation af arterne, bevirke at der sker fejl i beregninger af
populationsstørrelser og fiskekvoter (Kijewska et al., 2009). Dette er den første større
undersøgelse af leps i danske farvande.
Problemformulering
Formålet med denne undersøgelse, er, at beskrive leps’ morfologi og sammenligne med
rene eksemplarer af skrubbe og rødspætte, for at finde unikke karakterer, som kan
anvendes til identifikation. Det er forventeligt, at eventuelle morfologiske forskelle er
minimale, da de to forældrearter minder meget om hinanden. I opgaven vil det blive
forsøgt, at estimere en ratio af leps, ud fra de, til opgaven, fangne fisk.
De involverede arter og hybriden
Skrubbe (Platichthys flesus)

Figur 1: Skrubbe. Foto: Henrik Carl.

Skrubben (figur 1) tilhører familien Pleuronectidae og er meget almindelig i de danske
farvande (Muus og Nielsen, 2006). Den er tilknyttet bunden og lever fra det lavere vand og
4

W. B. Larsen

ned til ca. 100 meters dybde (Otterstrøm, 1914; Muus og Nielsen, 2006). I Danmark
foregår legen i Bælthavet samt i Bornholmsdybet og sker fra omtrent sidst i januar til og
med april (Muus og Nielsen, 2006; Nissling et al., 2002; Otterstrøm, 1914). Skrubben
kendes på de markante tornede benknuder på kroppen, primært langs sidelinjen og ved
basis af gat- og rygfinnen (Muus og Nielsen, 2006). Gatfinnen hos skrubben indeholder
33-46 finnestråler, rygfinnen 49-65 og brystfinnen 10-11 (Winther et al., 1907).

Rødspætte (Pleuronectes platessa)

Figur 2: Rødspætte. Foto: Henrik Carl

Rødspætten (figur 2) tilhører samme familie som skrubben og er ligeledes almindelig i
danske farvande. Den træffes på alle dybder, ofte inddelt i aldersgrupper. Der ses således
ofte yngel på helt lavt vand, og ældre rødspætter på større dybder, ned til 100 meter.
Legen foregår fra august til maj, med højdepunkt i februar-marts og finder i Danmark
primært sted i Bælthavet, Sundet og Bornholmerdybet (Otterstrøm, 1914; Muus og
Nielsen, 2006; Nissling et al., 2002).
Rødspætten kan underinddeles i forskellige former. Der findes således en baltisk form,
som kendetegnes ved et mindre antal ryghvirvler og finnestråler samt en mindre størrelse
(Otterstrøm, 1914; Winther et al. 1907; Norman, 1934). Rygfinnen indeholder fra 67-74
finnestråler, gatfinnen 48-56 og brystfinnen 9-11 stråler (Norman, 1934). Rødspætter er
beskrevet med tornede benknuder udbredt på kroppen (Norman, 1934; Cunningham,
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2007). Den baltiske form af rødspætte, har mere markante benknuder end de andre
former (Norman, 1934).

Leps (Platichtys flesus x Pleuronectes platessa hybrid)

Figur 3: Leps. Foto: Henrik Carl.

Leps (figur 3) bliver beskrevet som en morfologisk mellemting mellem skrubbe og
rødspætte (Otterstrøm, 1914; Norman, 1934; Stead, 1896). Leps blev observeret af
Gottsche (1835), der angav den som en variation af rødspætte og navngav den Platessa
pseudoflesus. Alfred Pape undersøgte i 1935 leps nærmere og kom i værket “Beitrage zur
Naturgeschichte vor Pleureonectes pseudoflesus, eines Bastards zwischen Scholle und
Flunder” frem til den konklusion, at leps måtte være en hybrid mellem skrubbe og
rødspætte, som L. V. Ubisch referer til i “Undersøkelser over Pleuronectider” fra 1950. A.
Pape viste at leps ligger mellem skrubbe og rødspætte på målinger af flere morfologiske
karakterer som kropsdybde, hovedlængde og længde af ryg- og gatfinnestråler. A. Pape
talte yderligere ryghvirvler på fiskene, og fandt frem til, at skrubber har 34-37, rødspætter
41-44 og leps 38-41 ryghvirvler. Ægstørrelsen hos de tre fisk varierer meget; skrubbe: 1,07
mm, rødspætte: 1,84 mm, leps: 1,35, hvilket kan anvendes til identifikation (Ubisch, 1950).
Da skrubber og rødspætter i visse områder har overlappende gydepladser, og da legen
overlapper i visse måneder, giver det mulighed for, at der kan ske en hybridisering de to
arter i mellem (Nissling et al., 2002; Otterstrøm, 1914). Saliniteten i Østersøen falder
østover og stiger med dybden. Derfor vil marine arter kun kunne gyde i dybere dele af
Østersøen, som Bornholmerdybet og Gdanskdybet (Nissling et al., 2002). Det er derfor
6
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sandsynligt at hybridiseringen mellem de to arter sker netop her (Kijewska et al., 2009). På
baggrund af dette, formodes det, at antallet af hybrider er størst i Østersøen og bælthavet,
hvilket understøttes af A. Papes observationer fra Darss og Kiel. Her fandt han hhv. 4,2%
og 12,5 % hybrider blandt rødspætter (Ubisch, 1950). Ifølge F. W. Bræstrup (1949) udgør
leps 10% af den samlede rødspættepopulation i Østersøen.
Flere forskere har i starten af det 20. århundrede bevist at hybriderne er fertile, hvilket
også bekræftes af A. Kijewska et al., 2009 (Ubisch, 1950).
Leps beskrives med børstekantede skæl langs roden af gat- og rygfinnen og langs
sidelinjen og ligner af udseende en mellemting mellem rødspætte og skrubbe. Størrelsen
af munden og formen på benknuderne på gællelåget bærer, ifølge C. V. Otterstrøm (1914)
og Norman (1934), størst lighed med skrubben.

Metode
Dataindsamling
Data består af fisk fra egne indsamlinger, samt fisk fra samlingen på Statens
Naturhistoriske Museum i København (SNM). Der er i alt anvendt 1404 fisk i
undersøgelsen. Tolv af disse; otte leps, tre skrubber og én rødspætte, stammer fra
samlingen på SNM.
Snorkling
Snorkling er anvendt til indsamling af fisk i kystnære områder (se figur 4, blå nåle).
Fiskene blev indfanget med harpun og med hænderne og sikre arter blev bestemt på
stedet, registreret og genudsat i samme område, som de blev fanget. Snorkling er bevist
som en effektiv metode til overvågning og registrering af fisk, og er således velegnet til
indsamling af et repræsentativt materiale for et givent område (Wendelin, 2011). Metoden
har dog sine begrænsninger. Faktorer som vind og vejr, sigt og fysisk form har indflydelse
på hvor meget denne metode kan anvendes (Wendelin, 2011). I denne undersøgelse er
der foretaget snorkling på dybder mellem nul og ni meter. Indsamlingssteder er valgt ud fra
hvor chancerne for at finde både skrubber og rødspætter blev vurderet til at være størst
udfra en forhåbning om, at der på den slags steder ville være gode chancer for at finde
leps. Der er foretaget snorkling både dag og nat. Metoden var tænkt som bærende for
indsamlingen, men grundet begrænset tid og små fangster, er der ikke kommet det
ønskede antal fisk ud af denne metode. Der er i alt blevet samlet 126 fisk på ni
snorkelture.
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Bundgarn
Med hjælp fra erhvervsfiskerne Korfitz Hansen og Claus Olsen, er der blevet fanget og talt
flere fisk end muligt ved snorkling. Denne fangstmetode er, ligesom snorkling, begrænset
til det lavere vand og der er til denne undersøgelse blevet røgtet bundgarn fra én til ca. ti
meters dybde. Interessante fisk blev samlet ind til nærmere undersøgelse, mens fisk som
kunne artsbestemmes på stedet, blev genudsat levende. Der er i alt blevet samlet 836 fisk
i alle størrelser, fanget i bundgarn, ved henholdsvis Fønsskov i Lillebælt og Mosede i Køge
Bugt, markeret med gule nåle på figur 4.
Havneindsamling
Der er, med hjælp fra Frank Ivan Hansen, DTU Aqua og Fiskerihavn Rødvig, blevet
foretaget én havneindsamling i Rødvig Fiskerihavn, markeret med grøn nål på figur 4. Her
blev der talt 431 fisk, fanget af bundgarnsfiskere i lokalområdet. Der var her tale om
sorterede fisk og derfor indgår kun fisk over gældende mindstemål i denne tælling.

Figur 4: Kort over indsamlingssteder. Blå nåle markerer snorkling, gule markerer bundgarn og grøn
markerer havneindsamling. Kilde: Google maps.
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Efterbehandling
De indsamlede fisk, blev efter fangst, konserveret af Markus A. Krag, SNM, og tildelt
ZMUC-nummer (se bilag 2), og indgår nu i samlingen på SNM. Der er taget vævsprøver af
alle fisk som indgår i undersøgelsen. Prøverne består af et udsnit af muskelvæv fra
blindsiden og opbevares i 96% ethanol ved -18°C.
Genetik
En stikprøve på ti eksemplarer er blevet genetisk bestemt, med hjælp fra Jakob Hemmer
Hansen, DTU Aqua Silkeborg. De er analyseret med prøver af kerne- og mitokondrie-DNA.
Artsbestemmelse
Fiskene til opgaven er artsbestemt ved hjælp af “Muus, B, j., og Nielsen, J. G. 2006.
Havfisk og fiskeri i Nordvesteuropa. 6. udgave”, samt på baggrund af særlige træk
observeret på de ti eksemplarer, som blev genetisk bestemt. Der var fin
overensstemmelse mellem den morfologiske og den genetiske artsbestemmelse, og
grundet tidspres i laboratoriet på DTU Aqua Silkeborg, er de resterende fisk i
undersøgelsen bestemt udelukkende på morfologien.
Et enkelt eksemplar, ZMUC P 856321, blev før den genetiske analyse, bestemt til at være
en rødspætte, men viste sig at være en hybrid. Denne fisk er muligvis et tilbagekryds til
rødspætte og minder mest om en sådan. Der blev observeret en tydelig ruhed på fiskens
finner, hvilket er taget med i overvejelserne inden artsbestemmelse af de resterende fisk.
Målinger
Til sammenligning af fiskenes morfologi, er der foretaget målinger af en række karakterer,
illustreret på figur 5. Følgende karakterer er målt med en nøjagtighed på 1 mm: Længde
(A) og standardlængde (B). Følgende karakterer er målt med en nøjagtighed på 0,01 mm:
Kropsdybde (C), bredde af haleroden (D), længste rygfinnestråle (E), længste
gatfinnestråle (F), længde af bugfinne på blindsiden (BS) samt øjesiden (ES) (G),
postorbital afstand (H), hovedlængde (I), hoveddybde (J), snudelængde (K), længde af
orbitalen (L) og længde af mund på BS samt ES (M). Orbitalen er målt for det ventrale,
ikke vandrende øje. Målinger er lavet med elektronisk skydelære (op til 155,5 mm) samt
klassisk målebånd.
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Figur 5: Pleuronectid. De målte karakterer er illustreret med røde pile.

Tællinger
Der er foretaget tællinger af finnestråler i rygfinnen, gatfinnen, halefinnen og brystfinnen
på øjesiden, på konserverede fisk. Ryghvirvler er blevet talt på alle fisk, ved hjælp af
røntgenfotografering foretaget på SNM, med hjælp fra Peter Rask Møller og Markus A.
Krag (figur 6). Alle ryghvirvler er talt og der er ikke skelnet mellem kropshvirvler og
halehvirvler. Der på flere fisk set sammenvoksede ryghvirvler hvilket, ifølge Peter Rask
Møller, er meget normalt. Ved tilfælde af sammenvoksninger, er der talt torntapper
(engelsk: neural spine) som tal for hvirvler.
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Figur 6: Eksempel på røntgenfoto af en leps med maveindhold. På billedet ses fiskens ZMUC-nr.
samt reference-nummer “00” brugt i forbindelse med fotografering. På grund af filmens
begrænsede størrelse, er dele af fiskens hoved og hale ikke fotograferet.

På ti skrubber, ti leps og to rødspætter, er der talt antal af torne på benknuder langs
gatfinnen. Der er på hver skrubbe og leps talt torne på fem benknuder og på rødspætter er
der talt torne på 25 benknuder.
Statistik
Til statistisk sammenligning af det indsamlede data, er anvendt Mann-Whitney U-test med
α = 0,05. Da n i alle prøver er større end 20, beregnes den standardiserede
normalfordeling, z. z > 1,96 er signifikant på 5%-niveau og z > 2,576 er signifikant på 1%niveau.
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Resultater
Resultat af indsamlinger
Tabel 1: Fordelingen af fisk fanget ved snorkling. Andelen af leps er angivet som procent af hhv.
alle fisk, skrubber og rødspætter.
Sted

Korsør Lystskov
(x2)
Bellevue
Hornbæk
Plantage
Nødebohuse
Knivkær Strand
Grenå Havn
Grenå (Polderev)
Glatved Strand

Fisk i alt
Skrubber Rødspætter
(Skrubber,
Rødspætter
og leps)
64
57
6

Leps

Leps som Leps som Leps som
procent af procent af procent af
fisk i alt
skrubbe rødspætte
1

1.54

1.72

14.29

6
10

6
9

0
1

0
0

0
0

0
0

0

18
9
16
3
0

18
5
16
3
0

0
4
0
0
0

0
0
0
0
0

0
0
0
0
-

0
0
0
0
-

0
-

Tabel 2: Fordelingen af fangsten i bundgarn. Andelen af leps er angivet som procent af hhv. alle
fisk, skrubber og rødspætter.
Sted

Mosede
Fønsskov

Fisk i alt
Skrubber Rødspætter
(Skrubber,
Rødspætter
og leps)
762
694
57
74
73
1

Leps

Leps som Leps som Leps som
procent af procent af procent af
fisk i alt
skrubbe rødspætte

11
0

1.44
0

1.56
0

16.18
0

Tabel 3: Fordelingen af fisk registret på havneindsamling. Andelen af leps er angivet som procent
af hhv. alle fisk, skrubber og rødspætter.
Sted

Rødvig
Fiskerihavn

Fisk i alt
Skrubber Rødspætter
(Skrubber,
Rødspætter
og leps)
431
429
1

Leps

Leps som Leps som Leps som
procent af procent af procent af
fisk i alt
skrubbe rødspætte
1

0.23

0.23

50.00

Af i alt 1393 fisk indsamlet til projektet, var 1310 skrubber, 70 rødspætter og 13 leps.
Dette giver en andel af leps på 0,93 % af alle indsamlede fisk. Opgivet som andel af
skrubber, er 0,98% leps og opgivet som andel af rødspætter er 15,66 % leps.
Der er blandt skrubber fundet 20% venstrevendte individer og 0% blandt leps.
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Tællinger
Results from genetically confirmed specimens
Tabel 4: Tællinger foretaget på genetisk bestemte individer.
Fisk nr.
P 856316
P 856317
P 856318
P 856319
P 856325
P 856321
P 856323
P 856320
P 856324
P 856322

Species
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Hybrid
Flounder
Flounder
Flounder

Finrays anal
fin
50
47
47
48
45
54
47
37
41
41

Fin rays
dorsal fin
70
67
64
65
64
72
61
54
59
58

Fin rays
Fin rays pectoral
caudal fin
fin
20
13
19
11
18
12
19
12
19
11
19
12
19
12
19
11
18
12
18
11

Vertebrae
41
41
40
38
39
42
41
36
35
35

Skrubber adskiller sig fra leps, ved at have lavere tal i alle tællinger (tabel 4). Tællinger af
finnestråler i gatfinnen viser, at skrubber varierer fra 37-41. Finnestråler i rygfinnen varierer
fra 54-59, finnestråler i halefinnen fra 18-19, finnestråler i brystfinnen fra 11-12 og
ryghvirvler fra 35-36. Til sammenligning, ligger tællinger på leps således; finnestråler i
gatfinnen fra 45-54, finnestråler i rygfinnen fra 61-72, finnestråler i halefinnen fra 19-20,
finnestråler i brystfinnen fra 11-13 og ryghvirvler fra 38-42.
Results from all fish
Tabel 5: Resultatet af tællinger af nogle morfologiske karakterer på leps, rødspætte og skrubbe. Værdier for
range, middel og standardafvigelse (SD) er angivet for hver art og hybriden. (*) markerer at tællingen er
foretaget på 15 individer.
Art

Finrays anal fin
range (middel;
SD)

Finrays dorsal
range (middel;
SD)

Finrays caudal fin Finrays pectoral
range (middel;
fin range (middel;
SD)
SD)

Vertebrae
range (middel;
SD)

Hybrid (n = 21) 43-54 (49,24; 2,60) 57-73 (66,48; 3,76) 17-20 (18,52; 0,73) 10-13 (11,60; 0,74)* 38-42 (40,62; 1,29)
Plaice
(n = 22)

47-55 (51,41; 2,12) 62-73 (68,23; 3,27) 18-20 (19,00; 0,60) 10-12 (11,20; 0,56)* 41-44 (42,36; 0,71)

Flounder
(n = 25)

37-44 (40,76; 1,86 ) 53-62 (58,56; 2,32) 17-19 (17,68; 0,55) 10-12 (10,86; 0,64)* 34-36 (34,56; 0,64)

Tællinger af karakterer på alle individer, viser samme tendens, som tællinger på de
genetisk bestemte fisk. Se bilag 2 for skema med alle tællinger.
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Skrubbe sammenlignet med leps
Skrubbe adskiller sig tydeligt fra leps ved, at have et lavere antal finnestråler i ryg- og
gatfinnen, halefinnen og et lavere antal ryghvirvler (tabel 5 og figur 7). Der er således
signifikant forskel mellem skrubbe og leps i antal ryghvirvler (z = 5,78, n1 = 25, n2 = 21, P <
0,01), antal finnestråler i gatfinnen (z = 5,71, n1 = 25, n2 = 21, P < 0,01), antal finnestråler i
rygfinnen (z = 5,26, n1 = 25, n2 = 21, P < 0,01) og antal finnestråler i halefinnen (z = 3,37,
n1 = 25, n2 = 21, P < 0,01).
Rødspætte sammenlignet med leps
Der er større lighed mellem rødspætte og leps, end mellem skrubbe og leps (tabel 5 og
figur 7). Ved en sammeligning af de talte karakterer for rødspætte og leps, fås følgende
resultater: Der ses ingen signifikant forskel på antallet af finnestråler i rygfinnen (z = 1,46,
n1 = 22, n2 = 21, P > 0,05). Der ses derimod signifikante forskelle i antallet af ryghvirvler (z
= 4,52, n1 = 22, n2 = 21, P < 0,01), finnestråler i gatfinnen (z = 2,72, n1 = 22, n2 = 21, P <
0,01) og finnestråler i halefinnen (z = 2,02, n1 = 22, n2 = 21, P < 0,05).
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Fordelinger efter talte karakterer

Gatfinnestråler
10

Antal fisk

8
6
4
2
0

30

33
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80

44
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Antal gatfinnestråler

Rygfinnestråler
10

Antal fisk
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2
0

50

53
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Antal rygfinnestråler

Hvirvler
15

Antal fisk

12
9
6
3
0

30

32

34
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38

40

42

Antal hvirvler

Leps

Rødspætte

Skrubbe

Figur 7: Fordelingen af rødspætte, skrubbe og leps efter antal finnestråler i ryg- og gatfinne samt
ryghvirvler. Hver markør, viser antallet af fisk med, det på x-aksen anførte, antal gatfinnestråler,
rygfinnestråler og ryghvirvler.
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Målinger
I følgende afsnit vil signifikante resultater fra tabel 6 blive præsenteret. For ikke
signifikante resultater henvises til bilag 1.
Kropsdybde som procent af standardlængden for skrubbe, rødspætte og leps

% af standardlængden

60.00
54.00
48.00
42.00
36.00
30.00

0

125

250

375

500

Standardlængde (mm)

Leps

Rødspætte

Skrubbe

Figur 8: Kropsdybden som procent af standardlængden for de to arter og hybriden.

Der er ingen signifikant forskel i kropsdybde i forhold til standardlængde på rødspætte og
leps (z = 0,33, n1 = 22, n2 = 21, P > 0,01), men skrubbe er signifikant smallere end leps (z
= 2,84, n1 = 25, n2 = 21, P < 0,01) (figur 8).

% af standardlængden

Længde af mund ES som procent af standardlængden for skrubbe, rødspætte og leps

8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0

0

125

250

375

500

Standardlængde (mm)

Leps

Rødspætte

Skrubbe

Figur 9: Længden af munden målt på øjesiden i forhold til standardlængden for de to arter og
hybriden.

Skrubbe har signifikant større mund end leps (z = 4,64, n1 = 25, n2 = 21, P < 0,01). Der er
ingen forskel mellem rødspætte og leps (z = 1,07, n1 = 22, n2 = 21, P > 0,01) (figur 9).
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96-357 (224,56; 65,48)

Standard length (mm)

5,06-7,39 (6,12; 0,55)
4,43-7,05 (5,69; 0,72)

3,58-6,75 (5,98; 0,65)
2,83-6,42 (5,01; 0,81)

Length of mouth /blind side)

Orbital length

3,78-5,47 (4,5; 0,43)

15,63-19,03 (17,59; 0,88)

3,23-6,26 (5,21; 0,58)

12,46-19,8 (18,21; 1,36)

4,8-6,81 (5,63; 0,50)

13,29-17,20 (14,86; 0,89)

12,81-16,94 (14,48; 0,93)

6,82-8,88 (7,95; 0,59)

6,9-10,09 (8,46; 0,72)

10,98-12,67 (11,61; 0,44)

14,76-19,23 (16,26; 1,17)

25,59-30,13 (28,19; 1,15)

46,32-54,10 (50,89; 2,12)

110-408 (189,09; 68,33)

135-500 (235,77; 83,63)

Length of mouth (eye side)

Postorbital distance

3,7-6,98 (5,74; 0,61)

9,29-17,29 (15,11; 1,46)

Longest finray in anal fin

Snout length

9,19-16,13 (14,41; 1,44)

5,02-9,60 (8,34; 0,87)

Length of pectoral fin (blind side)

Longest finray in dorsal fin

6,68-9,59 (8,38; 0,54)*

Length of pectoral fin (eye side)

11,43-19,99 (17,04; 1,47)

Head depth
7,55-13,52 (12,34; 1,1)

19,21-30,48 (28,51; 2,12)

Head length

Width at base of caudal fin

31,60-51,31 (47,44; 3,77)

Body depth

Percent of std. length

124-435 (268,32; 74,67)

Range (Middel; SD)

Range (Middel; SD)

Total length (mm)

Plaice (n = 22)

Flounder (n = 25)

3,95-6,83 (5,17; 0,76)

4,5-6,83 (5,57; 0,62)

3,15-5,19 (4,28; 0,53)

15,5-19,32 (17,38; 0,92)

4,6-5,83 (5,18; 0,38)

13,24-17,08 (15,01; 0,99)

12,92-16,37 (14,67; 1,01)

6,97-9,77 (8,50; 0,73)

6,63-10,17 (8,61; 0,76)

9,9-12,67 (11,76; 0,69)

14,64-17,56 (15,95; 0,75)

25,07-29,01 (27,16; 1,31)

43,91-55,49 (50,41; 3,10)

129-378 (222,62; 67,84)

163-452 (274,62; 79,27)

Range (Middel; SD)

Leps (n = 21)

Tabel 6: Morfometrisk skema, lavet på baggrund af målinger på individer af skrubbe, rødspætte og leps. Es = øjeside, Bs = blindside. (*) markerer, at
karakteren ikke kunne måles på ét individ.
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Hovedlængde som procent af standardlængden for skrubbe, rødspætte og leps

% af standardlængden
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Figur 10: Hovedlængden som procent af standardlængden for de to arter og hybriden.

Skrubbe har signifikant længere hoved end leps (z = 3,42, n1 = 25, n2 = 21, P < 0,01) og
rødspætte har ligeledes længere hoved end leps (z = 2,22, n1 = 22, n2 = 21, P < 0,05)
(figur 10).
Hoveddybden som procent af standardlængden for skrubbe, rødspætte og leps

% af standardlængden

22.00
20.00
18.00
16.00
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Rødspætte

Skrubbe

Figur 11: Hoveddybden som procent af standardlængden for de to arter og hybriden.

Skrubbe har signifikant større hoveddybde end leps (z = 3,97, n1 = 25, n2 = 21, P < 0,01).
Der ses ingen signifikant forskel mellem rødspætte og leps (z = 0,53, n1 = 22, n2 = 21, P >
0,01) (figur 11).
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Bredde af haleroden som procent af standardlængden for skrubbe, rødspætte og leps

% af standardlængden
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Skrubbe

Figur 12: Bredden af haleroden som procent af standardlængden for de to arter og hybriden.

Skrubbe har signifikant breddere halerod end leps (z = 3,1, n1 = 25, n2 = 21, P < 0,01). Der
er ingen forskel på rødspætte og leps (z = 1,02, n1 = 22, n2 = 21, P > 0,01) (figur 12).
Længde af bugfinne BS som procent af standardlængden for skrubbe, rødspætte og leps
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Figur 13: Længden af bugfinnen på blindsiden som procent af standardlængden af de to arter og
hybriden.

Leps har signifikant længere bugfinne på blindsiden end rødspætte (z = 2,49, n1 = 22, n2 =
21, P < 0,05). Der er ingen forskel på skrubbe og leps (z = 0,56, n1 = 25, n2 = 21, P > 0,01)
(figur 13).
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Snudelængde som procent af standardlængden for skrubbe, rødspætte og leps

% af standardlængden
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Figur 14: Snudelængden som procent af standardlængden af de to arter og hybriden.

Leps har signifikant kortere snude end rødspætte (z = 2,78, n1 = 22, n2 = 21, P < 0,01) og
skrubbe (z = 3,59, n1 = 25, n2 = 21, P < 0,01) (figur 14).
Postorbital afstand som procent af standardlængden for skrubbe, rødspætte og leps
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Figur 15: Den postorbitale afstand som procent af standardlængden af de to arter og hybriden.

Den postorbitale afstand på skrubbe er signifikant længere end på leps (z = 3,27, n1 = 25,
n2 = 21, P < 0,01). Der er ingen forskel på rødspætte og leps (z = 0,9, n1 = 22, n2 = 21, P >
0,01) (figur 15).
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Længde af orbital som procent af standardlængden for skrubbe, rødspætte og leps
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Figur 16: Længden af orbitalen som procent af standardlængden af de to arter og hybriden.

Rødspætte har signifikant længere orbital end leps (z = 2,1, n1 = 22, n2 = 21, P < 0,05).
Der er ingen signifikant forskel på skrubbe og leps (z = 0,18, n1 = 25, n2 = 21, P > 0,01)
(figur 16).
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Øvrige observationer
Individuel variation
Der er blandt rødspætter, skrubber og leps, observeret stor individuel variation. Særligt
skrubber varierer meget fra hinanden på antallet af ru benknuder i skindet. Der er
observeret skrubber med meget få benknuder, begrænset til små områder langs med den
forreste del af gat- og rygfinner og på hovedet. På andre individer udgør disse “skrubbede”
områder næsten 100% af fiskens overflade. På rødspætter er der også observeret ru
benknuder. Særligt for rødspætten i forhold til skrubben, er, at der på nogle individer er
tornede benknuder på finnestråler i gat- og rygfinnen (figur 17). Denne karakter er også
tydeligt fremtrædende på flere leps (figur 19, s. 23), men er ikke set på skrubben (figur 18).
Der er ikke observeret nogen sammenhæng mellem tilstedeværelsen af torne og fiskenes
køn, som J. T. Cunningham (2007) foreslår.

Figur 17: Billeder af gatfinnestråler fra rødspætter. Til venstre ses et eksempel på en rødspætte
uden torne (ZMUZ P 856392) og til højre en med torne (ZMUC P 856352).

Figur 18: Billede af to finnestråler fra en skrubbes gatfinne (ZMUC P 856361).
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På rødspætter, er der også observeret benknuder på skællene i skindet. Disse er dog
noget spinklere end skrubbens (figur 20). Lepsens benknuder ser ud som en mellemting
mellem de to rene arters (figur 21, s. 24).

!

Figur 19: Billede af gatfinnestråler fra leps. Her ses de ru benknuder på finnestrålerne
tydeligt (ZMUC P 856319).
Figur 20: Øverst ses et
billede af en rødspætte med
svagt tornede skæl
(ZMUC P 856352).
Nederst ses et billede af
skrubbens markante
benknuder
(ZMUC P 856361).
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Figur 21: Billede af lepsens benknuder på skællene i skindet (ZMUC P 856319). Der sidder
indtørret slim på nogle af tornene.

Der er stor forskel i antallet af torne på benknuderne på leps, skrubbe og rødspætte (tabel
7). Skrubbe har markant flere torne på benknuderne end rødspætte og leps, og leps har
flere end rødspætte.
Tabel 7: Range, mean and SD of numbers of thornes on bony plates on the skin of flounder, plaice
and the hybrid.
Range

Middel

SD

12-31

18.84

4.98

Plaice (n = 50)

1-2

1.36

0.48

Hybrid (n = 50)

1-11

6.14

2.34

Flounder (n = 50)
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Diskussion
Metoder
Alle fangstmetoder anvendt i denne undersøgelse, begrænser sig til de lavere vand, fra
0-10 meter. Derfor vil den udregnede frekvens af leps, kun være repræsentativ for dette
område. Der blev ved snorkling kun fundet leps på dybere vand fra 7-10 meter, blandt
rødspætter, hvorimod skrubber er fundet på alle dybder. Samme billede giver
bundgarnsfangsterne, hvor der blev fanget væsentligt flere skrubber end rødspætter. En
undersøgelse af udbredelsen af leps, vil muligvis give andre resultater, hvis den bliver
foretaget på dybere vand, hvor rødspætten er mere repræsenteret end på det lave (Muus
og Nielsen, 2006).
Artbestemmelse
Flere af resultaterne i denne opgave bekræfter, at det umiddelbart kan være svært, at
adskille leps fra rene eksemplarer af skrubbe og rødspætte. Muligheden for, at der kan ske
tilbagekrydsninger (Kijewska et al., 2009; Ubisch, 1950) gør givetvis, at hybrider kan
minde meget om de rene arter. Dette mangler dog at blive undersøgt nærmere. Da der
findes rødspætter med tydelige ruheder og færre hvirvler og finnestråler, kan det være
svært, at skelne mellem disse rødspætter og leps. Det vil derfor ofte være nødvendigt, at
foretage genetiske analyser, for sikkert at kunne fastslå om der er tale om en hybrid eller
en ren art. Sådanne analyser af samtlige fisk, der indgår i denne undersøgelse, vil måske
gøre resultaterne mere klare.
Resultater
Resultaterne viser, at leps ikke ligger morfologisk langt fra rødspætter og skrubber, hvilket
er forventeligt efter som, de to morderarter er morfologisk meget ens.
Tællinger viser, at skrubben er den, der adskiller sig mest fra leps af de to morderarter. Det
vil umiddelbart være let, at adskille skrubber og leps ved hjælp af tællinger af særligt
ryghvirvlerne. Rødspætte og leps ligner mere hinanden og her tyder resultaterne på, at der
er et større overlap. I modsætning til påstanden i C. V. Otterstrøm (1914) og Norman
(1934) om, at lepsens mund ligner skrubbens mest, viser denne undersøgelse, at leps
minder mere om rødspætten på størrelsen af munden.
Rødspætter med tornede benknuder er kendt fra litteraturen (Cunningham, 2007; Norman,
1934), men ringe undersøgt. Opdagelsen i dette studie af, at nogle af disse er hybrider,
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stiller spørgsmålstegn ved, om der i alle tilfælde af benknuder, er tale om hybrider eller
tilbagekryds. Dette er oplagt at undersøge nærmere.
Statistik
Nogle morfologiske karakterer, f. eks. længden af orbitalen, følger ikke relativt med
størrelsen af fisken. Dette udgør et problem for den statistiske sammenligning af fiskene.
En korrekt analyse af disse karakterer kræver, at begge arter og hybriden er ligeligt
repræsenteret mht. størrelse, men i denne undersøgelse har rødspætten en lavere
gennemsnitslængde end leps og skrubbe.
Artsbegrebet
Leps repræsenterer et godt eksempel på en hybrid, der udfordrer det klassiske biologiske
artsbegreb. Da de to arter er i stand til at få fertilt afkom, er de ifølge det klassiske
artsbegreb tilhørende samme art, men trods morfologisk lighed, er de fylogenetisk
distinkte, hvilket, ifølge det fylogenetiske artsbegreb, gør dem til to selvstændige arter
(Roje, 2010; Futuyama, 2005). Der er altså ingen tvivl om, at de er gode arter.

Konklusion
På baggrund af denne undersøgelse, kan det konkluderes, at leps minder meget om sine
to forældrearter. Der er observeret små forskelle, så i mange tilfælde vil det være
nødvendigt, at udføre grundigt identifikationsarbejde som f.eks. tællinger af ryghvirvler og
genetisk analyse. Særligt leps og rødspætter kan minde meget om hinanden og er derfor
svære at skelne mellem. Skrubber adskiller sig dog meget på nogle punkter, bl. a. antallet
af torne på benknuderne langs ryg- og gatfinne og antal ryghvirvler, så de vil næsten alle
være simplere at identificere. Hyppigheden af leps, er i denne undersøgelse estimeret til
0,98 % af skrubber og 15,66 % af rødspætter i kystnære områder i Bælthavet.

Perspektivering
På baggrund af resultaterne præsenteret i denne undersøgelse, kan man stille flere
spørgsmål. Et er, om en andel af fertile hybrider på 15% betyder noget for den økologiske
balance i området hvor de findes. Fangsterne gjort til denne opgave, giver en indikation af,
at leps deler levevis med rødspætten, og i så fald er det ikke sikkert at det har den store
økologiske betydning da de udfylder samme niche, men et større studie af leps’ adfærd er
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oplagt, for at gøre det klart hvor vidt de lever mest som skrubben eller rødspætten og har
indflydelse på populationsstrukturen for de to arter. Ved handel med skrubber og
rødspætter, vil leps, grundet ligheden med rødspætter, formentlig blive solgt som
rødspætter. Med mindre der differentieres mellem leps og rødspætter og
rødspættepopulationen dermed falder med 15,66%, er det ikke sikkert, at andelen af
hybrider får nogen betydning for nedsætning af fiskekvoter. En anden observation gjort i
denne opgave er den store individuelle variation hos skrubber og rødspætter. Det vil være
interessant at finde ud af, hvilke faktorer der har indflydelse på udviklingen af fiskenes
morfologi og en sådan undersøgelse vil måske kunne klarlægge hvorfor skrubber og
rødspætter f. eks. har en varierende mængde ru benknuder og koble det til fysiske faktorer
i deres omgivelser.
Med viden om, at der kan ske tilbagekryds og at disse fisk kan ligne forældrearterne til
forveksling, lægges der op til en grundig gennemgang af zoologiske samlinger, for at sikre
korrekt artsbestemmelse.
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2
Fisk nr.

P 856316
P 856317
P 856318
P 856319
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Appendix 7: Johansen et al 2017 Hybrid damselfish

Reef sites
Hybridization between damselfishes Dascyllus aruanus
and D. reticulatus on the Great Barrier Reef
Hybridization among closely related species is relatively common in marine fishes
that spawn mid-water. Although at least 81 species of tropical coral-reef fish have
been reported to hybridize in nature (primarily Chaetodontidae, Pomacanthidae
and Labridae), hybridization is thought to be exceedingly rare among benthic-nesting
species that engage in pair spawning, such as the Pomacentridae (Montanari et al. 2016).
The Pomacentridae include >385 species, most of which form breeding pairs and nest
on the benthos. Yet only four Pomacentridae hybrids have been confirmed based
on strong molecular evidence (e.g., Yaakub et al. 2006), and only from areas
where one or both species are rare, such as degraded habitats and/or geographic
zones of overlap. Here we present both morphological and genetic evidence for
the first record of hybridization between Dascyllus aruanus and D. reticulatus
(Fig. 1). These are small (4–9 cm total length, TL) benthic-nesting fishes that
often cohabit small branching coral heads. They display distinct pairing during
breeding, vigorously guarding their eggs until hatching.
The hybrid was found cohabiting a colony of Pocillopora damicornis with several
D. aruanus and D. reticulatus at a depth of 6 m off Lizard Island (1440¢08†S,
14527¢34†E), Great Barrier Reef, Australia. The hybrid was adult size (6 cm
TL) and had coloration and meristic counts intermediate to both D. aruanus and
D. reticulatus. Dascyllus aruanus is white with three broad black bars over the
head, pectoral fins and anterior to the caudal fin (Fig. 1a). By comparison, D. reticulatus has a tan body and iris, with one thin black bar across the pectoral fins and along
the dorsal margin (Fig. 1c). Both species have black pelvic fins, and pale caudal and
pectoral fins. The hybrid had a white body with a light spot on the snout, two black
bars over the head and pectoral fins, a black bar along the dorsal margin, but no bar
across the anterior part of the caudal fin (Fig. 1b). It also had an intermediate number
of soft dorsal fin rays and pectoral fin rays (14 and 19, respectively). However, the
number of anal fin rays, tubed lateral line scales and gill rakers were identical only to D. reticulatus (14, 18 and 27, respectively). Analysis of a nuclear gene (TMO-4C4)
revealed that the hybrid carried haplotypes identical to both parent species with the two lineages distributed evenly within the hybrid genotype. While Pomacentridae
hybridization is rarely observed, this record emphasizes the potential for natural hybridization in areas of high abundance and well within geographic distribution
limits.
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