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INTRODUCTION
A diverse set of organisms, with different life styles and strategies, are to be studied to
understand evolutionary processes and mechanisms as speciation, adaptive radiation, and
polymorphism. For their life cycles, phenotypic plasticity, presence of sibling species and
world wide distribution, cladocerans are suitable organisms for evolutionary studies. Though
most cladocerans live in freshwater littoral zones, the most morphologically plastic species
are some members of families Daphniidae and Bosminidae, found mainly in the pelagic.
Many more studies have been done on Daphnia, as compared to Bosmina, even if there are
some unique features that give genus Bosmina advantages over Daphnia genus. Nevertheless,
Bosmina taxonomy has previously been the focus of Czech scientists. Drs. J. Hrbáček, and V.
Kořínek and their students analyzed morphological characters to delimit Bosmina taxa
(Hrbáček 1962; Hrbáček et al. 1978; Kořínek 1971; Havel 1975; Kořínek et al. 1997) in
congruence with a few other foreign researchers. The theme of this thesis was inspired and
based on the knowledge of V. Kořínek, together with the research of U. Lieder and recent
studies of D. J. Taylor. The objective of this thesis is to contribute to the general
understanding and to fill some gaps in our knowledge of Eubosminas` biology, especially
evolutionary biology, taxonomy and systematics, applying methods of molecular genetics.
The main aim was to elucidate the origin of Eubosmina morphotypes, their taxonomic
significance and evolutionary meaning.
According to the latest study the genus Bosmina (Crustacea, Cladocera) comprises the
five subgenera Bosmina, Sinobosmina, Liederobosmina, Eubosmina and Lunobosmina
(Taylor et al. 2002). The taxonomy within some genera is confused by extreme phenotypic
plasticity (Eubosmina) or the presence of the cryptic species (Bosmina). Based on
morphological features many species and even more subspecies/morphs/forms and local races
of Eubosmina have been described by different authors during the last 150 years. Because of
the enormous plasticity and local variability of European Eubosmina there are a number of
taxonomic systems available. These systems are based solely on morphology and they differ
among authors despite that identical morphological characters have been usually used. Since
no detailed genetic study has been done, controversy exists over the distinctness, evolutionary
significance and taxonomic status of morphotypes/morphospecies. The hypotheses range
from one morphologically variable species to dozens of local species. In this thesis I address
the critical questions of the origin of Eubosmina morphotypes, their taxonomic status and
evolutionary meaning (manuscripts I. and II.).
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The main morphological features used for morphospecies distinction of Eubosmina
populations - carapaces with mucros and head shields with antennules - are well preserved in
sediments of lakes. This paleolimnological record brings some useful knowledge but still
does not completely answer any of the questions mentioned above and not the question of
where Eubosmina populations thrived during the glaciations. To address the question about
the number and localization of possible glacial refugia of European Eubosmina was also the
goal of this thesis, however it can not be answered completely with the present data
(manuscript II.).
The newest and most complex taxonomic system (Lieder 1996) was followed in this
work as regards European specimens. The subspecies were handled as distinct units called
morphotypes/morphospecies and were analyzed morphologically (several of them) and
genetically. The mitochondrial gene COI, the first genetic marker used in this study, was not
very informative. Thus the framework of the thesis is based on the faster evolving
mitochondrial ND2 gene (manuscripts I. and II.). Altough the detection of a pseudogene of
this marker complicated data collection and reduced significantly the amount of ND2 gene
sequences available for analyses (in approximately 15% of all analyzed European specimens
of distinct morphospecies, pseudogenes were found), we were able to analyze reasonable
amount of Eubosmina specimens all over the Europe providing a strong phylogeny
(manuscript II.). Two additional nuclear genes were tested (HSP90 and TBP), of which only
the HSP gene was informative enough to be used for further analyses in a study of
morphospecies living in sympatry (manuscript I.).
The DNA-sequence of the complete Eubosmina mitochondrial genome (Bosmina
(Eubosmina) tanakai), which was obtained as a part of this work applying a new method,
facilitated comparisons with members of other close genera (Bosmina (Eubosmina) coregoni,
Chydorus brevilabris, Daphnia pulex, and Artemia franciscana). This comparision provided
new information about the phylogenetic relationships among some species of Pancrustacea
(Costanzo 2009), and suggested a different mutation-selection balance among the species
(Costanzo 2009, manuscript III.). The mitochondrial genome of Bosmina longirostris and two
other Cladocera species (Scapholeberis and Diaphanosoma) were aimed to analyze in this
study, however I managed to detect and analyze only parts of their mitochondrion genomes.
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BACKGROUND OF THE STUDY
Eubosmina specimens are small (0.2 – 1.5 mm) planktonic crustaceans feeding on
algae and bacteria. They are found in large numbers in many water bodies in the Holarctic
region and are very important food source for small fish and many invertebrate predators
(Lieder 1996). The bodies of Eubosminas are protected by bivalve chitinous carapaces that
have been well preserved in lake sediments for thousands of years. In most specimens the
carapace ends in a ventro-caudal spine called the mucro, which has been used as one of the
taxonomic features to distinguish different morphotypes (Lieder 1996). The first pair of
antennules that is fused with the rostral part of the head shield is another highly variable
feature in Eubosmina specimens, functioning as an important predatory defense, as is the
mucro (Lagergren 2000). The third significantly variable trait that also affects predation
vulnerability (Lagergren 2000) is the shape of the brood chamber – the dorsal part of the
carapace. All three named morphological structures are the main features examined when
distinguishing Eubosmina morphospeices (Lieder 1996). There are at least eleven well
defined morphospecies of European Eubosmina in the latest systematical treatmant with the
centre of the diversity in the Circumbaltic region (Lieder 1996). The morphospecies differ in
the absence or presence and the shape of the mucro, the length and the shape of the
antennules and the shape of the brood chamber (Lieder 1996).
Picture of Bosmina (E.) longispina longispina (left) and Bosmina (E.) coregoni coregoni
(right) with antennules, mucro and brood chamber labeled

brood chamber

antennules
mucro

antennules
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History of Eubosmina/Bosmina research – taxonomy and systematics
The first Eubosmina described in Europe was Bosmina (E.) coregoni, by Baird
(1857). The description was made on specimens found in the stomach of the vendace
(Coregonus albula) from Castle Loch, Dumfruiesshire, in Great Britain. The second was B.
(E.) longispina Leydig 1860 described from Bodensee, Germany Leydig (1860). Afterwards,
other different species, subspecies, local races and proposed hybrids of Eubosmina have been
described in Europe by several authors missing the order and sequence of earlier descriptions.
Thus many synonyms were created and confusion was introduced into Bosmina systematics
and taxonomy. For example Sars (1862) described B. obtusirostris without being aware of
Leydig’s paper from 1860.
At that time there was no differentiation within the genus Bosmina, but the genus was
divided into two subgenera (Bosmina and Eubosmina) by Seligo in 1900. Unfortunately,
Burckhardt’s proposal to distinguish two species B. longirostris and B. coregoni (with
coregoni and longispina divisions) within the Bosmina genus in 1899 became more accepted
(Nilssen & Larsson 1980). Since that time other systems have been suggested by different
authors. For instance Lilljeborg (1901) distinguished nine species within genus Bosmina
(including B. longirostris) with 24 varieties. Not surprisingly, a number of taxonomists
doubted the validity of the species and systems and in some cases even their own
justifications. In spite of this, many new classification systems and names were proposed (for
revision see Nilssen & Larsson 1980, Lieder 1983).
There have been several detailed studies on Bosmina (Eubosmina) systematics
presented by Lieder (e.g. 1983, 1996). In the work from 1983 Lieder focused also on the
whole genus Bosmina and established two new subgenera. All four subgenera (Bosmina,
Eubosmina, Neobosmina, Sinobosmina) seemed to be justified not only for practical reasons
but as well because of morphological, genealogical and biogeographical distinction (Lieder
1983). This taxonomic approach has been accepted among European zoologists (Herbst 1962;
Kořínek 1971; Flössner 1972; Nilssen & Larsson 1980) but criticized in non-European works
(Goulden & Frey 1963; Deevey & Deevey 1971). In the same work, Lieder revised the
subgenus Eubosmina but he did not follow the rules of zoological nomenclature (Nilssen &
Larsson 1980). Therefore, the correct generic name is Bosmina (Eubosmina). Some other
authors dealing with Eubosmina taxonomy did not completely agree with U. Lieder`s
approach of species delimitation (Hrbáček et al. 1978; Hoffman 1977, 1984). Lieder’s
taxonomic system of Eubosmina from 1996 is the last presented and it underwent some
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changes compared to the system published in 1983. It includes four species with eleven
subspecies and again, it is based solely on morphology.
In North America Bosmina (E.) striata was the first species described in 1882 by
Herrick from Lake Minnetonka, Minnesota, USA. Bosmina (E.) striata is morphologically
identical to Bosmina (E.) longispina longispina described from Europe and therefore it is
usually called B. (E.) longispina. It was the only known Eubosmina in North America until
some decades ago when invaders from Europe (B. (E.) coregoni, B. (E.) kessleri, B. (E.)
longispina maritima) have been found in the lakes on the East coast (Carter 1971; Deevey &
Deevey 1971; Lieder 1983a, 1991; De Melo & Hebert 1994a,b; Taylor et al. 2002; Haney &
Taylor 2003; personal observation).
Even after the first genetical studies were done (De Melo & Hebert 1994c; Hellsten &
Sundberg 2000; Taylor et al. 2002; Haney & Taylor 2003) the classification within the
subgenus Eubosmina was based only on morphological features of adult parthenogenetic and
sexual females. Investigations based on allozymes supported the existence of Lieder’s four
subgenera within Bosmina, detected some new species within the genus in North America
and confirmed the invasion of European Eubosmina into North American (De Mello &
Hebert 1994a,b,c). An allozyme study focusing on arctic Bosminas detected a new polyploid
species that arose most likely through a hybridization process (Little et al. 1997). Hellsten
and Sundberg (2000) supported the distinctness and status of two sympatric populations of B.
(E.) coregoni and B. (E.) longispina in the first comparative genetical study of Eubosmina
morphospecies with the RAPD method. Even if the resolving power of the RAPD method is
much lower than targeted species-specific DNA methods and there may be some contribution
of non-cladoceran DNA (microbes, algae, symbionts) to the resultant pattern, the genetic
dissimilarity of the two sympatric populations was proven. In the first gene-based study
Taylor et al. (2002) analyzed five nuclear and one mitochondrial gene of different members
of Bosmina. They revealed a robust phylogeny of the genus that was congruent with
morphological characters and suggested a new, fifth subgenus Lunobosmina, which includes
one species B. (E.) oriens found in North American lakes that was previously described as
Eubosmina longispina (Deevey and Deevey 1971). Later, Haney & Taylor (2003) focused
entirely on the Eubosmina genus. Analyzing the 16S mitochondrial gene and three fragments
of nuclear genes (ITS, 5.8S and 28S) they detected presence of three distinct clades within
the B. (E.) longispina morphospecies, each associated to distinct Holarctic region (Europe
and Beringia and Atlantic coast in North America) that are in concordance with a possible
Holarctic refugia. Several morphologically distinct European morphospecies were analyzed
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as well, but the slowly evolving markers used did not allow examination of the variance of
genotype and phenotype in detail. Thus the taxonomic status of the morphospecies remained
unclear. The genetic evidence of the study was consistent with known paleolimnological data,
however, and authors suggested a rapid postglacial origin of European morphospecies from
B. (E.) longispina. These conclusions rejected the hypothesis suggesting the colonization of
Europe by two or more species of pre-glacial origin, which by introgression formed several
stabilized hybrids that are considered to be the morphospecies (Lieder 1983b). The revision
of the whole genus Bosmina based on male morphological characters and molecular
phylogenetics was done by Kotov et al. (2009). A cladistic analysis of morphological
characters was congruent with phylogenies based on 16S mitochondrial and several nuclear
genes. In addition a new species B. (E.) tanakai was detected and described in this study.
Reproduction and the life cycle
The life cycle and the breeding system are crucial for Eubosmina biology (as in other
groups) and very likely facilited the unique rapid evolutionary radiation, proved by the
present study, within this group. Usually Eubosmina populations reproduce
parthenogenetically, as most other Cladocerans. Parthenogenetic females hatch from sexually
produced resting eggs and usually breed parthenogenetically for several generations. Then,
under some environmental stimuli (that may be related to unfavorable conditions and
photoperiod such as low nutrient density, high population density, temperature changes)
males are produced and if sexual reproduction is successful new resting eggs, enclosed in an
ephippium, are produced. These eggs are known to survive unsuitable conditions (dryness or
freezing of the habitat). The epphipium is usually the pigmented capsule created from part of
the carapace. It protects the egg, together with several protective membranes, from
mechanical damages, bacterial decomposition, digestion, exsiccation, freezing and UV
radiation (Belk 1970; Alexev & Starobogatov 1996; Fryer 1996). In the Bosmina genus, only
one egg is produced in each ephippium, but a female can produce several ephipppia
sequentially. The existence of resting eggs in epphipia allows dispersion and colonization of
new habitats. Due to the asexual part of the life cycle just one resting egg or one asexual
individual can potentially colonize a new habitat. The epphipia are expected to be spread by
water, animals, wind and by human activities (Proctor 1964; Mellors 1975; Frey 1987;
Hairson & Caceres 1996; Korovchinsky & Boikova 1996). They can also stay on the water
surface, get attached to plants, or can sink to the sediment. Ephippia created at different times
can overlap in sediments and create a pool of genotypes that can be recovered in the same
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times. The resting eggs can hatch several years later and thus work as propagules of different
genotypes moving into future populations. The factors inducing hatching of Eubosminas`
resting eggs are most likely the same as in other cladocerans and related crustaceans, i.e.
temperature and photoperiod (Pancella & Stross 1963; Davidson 1969; Shan 1970;
Vandekerkhove et al. 2004). In deep lakes, where neither temperature nor photoperiod can
influence hatching, most likely changes of CO2, O2, concentrations of other molecules, or pH,
can work as activating factors as shown for some waterfleas (Stross & Hill 1968; Stross
1971).
Breeding systems are expected to play a central role in speciation (Mayr 1963;
Barraclough 2003; Coyne 2004; Bell 2009). According to some authors recombination during
the sexual reproduction in mixed breeding systems might be sufficient enough to prevent
clonal selective sweeps but insufficient to homogenize population by the gene flow (Coyne &
Orr 2004; De Meester et al. 2002). Besides, mixed breeding systems are often associated with
small organisms and powerful dispersal abilities (both typical for Eubosmina), potentially
reducing the capacity for speciation (Mayr 1963; Bell 2009). Mixed breeding systems might
also promote the formation (sexual phase) and stabilization (clonal phase) of hybrid products,
further blurring the boundaries of evolutionary clusters. Finally, experimental results indicate
that animals with mixed breeding systems suffer a reduced rate of adaptation compared to
those with obligate outcrossing (Morran et al. 2009). Thus, organisms with mixed breeding
systems such as cyclic parthenogens could be predisposed to slow rates of cladogenesis, and
lack rapid radiations. However, there is an opposing view sugesting that mixed breeding
systems, such as cyclical parthenogenesis, can imbue organisms with a capacity for quantum
phenotypic evolution and potentially enhance speciation rates (Lynch 1984, 1985). Here, the
action of mutation and selection on multiple rounds of asexual reproduction results in a build
up of unexpressed genetic variance. Infrequent sexual reproduction can then cause a flush of
expressed genetic variance and enhanced capacity for adaptation.
Populations of Eubosmina are predominantly monocyclic with the sexual period in
autumn or early winter. In shallow water bodies the survival of the winter period is usually
allowed only by sexual eggs deposited in the sediments, while in deep lakes parthenogenetic
females may also survive in the water column during winter (Lieder 1996; J-E Svensson pers.
com.). Thus, at least in these deep lakes the increasing spring population may consist of both
newly hatched and over-wintering genotypes and reflects the biological characteristics of the
population.
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Genetic background and genetic metods used in this study
The evolutionary changes of morphological characters are extremely complicated
even for a short evolutionary time so the phylogenetic reconstructions or species delimitation
based purely on morphological patterns do not always reflect correct phylogeny of the group,
taxonomic status or the taxon`s delimitation. Besides, in spite of different morphological
characters which often reflect a particular function in a particular environment, still,
significant intra/inter-population variability can be detected (Lieder 1996). Thus
different/neutral markers are necessary for evolutionary, phylogenetic, and taxonomic
studies, such as genetic markers that have been widely used within the last two decades. In
this study one mitochondrial gene (ND2), one nuclear gene (HSP) and the complete
mitochondrial genome sequences were used to 1) test Eubosmina morphotypes distinctness
and their taxonomic validity (manuscript I., II.), 2) analyse phylogenetic relationship of
Eubosmina morphotypes and address the morphotypes` origin (manuscript I., II.), 3)
compaire complete mitochondrion differences and detect the patternt of mitochondrial
genome evolution (manuscript III.). The methods used to test the morphotypes distinction and
their validity take the advantage of existence of sexual reproduction part of Eubosmina life
cycle, and detect and test the amount of DNA sharing. Since in sexual reproduction, two
individuals produce offspring that have genetic characteristics of both parents, sexual
reproduction introduces new gene/haplotype combinations in a population and no significant
differences in gene/haplotype frequences should be detected and the population should be in
Hardy-Weinberg equilibrium in panmictic population, unless non-random mating, mutations,
selection, limited population size, "overlapping generations", random genetic drift, gene flow
or meiotic drive is present. Thus DNA analysis allows detection of the amount and the
character of sexual reproduction and occurrence and incidence of interbreeding between
different populations or morphotypes based on e.g. sharing of haplotypes of concrete genes,
as applied in our study.
FST and ΦST values are used in population genetics to measure the level of genetical
separation/gene flow, in our case between morphotypes (Reynolds et al. 1983; Hudson et al.
1992, Slatkin 1995). The values range between 0 and 1 (including), the higher value means
stronger separation - smaller gene flow, thus the existence of some reproductive barier. FST
values count just on frequencies of haplotypes, the ΦST values includes also genetical
distances among the haplotypes. There have been several definitions of FST and ΦST values
used, all measuring different but related quantities. We calculated genetic differentiation (FST
and ΦST values) in ARLEQUIN 3.01 (Excoffier et al. 2005). TCS program (Clement et al.
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2000) is used to estimate gene genealogies including multifurcations and reticulations, but in
the first manuscript it was usaed mainly to visually depict the amount of haplotype sharing
among morphotypes. Genealogical sorting index (gsi) is used to quantify the genealogical
exclusivity of coexisting morphotypes (Cummings et al. 2008). The gsi is an index that tracks
genealogical differentiation in young species from polyphyly (gsi=0) to monophyly (gsi=1).
We used the ARLEQUIN 3.00 (Excoffier et al. 2005) to estimate the proportion of
morphological variance explaining by genetic variability using AMOVA (Weir & Cockerham
1984; Excoffier et al. 1992; Weir 1996). To clarify the phylogenetic relationship among
Eubosmina under study we performed Bayesian reconstruction of phylogenies using
MrBayes 3.1.2. (Huelsenbeck & Ronquist 2001) and maximum parsimony phylogenies using
PAUP 4 (Swofford 2001).
Eubosmina species concept
There are different approaches/concepts when it comes to a definition of a species.
It is necessary to take many factors (such as a life cycle, biogeography, biotope, niche,
morphology, history, sexual and geographical isolation of studied organism) in account when
trying to define a concrete species (e.g. Queiroz 2005). In the past, morphological characters
were the only characters used to define a species within Eubosmina and morphological
species concept has been applied on Eubosmina till nowadays (Nilssen & Larsson 1980,
Lieder 1983; Lieder 1996). Classification based on morphology is more subjective when
compared to other species concepts. According to morphological concept organisms are
classified as the one species if they appear identical by morphological (anatomical) criteria
(Cronquist 1978; Mallet 1995). This concept is used when species do not reproduce sexually,
are known only from fossils or some basic information about the organism is missing. It has
been well known for some time already that morphological characters only do not work well
in cases of cryptic species, polymorphic species, hybrids or group with young radiations as
Eubosmina appears to be. Unfortunately Bosmina group has not been investigated much from
genetical point of view thus some basic information have been missing. Usage of well chosen
genetic markers can avoid disadvantages that come with morphological studies but it is
obvious that it’s better to consider as many parameters as possible (both genetical and
morphological markers, biotope, biogeography, isolation, ecology and so on) to answer the
question of a species.When working with sexual organisms and defining a species as
reproductively isolated units (biological species concept) (Mayr 1942) we can use genetic
markers to distinguish species. However, there are several species concepts (Mayr 1942,
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1963; Queiroz 2005). We are aware of the problem of universal species delimitation
especially in young species and allopatric species, yet, if we “only” follow the widely
accepted biological concept where reproductive isolation is required, then morphotypes under
our study fulfill the species definition, since our data clearly show significant reproductive
separation.
Morphological variability, predation, morphospecies, and their occurrence
There is a significant sexual dimorphism observed in some Eubosmina. Males are
usually smaller than sexual females, their postabdomen is modified for sperm transfer, they
have movable antennules and they do not develop extreme body shapes. Hence, they usually
lack defensive structures (Gilbert & Williamson 1983; Lieder 1996; Benzie 2004), their
morphology is less variable and they do not differ as much as females among morphospecies
(Lieder 1996; V. Kořínek pers. com.). Lord et al. (2006) showed that hydrodynamic drag has
significant implications for swimming and suggested that males lack defensive structures
because competition over mates favors low drag and increased swimming speed.
Bosmina, and particulary Eubosmina populations, exhibit some of the greatest
seasonal morphological variations (cyclomorphosis) among Cladocera. Cyclomorphic
populations often show significant variation in length of the antennules, shape and size of the
mucro and the dorsal part of the carapace, as well as the total size of the body during the
season (Kerfoot 1975a; Gerritsen 1983; Dodson 1989; Hellsten & Stenson 1995; Hudec
1995). It has been known that cyclomorphosis in cladocerans is related to turbulence
(Hrbáček 1959; Havel & Dodson 1985; Laforsch & Tollrian 2004), temperature (Lieder
1953, 1956, 1957 according to Lieder 1983a; Kerfoot 1975a; Gerritsen 1983; Kappes &
Sinsch 2002) and presence of predator kairomones (Kerfoot 1977a,b, 1987, 2010; Tollrian &
Dodson 1999; Lass & Spaak 2003; Chang & Hanazato 2004; Johsen & Raddum 1987;
Tollrian 1995; Stenson 1987; Jankowski 2004), which all are related to the specific parts of
the season. Bosmina populations are preyed upon by both fish and invertebrate predators
(Cladocera: Leptodora, Bythotrephes, Polyphemus; Mysida: Mysis; Copepoda: Mesocyclops,
Epischura, Cyclops, Heterocope, Eurytemora; Diptera: Chaoborus). Since fish detect prey
visually, fish predation negatively influences body size and the amount of pigmentation of the
animal - visibility in general (Hrbáček 1962; Kerfoot 1975b; Zaret & Kerfoot 1975). The
invertebrate predators are usually tactile and can have great impact on populations of small
sized zooplankton (Nero & Sprules 1986). While it is possible to avoid predation by visual
predators by migration to dark depths, there is no refuge from tactile predators hunting with
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mechanical receptors. The efficiency of the predator is substantially influenced by the size
and the morphology of the prey and even small differences of morphology can have a huge
effect on the prey survival. Several studies have documented effectiveness of morphological
structures on “prey” survival in Daphnia (Dodson 1974; Kerfoot 1975c; O’Brien et al. 1979;
O’Brien & Vinyard 1987; Havel & Dodson 1984; Tollrian 1995; Petrusek et al. 2009). The
same importance was corroborated for Bosmina and Eubosmina (Kerfoot 1974, 1975a,
1977a,b, 1978; Hellsten et al. 1999). However, the cost of these defensive structures can be
great and obviously at the expense of reproduction or swimming speed that is very likely
correlated with food intake (Kerfoot 1977a; Lagergren et al. 1997, 2000, 2002; Lagergren &
Stenson 2000). Not all studies have confirmed the significance of invertebrate predation and
kairomones (Gerritsen 1983; Johnsen & Raddum 1987). Nevertheless, invertebrate predators
and their influence are considered to explain cyclomorphosis and some authors also believe
that invertebrate predation can explain the existence of different morphospecies.
Besides the seasonal variation, the size and shape of morphological traits may change
during growth of the individual (ontogeny). Traits may show either positive or negative
allometric growth but in populations allometry may differ considerably between traits
(Gerritsen 1983; Lagergren et al. 2007). Change of the size or the shape of some body
structures is allowed by special cells found only in certain areas of the body that can enlarge
themselves (Lieder 1982 according to Lieder 1996).
The ontogenetic variation, the seasonal morphological variation, and the differences
in morphology between different localities are substantial in some Eubosmina morphotypes
and confound the taxonomic classification based on morphology. In fact, the most variable
body parts among Eubosmina subgenera are the main features that have been used to
distinguish different morphospecies. Despite this plasticity, laboratory clones maintain some
morphological features (Kerfoot 2006; V. Kořínek pers. com., J.-E. Svensson pers. com., K.
Urbanová pers. com.) at the level they can be used to distinguish morphospecies. This
suggests a genetic component of morphotypic variation.
Significant differences of micro-structures were found among Bosmina subgenera and
are useful for distinguishing species (Havel 1975; Kořínek 1971; Kořínek et al. 1997; Taylor
et al. 2002). However, no such differences were found within Eubosmina itself, except for E.
(B.) longispina (Havel 1975; Kořínek et al. 1997). Thus “only” large plastic body structures
(antennules, mucro, carapace shape) are used as main discriminating factors of Eubosmina
morphospecies with the exception of E. (B.) tanakai (Kotov et al. 2009). In this work the
newest taxonomic treatment was followed with four morphospecies and eleven subspecies
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(Lieder 1996): B. (E.) coregoni coregoni, B. (E.) c. thersites, B. (E.) c. gibbera, B. (E.)
longispina longispina, B. (E.) l. reflexa, B. (E.) l. ruhei, B. (E.) longicornis longicornis, B.
(E.) l. kessleri, B. (E.) l. cederstroemi, B. (E.) l. berolinensis and B. (E.) crassicornis. Lieder
and other authors made further divisons within some of these subspecies and distinguished
for example varieties/ecophenes arctica, obtusirostris, lacustris, longispina or diaphana,
rotunda within B. (E.) l. longispina and B. (E.) coregoni coregoni, respectively. Also B. (E.)
longispina longispina maritima is recognized, since it lives in the sea. In this work, however,
only Lieder’s subspecies were considered, and their varieties were not noted.
Morphotypes within B. (E.) coregoni group have antennules of 50% or more of the
body length, the mucro is missing or just indicated slightly and the reticulation of the
carapace is bold but might be missing when there is large hump. B. (E.) c. coregoni has a
rounded dorsal carapace while B. (E.) c. gibbera and B. (E). c. thersites have a hump oriented
to the front (upwards) or back, respectively.

B. (E.) coregoni coregoni

B. (E.) c. gibbera B. (E.) c. thersites

Morphothypes within B. (E.) longispina have antennules of 50% or less of the body length,
no hump, and the mucro is well pronounced with a narrow base attached to the body and
apparent bend. The mucro is straight (no sigmoidal shape) in B. (E.) l. longispina and
sigmoidal in B. (E.) l. reflexa. B. (E.) l. ruhei can be found only in some parts of Austria.
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B. (E.) longispina longispina

B. (E.) l. reflexa

B. (E.) l. ruehei

?

B. (E.) crassicornis is peculiarly similar to Chydorus with its very short antennules,
small rounded body with no mucro, and bold reticulation.

B. (E.) crassicornis

Morphotypes within B. (E.) longicornis have an apparent mucro with no bend but of
variable length. It is widely attached to the carapace and in prolongation of the ventral
carapace outline. Antennules are of variable length and shape. There is no pointed or hooked
hunch. B. (E.) l. longicornis has a concave back, long antennules and a mucro pointed nearly
vertically. B. (E.) l. berolinensis is distinguished by a mucro pointed backwards with very
wide connection to the carapace and long moderately curved or hooked antennules. A bulbed
hunch/shape of the carapace, long curved antennules, mucro pointed ventrally and a
concavity between head and body carapace distinguishes B. (E.) l. cederstoremi. In B. (E.) l.
kessleri the carapace is arched as in B. (E.) c. coregoni but a small mucro is present.
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B. (E.) longicornis longicornis

B. (E.) l. cederstroemi

B. (E.) l. berolinensis

B. (E.) l. kessleri

In spite of the Holarctic distribution, only European Eubosmina have evolved into
different morphospecies. These morphospecies, both well defined and intermediates, co-exist
in pelagic zone of many European lakes with the center of their diversity in Circumbaltic
region. In Peipsi-Pihkva Lake (Estonia, Russia) the extreme of at least nine distinct
Eubosmina morphotypes have been recorded (Maemets et al. 1996), but in most lakes of
northern Europe, often two or three morphotypes co-occur (Lieder 1996; our observation).
There is evidence of ecological differentiation among Eubosmina morphotypes. The pattern
of morphospecies occurrence in relation to lake trophic status (Patalas & Patalas 1966;
Hofmann 1977, 1978, 1986, 1996, 1999; Berzins & Bertilsson 1989; Lieder 1996) may
slightly differ between European regions but can be described as follows: B. (E.) longispina
and B. (E.) reflexa are typical for oligotrophic waters, they can also occur in mesotrophic
waters but avoid very eutrophic and polytrophic waters. B. (E.) crassicornis is known mainly
from mesotrophic and eutrophic waters. B. (E.) coregoni can be found in all waters but

19
seldom during extreme oligtrophy and hypertrophy. B. (E.) gibbera and B. (E.) thersites
inhabits mainly eutrophic and hypertrophic waters and avoids oligotrophy as well as B. (E.)
berolinensis, B. (E.) cederstoremi and B. (E.) longicornis that can also be found in
mezotrophic lakes, where B. (E.) kessleri morphospecies can mainly be found.
Postglacial lakes and refugia
European Eubosmina as well as North American Eubosmina populations occur
mainly in lakes of postglacial origin. The vast amount of new lakes originated during the
retreat of the glaciers at the end of each Ice Age. The maximum of the last glaciation has
been estimated to approximately 20 000 years ago for both Eurasia and North America and
these newly created lakes are therefore younger than 20 000 years. These glacial lakes or
lakes systems in different drainage basins represented habitats with free ecological niches that
could be occupied by pioneer freshwater species from glacial refugia, where a subset of the
pre-glacial genetic variability had been preserved (Hewitt 2004).
Several refugia have been suggested for the European region based on studies of
many different organisms (Taberlet et al. 1998; Nesbø et al. 1999; Hewitt 1999, 2004;
Koskinen et al. 2000; Volckaert et al. 2002; Jouni & Väniölä 2003; Verovnik et al. 2005;
Culling et al. 2006; Kotlík et al. 2006; Makhrov et al. 2006; Teacher 2009, Mende 2010).
These refugia allowed for the survival of many species which later spread to other localities
within the continent. However, only some of them could serve for Eubosmina. They were,
most likely, similar to refugia of other freshwater organisms such as fish and crustaceans.
Considering European Eubosmina occurrence, it is obvious that Baltic Sea and its
different stages (Yoldia Sea, Baltic Ice Lake or Ancylus Lake for example) played a
significant role in the distribution of Eubosmina after the retreat of the glaciers. The
Eubosmina populations that can withstand higher salinities (up to 5 ‰) are known as B. (E.)
longispina maritima and can be found in the Baltic Sea as well as in sediment records of
habitats with brackish water in the Baltic region (Hofmann & Winn 2000).
There were the same geological events in North America as in Europe. The existence
of the glaciers growing and retreating in the northern part of North America, forcing
organisms to stay in refugia during the ice ages, is found in geological records also there. As
shown in several studies, there were refugia in Beringia and at the Atlantic coast and
apparently, both served for North American Eubosminas (Haney & Taylor 2003).
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Paleolimnological record and dating
The chitinized carapaces and the head-shields with the first pair of antennules of
Eubosmina can be found in sediments from the late Pleistocene and early Holocene. Often
they are the most common and very well preserved animal sub-fossils (Deevey 1942;
Scourfield 1943; Frey 1961; Hoffman 1977, 1978, 1984, 1987, 1991). Such a
paleolimnological record gives information about the time and the pattern of colonization,
size of the population, potential changes in taxonomic composition or possible morphological
changes of populations during the evolution of the lakes. The oldest paleolimnological record
of Eubosmina dates back approximately 300 000 years for Europe (Denmark) (Frey 1962)
and approximately 50 000 years for North America (Canada) (Hann & Warner 1987; Hann &
Karrow 1984). These remains show no distinguishable morphological difference when
compared to recent specimens. As well, preserved carapaces and the head-shields of
Eubosmina found in younger sediments of recent lakes maintain all three main morphological
features (dorsal shape of carapace, antennules, and mucro) that are used to distinguish
different morphospecies.
B. (E.) longispina is the only form that has been found in the oldest sediments
deposited before the last glaciation (Frey 1962; Gibbart & Aalto 1977) and at the end of it
(Late Pleistocene) (Hofmann 1977, 1978, 1984, 1993; Nauwerck 1991; Günther & Lieder
1993). All other remaining morphospecies of Eubosmina are found in younger sediments and
seem to follow some general pattern of occurrence and succession. Succession recorded in
sediments may be related to eutrophication (Hofmann 1977, 1978, 1986, 1999; Nauwerck
1991) and can be described by following schema for the central Europe, where most
paleolimnological records have been analyzed:
longispina → reflexa → kessleri → coregoni → gibbera or thersites
oligotrophy

mezotrophy

eutrophy

hypertrophy

Since there have been a number of records analyzed, there are different results available that
differ from the schema above. These discrepancies among distinct lakes reflect the
problematic Eubosmina taxonomy. Records from some lakes show gradual change of one
morphospecies into other, while in others, there is no sign of morphospecies transformation
and morphospecies remain distinct and well defined even if they co-occur for thousands of
years. For example the former holds for B. (E.) kessleri and B. (E.) coregoni, B. (E.)
longispina and B. (E.) reflexa or B. (E.) coregoni and B. (E.) thersites (Hofmann 1977, 1978,
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1984, 1986, 1991, 1999) while the later for B. (E.) longispina/ B. (E.) reflexa, B. (E.) kessleri/
B. (E.) coregoni and B. (E.) thersites (Hofmann 1977, 1978, 1984, 1987, 1991; Nauwerck
1991; Günther & Lieder 1993). However, there is a record of discreteness for B. (E.) kessleri
and B. (E.) coregoni morphotypes in one lake (Hofmann 1986) while “hybridization”
between B. (E.) longispina and B. (E.) kessleri in another (Hofmann 1991). The sediment
records with these contradictory results bring many questions but also suggest hypotheses
about the origin of morphospecies. For example the succession B. (E.) longispina – B. (E.)
kessleri – B. (E.) coregoni and co-existence of well distinct B. (E.) longispina and B. (E.)
coregoni morphospecies with no intermediates in the sediment record (Hofmann 1977, 1978,
1984, 1999) is in disagreement with the theory suggesting B. (E.) kessleri to be a result of
introgression between B. (E.) longispina and B. (E.) coregoni suggested by Lieder (1991).
Morphological transition and co-occurrence of two morphospecies apparent from the
paleolimnological record can be explained by the existence of polymorphic population, where
the polymorphism could be induced by change in ecological conditions due to eutrophication
as proposed by Hofmann (1977, 1984, 1996). The paleolimnological records showing the
distinctness of the morphospecies suggest their immigration when a morphospecies suddenly
occurred with no transition (Hofmann 1987, 1991, 1999; Günther & Lieder 1993). Even if
there are discrepancies in the paleolimnological records, the B. (E.) longispina morphospecies
(including B. (E.) longispin reflexa and B. (E.) longispin ruhei, Nauwerck 1991) is found in
the deepest layers of the sediments. It is therefore generally assumed that B. (E.) longispina
longispina is the original morphospecies that postglacially gave rise to the rest of the group.
Further, there are no doubts of a certain relation between the occurrence of morphospecies
and the trophic status, which is related to anthropogenic activities (Szeroczynska 1991;
Schmidt et al. 1998; Gasiorowski and Szeroczynska 2004).
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METHODS, RESULTS, AND DISCUSSION
I. Coexisting Cyclic Parthenogens Comprise a Holocene Species Flock in Eubosmina
We investigated sympatric morphospecies in three Swedish lakes: Vänern Lake with
B. (E.) longispina and B. (E.) coregoni morphotypes; Stora Färgen Lake with B. (E.)
longispina, B. (E.) cederstroemi and B. (E.) longicornis morphotypes; Ragnerudsjön Lake
with B. (E.) longispina, B. (E.) kessleri and B. (E.) longicornis morphotypes; and one German
Lake: Fleesensee with B. (E.) berolinensis, B. (E.) coregoni and B. (E.) gibbera morphotypes.
We applied pairwise geometric morphometric comparisons to test morphological discreteness
of the morphotypes. To test whether Eubosmina is represented by single polymorphic species
where morphotypes represent manifestation of phenotypic plasticity or if the morphotypes
(morphospecies) correspond to distinct reproductively isolated biological species we also
analyzed their mitochondrial ND2 gene and nuclear HSP 90 gene haplotypes. Both analyses,
genetic and morphological, were done for morphospecies within lakes only; no comparisons
were made for morphospecies among lakes.
We excluded the antennules and the mucro from morphometrical analyses. Although
these structures are the key for classification of morphotypes, they could bias the analysis by
predetermining the resluts. Thus, only the shapes of the dorsal margin of the carapace
between coexisting morphotypes of adult Eubosmina were examined. To test whether there
were statistically significant pairwise differences in the average shape of the dorsal margin of
the carapace between morphotypes within each lake we used Goodall’s F-test. We calculated
Procrustes distances (the standardized measure of the distance between shapes) to test how
the magnitudes of differences between the mean forms vary between the morphotypes. We
also applied Canonical Variates Analysis (CVA) to find out if any specimens could be
assigned to a morphotype based on the measured shape when considering all morphotypes
simultaneously, and we estimated the rate of correct assignments with a jackknife-test.
All the comparisons gave significant differences for morphospecies from lakes
Vänern and Stora Färgen, thus morphological distinction of analyzed morphospecies was
supported. CVA analyses showed unclear separation of morphospecies within Fleesensee
Lake. Considering that mucro and antennules were excluded and Goodall’s F-test supported
distinctness of shape of the dorsal margin of carapace of morphotypes within Fleesensee, we
conclude that also these morphotypes are morphologically distinct. The geometric
morphometric comparison of B. (E.) kessleri with B. (E.) longispina and B. (E.) longicornis,
respectively, from Ragnerudsjön Lake supported their discreteness, but comparison of B. (E.)
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longispina with B. (E.) longicornis turned out to be problematic, with no significant
difference of the shape of the dorsal carapace margin was proved by the analyses. Thus, we
received also low correct jackknife assignments for morphotypes from Ragnerudsjön Lake.
The failure of the jackknife-test assignments in this lake reflects the problematic
classification of some specimens (approximately 25%) from this lake. These intermediate
specimens between B. (E.) longispina and B. (E.) kessleri were designated to B. (E.)
longicornis morphotype and their existence and problematic assignment by CVA analyses as
well as “by eye” distinction reflects one of the problems in Eubosmina taxonomy – the
presence of intermediate morphotypes that are sometimes considered to be hybrids. Based on
our geometric morphometric comparison we conclude that when antennules and mucro
shapes are included, identification according to Lieder’s system can be safely applied.
In the genetical part of this study we calculated FST and ΦST values to measure the
level of genetic separation/gene flow between morphotypes within each lake. We tested the
statistical significance of the valus by a permutation procedure. The FST and ΦST values range
between 0 and 1, and a higher value means stronger separation/smaller gene flow. FST values
were calculated from frequencies of haplotypes while ΦST included also genetic distances
among haplotypes. We also calculated the genealogical sorting index (gsi) to quantify the
genealogical exclusivity of coexisting morphotypes. The gsi index tracks genealogical
differentiation in young species from polyphyly (gsi=0) to monophyly (gsi=1). To visually
demonstrate sharing of the ND2 and HSP 90 haplotypes and their relationship we created a
TCS haplotype network for each lake and gene.
All three parameters (FST, ΦST and gsi) testing ND2 and HSP90 haplotypes were
significantly greater than zero for all morphospecies from lakes Vänern, Stora Färgen and
Fleesensee, with the exception of HSP90 gsi value for B. (E.) longispina and B. (E.) coregoni
from Vänern Lake and ND2 ΦST value for B. (E.) coregoni and B. (E.) gibbera from
Fleesensee Lake. For Ragnerudsjön Lake, only FST and ΦST values of ND2 gene haplotypes
belonging to B. (E.) longispina and B. (E.) kessleri and ΦST value of ND2 comparing B. (E.)
longicornis and B. (E.) kessleri haplotypes were significantly higher than zero. These results,
mirroring the morphometric analysis, may reflect the young origin of morphospecies or
presence of hybrids, which can be expected among not completely separated species. Such
conclusions confirm the need for detailed analyses of “intermediates” using both
morphometry and genetics with other molecular markers that could confirm or rule out the
presence of hypothetical hybrids.
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We found significant genetic differentiation, genealogical exclusivity and
morphometric differentiation for coexisting morphotypes. Thus evolutionary significance and
genetical separation of most sympatric morphospecies tested in our study was confirmed,
indicating the existence of reproductive isolation between the morphotypes. Contrary to the
polymorphism hypothesis we found very limited haplotype sharing for morphotypes within
lakes. Our results challenge the hypothesis that mixed breeding systems preclude the rapid
establishment of reproductive barriers and discrete evolutionary clusters and we conclude that
even with mixed breeding systems that are considered to impede the formation of discrete
evolutionary clusters, the Eubosmina group is associated with some of the most rapid
radiations known in animals.
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II. Radiation of the European Eubosmina (Cladocera) from Bosmina (Eubosmina)
longispina – a concordance of multipopulation molecular data with paleolimnology
There are four species and eleven subspecies of European Eubosmina in the latest
taxonomic treatment based on morphology. To ascertain the origin and relation of different
morphospecies that in many cases co-exist in the relatively homogenous environment of the
pelagic zone of lakes, we analyzed mitochondrial gene ND2 of 374 individuals sampled from
72 European water bodies and fourteen lakes in North America. We focused on the wide
range of Eubosmina populations from Europe and our study includes ten out of eleven
morphospecies (morphotypes = subspecies). The aims of this study were to answer the
following questions: 1) Do different morphospecies correspond to distinct evolutionary
lineages? 2) Did different morphospecies originate from just one Bosmina (E.) longispina
morphospecies? 3) Did European Eubosmina spread from one or more refugia?
To test the association between morphospecies and ND2 haplotypes to examine
genetical distinctness of the morphospecies we used an AMOVA test. We calculated pairwise
Fst values, testing their significance with a permutation procedure to estimate the amount of
separation/gene flow between different morphospecies of Eubosmina. To quantify haplotype
sharing we calculated the probability of identity between each pair of morphospecies. We
performed Bayesian reconstruction of phylogenies to determine genealogical relations among
Eubosmina from North America and Europe as well as relations among morphospecies
within European Eubosmina. Further we created TCS haplotype networks to detect the oldest
haplotype/s with its/their descendents and to estimate genealogies that could be compared to
the Bayesian phylogram. To estimate the time of the expansion and to infer the population
history of the European clade we calculated the mismatch distribution among all European
Eubosmina based on pairwise sequence differences.
AMOVA revealed a weak association between morphospecies and ND2 haplotypes.
Most of the genetic variability was found among populations from different lakes within one
morphospecies; 76.7% for four morphospecies including North American specimens (species
of Lieder’s system) and 57.9% for ten morphospecies (subspecies of Lieder’s system) of only
European specimens. Only 11.9% and 15.2% of morphological variation was explained by
ND2 haplotype (genotype). Pairwise Fst values ranged from 0.06184 to 0.47792 and all of
them were significant at 0.05 level. The probability of identity values equaled zero in cases of
no sharing of haplotypes between two morphospecie and were smaller than 0.037 in all other
cases, reflecting low sharing of haplotypes among morphospecies. Both the Bayesian tree and
TCS network confirm the existence of three phylogenetic groups within Holarctic B. (E.)
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longispina morphotype, being in congruence with Haney and Taylor (2003). Moreover both
genealogical methods detected polyphyletic origins of several morphotypes. The multiple
origins were supported by high posterior probability values and bootstrap values for the
maximum parsimony tree and explain why there was weak association between
morphospecies and haplotypes (genotypes) revealed by AMOVA. It is also very likely that
pairwise Fst values were influenced by these multiple origins and therefore underestimated.
Even then they supported the significant reproductive isolation among morphospecies that is
concordant with small and no random haplotype sharing among different morphospecies.
This sharing could be explained by the ancestry or interbreeding among morphospecies that
is rare, however. To test these alternative explanations other nuclear markers should be used.
The TCS network star-like pattern with one central haplotype established, that was recovered
as the ancestral haplotype, suggest the existence of one central refugia for European
Eubosmina. The central haplotype comprise B. (E.) longispina specimens from lakes in
Scandinavia region. However, our data suggest the existence of some local refugia in UK and
maybe Austria, since some specimens from these locations tend to exhibit unique and distinct
haplotypes. Unfortunately, with the present data we can neither locate any of the suggested
refugia nor definitely confirm the existence of some local refugia. The central haplotype
belongs to B. (E.) longispina and B. (E.) reflexa, thus we conclude in concordance with
biogeographical and paleolimnological data that B. (E.) longispina gave rise to the other
morphospecies. Since the time expansion estimated from the mismatch distribution was
vague (between 156 841 - 335 274 years BP in 95% CI) and most likely overestimated even
more than ten times because of the tendency of mtDNA clocks to overestimate recent
divergence we have to rely on the paleolimnological record and the “small” variability of
ND2 gene itself.
The results we received are consistent with the sediment record and confirm the rapid
postglacial radiation of European Eubosmina from B. (E.) longispina. The European
Eubosmina appears to be a flock of very young morphospecies showing evidence of
reproductive barriers both within and among lakes. This was one of the hypothesis suggested
by U. Lieder. He considered this hypothesis to be the most likely explanation of Eubosmina
group pattern, although he lacked any genetical information. The morphospecies do not
correspond to evolutionary units but because of multiple origins some morhpotypes consist of
several cryptic lineages. Thus the taxonomic system based on morphology should be treated
with awareness of these genetic results.
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III. The comparison of mitochondrial genomes of three cladoceran species; Bosmina
(E.) coregoni, Bosmina (E.) tanakai, and Chydorus brevilabris (Branchiopoda;
Crustacea)
We compared complete mitochondrial genomes of three Cladocera species: Bosmina
(E.) coregoni, Bosmina (E.) tanakai, and Chydorus brevilabris. We obtained the
mitochondrial genome of Bosmina (E.) tanakai by method of “shot gun cloning”. Using
standard PCR methods, applying two sets of newly designed primers we obtained two large
fragments of the mitochondrial genome. These fragments were fragmented into smaller
fragments that were ligated into vector, transferred into bacteria and later amplified and
sequenced. The genomes of the two remaining species were obtained by using primer
walking techniques (first sequencing with known primers and subsequent design of new
primers in many steps). We obtained all three mitochondrial genomes by assembling the PCR
fragments, obtained by two different techniques, in SEQUENCHER 4.7 program. We
analyzed the complete mitochondrial sequences in Dual Organellar Genome Annotation
(DOGMA) program, which annotated the 13 protein-coding genes, the 2 ribosomal RNA
genes, and the control region, while we used the ARWEN program to annotate the 22 tRNA
genes. Mitochondrial genomes of the three species under study are similar to other known
invertebrate mitochondrial genomes (Diptera: Drosophila, Diptera Anopheles, Anostraca:
Artemia, Notostraca: Triops, Cladocera: Daphnia), however, they are not identical and
exhibit some unique arrangements. They differ in total length as well in order of several
tRNA genes, the length of control region and the A+T content. We did not detect three
tRNAs in the mitochondrial genome of Bosmina (E.) coregoni. The mitochondrial genome of
Bosmina (E.) tanakai contains a lot of intergenic non-coding spaces that significantly
lengthen its total length. Besides, one of the tRNAs appears three times, which is unique
among other known genomes of Branchiopoda species. Chydorus brevilabris mitochondrial
genome cointains two different control regions.
A unique gene order and variation in mitochondrial genome length suggests a
different mutation-selection balance among the three species. Once the underlying
mechanisms driving the variation found in mitochondrial genomes in this study are better
understood, the trends will likely have many evolutionary implications.
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CONCLUSIONS
The hypothesis that morphotypes (morphospecies) of Eubosmina lack
morphological and genetical discreteness under sympatry is rejected. Instead, the
results are consistent with the establishment of Holocene reproductive barriers as
predicted by the paleolimnological record.
Studied Eubosmina morphotypes represent a group of young species undergoing
speciation with apparent reproductive barriers despite coexistence in the relatively
homogenous freshwater pelagic zone.
Even with mixed breeding systems that are considered to impede the formation
of discrete evolutionary clusters, the Eubosmina group is associated with some of the
most rapid radiations known in animals.
European morphotypes radiated from Bosmina (E.) longispina morphotype as
suggested by the results and are concordant with the paleolimnological record and
biogeographical pattern. Thus Bosmina (E.) longispina spread most likely from one
main refugium at the end of late Pleistocene.
Based on genetic data, there is suspicion about the existence of some local refugia
for UK and Austria, however follow-up studies are necessary to confirm or reject their
existence.
Some morphotypes (morphospecies) have apparently evolved in a parallel
fashion, thus they consist of several cryptic lineages.
The incomplete lineage sorting seen in Eubosmina is expected in young
radiations and together with multiple origins of the morphospecies cause difficulties in
species delimitation in Eubosmina.
The Eubosmina group provides a case where morphology and haplotype sharing
are more informative for species boundaries than mtDNA sequence divergences.
Nevertheless, there is intense demand for 1) more sensitive tools and different
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approaches to detect young radiations or species flocks and 2) species definition and
delimitation in the case of species with polyphyletic origin and incomplete lineage
sorting as suggested for Eubosmina.
Eubosmina taxonomic systems based on morphology should be treated with
awareness of the genetic results presented in this study and subspecies and species
should be regarded as morphospecies/morphotypes. Subsequent analyses are necessary
to test if the biological species concept or related concepts can be safely applied to
Eubosmina morphotypes (morphospecies).

Diagram showing pairwaise genetic separation among Eubosmina morphotypes.
Dotted line corresponds to genetic similarity between 0.8% and 3.7%. No line equals 0
similarities. Numbers were received by calculating probability of identity.
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Abstract
Background: Mixed breeding systems with extended clonal phases and weak sexual recruitment are widespread in nature
but often thought to impede the formation of discrete evolutionary clusters. Thus, cyclic parthenogens, such as cladocerans
and rotifers, could be predisposed to ‘‘species problems’’ and a lack of discrete species. However, species flocks have been
proposed for one cladoceran group, Eubosmina, where putative species are sympatric, and there is a detailed
paleolimnological record indicating a Holocene age. These factors make the Eubosmina system suitable for testing the
hypotheses that extended clonal phases and weak sexual recruitment inhibit speciation. Although common garden
experiments have revealed a genetic component to the morphotypic variation, the evolutionary significance of the
morphotypes remains controversial.
Methodology/Principal Findings: In the present study, we tested the hypothesis of a single polymorphic species (i.e.,
mixing occurs but selection maintains genes for morphology) in four northern European lakes where the morphotypes
coexist. Our evidence is based on nuclear DNA sequence, mitochondrial DNA sequence, and morphometric analysis of
coexisting morphotypes. We found significant genetic differentiation, genealogical exclusivity, and morphometric
differentiation for coexisting morphotypes.
Conclusions: We conclude that the studied morphotypes represent a group of young species undergoing speciation with
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those with obligate outcrossing [7]. Thus, organisms with mixed
breeding systems such as cyclic parthenogens (cladocerans, rotifers,
aphids etc.) could be predisposed to slow rates of cladogenesis, and
lack rapid radiations.
An opposing view is that mixed breeding systems, such as
cyclical parthenogenesis, can imbue organisms with a capacity for
quantum phenotypic evolution and potentially enhance speciation
rates [8,9]. Here, the action of mutation and selection on multiple
rounds of asexual reproduction results in a build up of unexpressed
genetic variance. Infrequent sexual reproduction can then cause a
flush of expressed genetic variance and enhanced capacity for
adaptation. For cyclic parthenogens several rapid radiations have
been proposed for allopatric forms, and there is indirect evidence
for their rapidity [10]. However, only one group of lacustrine
cladocerans, the Eubosmina group has an excellent continuous
paleolimnological record of a radiation during the Holocene
[11–28] and proposed sister taxa coexist in the same lakes. The
recent emergence of the morphotypes is well documented in the
subfossil record; only the longispina morphotype has been recorded
from the interglacial and late glacial sediments - all other
morphotypes are restricted to postglacial sediments. Eleven taxa

Introduction
Breeding systems are expected to play a central role in speciation
[1–4]. In strictly sexual species, gene flow can unite populations,
whereas ecological divergence and a lack of interbreeding can result
in the formation of discrete evolutionary clusters. Likewise, in
strictly asexual species, periodic selective sweeps of clones may unite
populations and discontinuous ecological niches might lead to the
appearance of discrete evolutionary clusters [5]. However, in groups
with mostly asexual systems, extended clonal phases followed by
weak sexual recruitment may prevent the formation of discrete
lineages. In these mixed breeding systems recombination might be
sufficient to prevent clonal selective sweeps but insufficient to
homogenize populations by gene flow [2,6]. In addition, mixed
breeding systems are often associated with small organisms and
powerful dispersal abilities, potentially reducing the capacity for
speciation [1,4]. Mixed breeding systems might also promote the
formation (sexual phase) and stabilization (clonal phase) of hybrid
products, further blurring the boundaries of evolutionary clusters.
Finally, experimental results indicate that animals with mixed
breeding systems suffer a reduced rate of adaptation compared to
PLoS ONE | www.plosone.org
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HSP90 showed significant genetic differentiation among coexisting
morphs with the exception of those from Ragnerudsjön Lake. The
mitochondrial gene ND2 exhibited less differentiation than the
nuclear gene HSP90 analyses. FST values differed significantly
from zero in all the cases for ND2 and for six out of seven
comparisons for HSP90. Sequential WST values differed significantly from zero in nine out of eleven cases for ND2 and in eight of
eleven cases for HSP90 haplotypes (Table 1). For individual lakes,
both FST and WST values were significantly greater than zero for
both analyzed genes of longispina and coregoni from Vänern Lake,
and longispina, cederstroemi and longicornis from Stora Färgen Lake.
FST values for ND2 and HSP90 and WST for HSP90 of berolinensis,
coregoni, and gibbera from Fleesensee Lake were significantly greater
then zero as well. The WST for HSP90 (coregoni and gibbera) was,
however, not significant. For Ragnerudsjön Lake, only FST and
WST values of ND2 gene haplotypes belonging to longispina and
kessleri and WST value of ND2 comparing longicornis and kessleri
haplotypes were significantly higher than zero. Inspection of TCS
haplotype networks (Fig. 1) revealed that morphotypes often
shared the most common and interconnected haplotypes (the
presumed ancestral haplotypes), but had several private haplotypes
(the exception was HSP90 from Ragnerudsjön Lake (Fig. 1). Only
3 of 33 ND2 haplotypes and 9 of 28 HSP90 haplotypes were shared
between longispina and coregoni from Vänern Lake. 3 of 25 ND2
haplotypes and 3 of 22 HSP90 haplotypes belonging to longispina,
cederstroemi and longicornis from Stora Färgen were shared. For
Ragnerudsjön Lake, mtDNA showed significant differentiation as
only 3 of 21 ND2 haplotypes were shared, nDNA haplotypes
lacked differentiation as there were only four unique haplotypes
from a total of nine closely related haplotypes. Also 3 of 13 ND2
haplotypes and 1 of 18 HSP90 haplotypes from berolinensis, coregoni,
gibbera and berolinensis and gibbera morphotypes, respectively, were
shared in the Fleesensee. Although we lack sequences of both
genes for all of the analyzed specimens, it is obvious from our data
that most individuals possessed morphotype-specific combined
ND2-HSP90 haplotypes. Genealogical sorting index values (gsi)
indicated that morphotypes within all lakes but Ragnerudsjön
showed significant lineage divergence (Table 1). Among the three
lakes with significant sorting only the HSP90 locus for longispina
had a non-significant value.

are recognized in the most recent taxonomic treatment of the
complex [29] but whether morphotypes represent real evolutionary lineages or merely polymorphisms remains a controversy [30].
The taxa are diagnosed by the shapes of the carapace, antennules,
and paired posterior spines called mucros. Eubosmina are unique,
among freshwater cladocerans, in the existence of putative species
flocks - up to nine taxa can co-occur in the same lake [31].
Phenotypic plasticity is evident in the diagnostic characters
[32,33], but common garden experiments have revealed that the
morphological differences have a genetic component. That is,
clones from different taxa cultured under identical conditions
retain some of their characteristic morphology [34].
Ecological differentiation among Eubosmina morphotypes is most
pronounced between E. longispina, which is usually found in
oligotrophic waters, and the extreme forms e.g. berolinensis, gibbera
and thersites, which are usually found in more eutrophic lakes. The
morphological differences in antennules, brood chambers and
posterior spines have been found to reduce vulnerability to
invertebrate predation [34–38]. Thus, abundances of the extreme
forms are correlated with invertebrate predators and the nutrient
status of lakes seasonally, spatially, and temporally [18,39–42].
A critical evolutionary question remains: do the coexisting
morphotypes of Eubosmina represent polymorphisms or discrete
evolutionary lineages? The evolutionary status of the morphotypes of
Eubosmina is a longstanding controversy [29,30,34,43]. Earlier
genetic analysis using allozymes [34], and sequence variation in
the nuclear rDNA array (partial 18S, ITS, partial 28S) and 16S
mtrDNA regions [30] found that the European morphs were closely
related, but were unable to rule out random morphotype-genotype
associations. Hellsten & Sundberg [44] reported genetic isolation
based on non-statistical patterns (multidimensional scaling) of RAPD
markers between coexisting E. longispina and E. coregoni in Östersjön
Lake, Sweden. However, they also reported that over 15% of the
RAPD bands were not repeatable and the contribution of noncladoceran DNA (microbes, algae, symbionts) to the patterns with
anonymous RAPD markers is unknown. Here, we explicitly test the
hypothesis of evolutionary discreteness in the Eubosmina group using
nuclear and mitochondrial DNA sequences and geometric morphometric analysis from the same individuals. We chose four lakes that
contain different combinations of coexisting morphotypes. Testing
for reproductive barriers in coexisting populations (rather than
among allopatric populations) is straightforward but important
because a small amount of interbreeding should homogenize
coexisting lineages. Significant morphometric and genetic differentiation found in coexisting taxa is consistent with reproductive
barriers but inconsistent with geographic isolation. Reciprocal
monophyly is neither expected nor observed in young radiations
[45–49]. If the morphotypes do represent young (postglacial)
lineages, then we expect the genetic patterns found in haplotype
networks to have the characteristic signature of young lineages. That
is, we expect some sharing of haplotypes among coexisting species
and low but significant measures of genetic divergence. Often
presumed older central haplotypes are shared among recently
diverged species [45,46,49]. Genetic divergence is therefore a
continuum that proceeds with time from differentiation with sharing
to monophyly. Reduced sharing of haplotypes, significant genetic
divergence, and significant morphometric differentiation of coexisting forms are evidence of reproductive barriers.

Morphometric Analyses
The morphometric analysis (of size-free shape variation)
mirrored the genetic analysis. Morphometric analyses of dorsal
margins (Fig. 2) supported the discreteness of nearly all co-existing
morphotypes. Goodall’s F test showed significant differences of the
mean carapace shapes relative to within group variances in nine of
ten comparisons (Table 1). The sole non-significant value involved
the longispina and longicornis morphs from Ragnerudsjön Lake (F:
1.19, p, = 0.316).
The CVA plot (Fig. 3) revealed the discreteness of the
morphotypes in each lake with the first axis. The second axis
showed separation only for the morphotypes of Stora Färgen Lake.
The weakest differentiation in mean shapes was found in
Ragnerudsjön Lake (Table 1).
Assignment analyses using jackknifed CVA assignments supported the discreteness of most morphotypes as assignment probabilities
were greater than 91% in Vänern, Stora Färgen and Fleesensee
Lakes (Table 1). The degree of differentiation among morphotypes
within a lake resulted in 43 correct assignments and 1 incorrect
assignment in Vänern Lake, 44 correct assignments and 4 incorrect
assignments in Stora Färgen Lake, and in 16 correct assignments
and 1 incorrect assignment in Fleesensee Lake. The longispina, kessleri
and longicornis carapace morphotypes from Ragnerudsjön Lake

Results
Genetic Analyses
Genetic differentiation was significant by most measures for
coexisting morphotypes of Eubosmina (Table 1). Both ND2 and
PLoS ONE | www.plosone.org
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Table 1. Pairwise FST, WST, genealogical sorting index (gsi), Goodall’s F test, Procrustes distances and correct jackknife grouping of
morphotypes within each lake.

Morphotypes

Lake

(ND2; HSP)
Vänern

Stora
Färgen

Ragnerudsjön

Fleesensee

FST

GSI

WST

(ND2; HSP)

ND2

HSP

ND2

HSP

ND2

longispina

coregoni

0.76

0.03

0.14

0.08

(39; 41)

(40; 40)

longispina

cederstroemi

(26; 22)

(35; 27)

longispina

longicornis

(26; 22)

(7; 7)

cederstroemi

longicornis

(35; 27)

(7; 7)

longispina

kessleri

(19; 23)

(23; 26)

longispina

longicornis

(19; 23)

(2; 3)

longicornis

kessleri

(2; 3)

(23; 26)

berolinensis

coregoni

(19; 18)

(13; 2)

berolinensis

gibbera

(19; 18)

(17; 18)

coregoni

gibbera

(13; 2)

(17; 18)

Goodall’s F test

Procrustes
distance

Correct
jackknife
assignments
(%)

HSP

F

p

GSIl = 0.267

GSIl = 0.067

150.7

p,0.001

0.13

97.73

GSIc = 0.200

GSIc = 0.241
GSIl = 0.438

187.4

p,0.001

0.12

91.67

0.62

0.37

0.31

0.46

GSIl = 0.701
GSIc = 0.546

GSIc = 0.411

0.66

0.06

0.19

0.15

x

x

13.74

p,0.001

0.05

x

48.67

p,0.001

0.07

GSIl = 0.079

GSIl = 0.050

19.77

p,0.001

0.04

GSIk = 0.140

GSIk = 0.072

x

x

1.19

p = 0.316

0.02

x

4.17

p = 0.017

0.03

x

5.33

p = 0.014

0.04

14.37

p,0.001

0.09

8.08

p,0.001

0.05

x
0.44

0.38

0.46

0.52

x
x

0.47

x

0.003

x

0.16

0.07

0.004

0.08

53.33

x
x

x

0.51

0.06

x
x

0.55

x

0.52

0.28

x

0.57

0.18

0.54

0.31

GSIb = 0.500

GSIb = 0.416

GSIg = 0.640

GSIg = 0.676

94.12

x

0.28

x

0.01

0.16

x
x

Statistically significant values (P,0.05) are shown in bold. x – values not calculated because of uneven or small sample sizes. Numbers in brackets below the
morphotype names represent the counts of analysed specimens for ND2 and HSP genes.
doi:10.1371/journal.pone.0011623.t001

could not be effectively discriminated - jackknifed groupings
produced 24 correct and 21 incorrect assignments.

the morphotypes is unlikely, and genealogical exclusivity is absent
[50–52]. In the present case, continuity and coexistence of the
morphotypes of Eubosmina for thousands of years is well documented
in the paleolimnological record of many European lakes. We have
shown that significant but not complete genealogical exclusivity is
present among sympatric Eubosmina. Complete genealogical exclusivity is, of course, unexpected for Holocene-scale differentiation in
animals. We observed the expected pattern of genetic differentiation
with incompletely sorted lineages [45,46,49,53–55]. Significant
genetic and morphological differentiation among co-existing
morphotypes is consistent with a reproductive barrier (and difficult
to explain by another process). The differentiation in genotype
frequencies, morphology, and the continuous sediment record of
coexistence in some lakes is undiminished by the expected existence
of shared haplotypes. Indeed, denial of the existence of young
species based on the presence of shared alleles precludes the study of
recent adaptive radiations.
There are however, some lakes in which apparent intermediate
morphotypes of Eubosmina emerge [17,18,22–24]. In one of the
four lakes (Ragnerudsjön), morphometrics failed to clearly assign
morphotypes based on carapace shape – and this was the sole lake
that lacked significant lineage differentiation (gsi) and genetic
differentiation. The failure of the analysis in this lake could be due
to the presence of intermediate forms between longispina and kessleri
in Ragnerudsjön or simply a relatively recent divergence. Most of
these ‘‘intermediates’’ are assigned to longicornis morphotype in this

Discussion
The statistically significant genetic and morphological differentiation of co-existing morphotypes of Eubosmina is inconsistent with
the hypothesis of simple polymorphisms. Instead, because even
very weak gene flow will homogenize coexisting taxa, the evidence
supports the existence of reproductive barriers. The nature of the
isolating mechanisms for the Eubosmina is unknown but taken
together with existing paleolimnological, biogeographical, and
ecological evidence, our results provide empirical evidence that
animals with a mixed sexual and asexual breeding system are
susceptible to the fastest of radiations. The diversification rate of
Eubosmina is on par with another cyclic parthenogen, the pea
aphid, that was estimated to have among the fastest diversification
rates known for animals at 1 divergence event every 6,700 years
[10]. If there are at least 10 lineages originating during the
Holocene (12,000 years), then we estimate a minimum of 1
divergence event every 5, 212 years for Eubosmina [2,10].
Although the genetic and morphometric evidence is consistent
with the existence of reproductive barriers among coexisting
morphotypes, occasional gene flow or introgression cannot be ruled
out. Some proposed vertebrate radiations have been challenged on
the grounds that hybridization is common, long-term continuity of
PLoS ONE | www.plosone.org
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Figure 1. TCS networks of ND2 and HSP haplotypes. ND2 haplotypes in the left column and the HSP haplotypes in the right column,
representing haplotypes of specimens from lakes (from the top to the bottom): Vänern, Stora Färgen, Ragnerudsjön and Fleesensee. Area of circle is
proportional to the number of individuals sharing the haplotype. Small, uncolored circles represent missing intermediate haplotypes. Circles with
following numbers of individuals sharing he haplotype were suggested as central/ancestral haplotypes (from the top to the bottom): 20, 24, 18, 5 for
ND2 and 5 (next 24), 43, 12, 15 for HSP. Colors correspond to different morphotypes: coregoni-red; longispina-green, cederstroemi-violet; longicornislight blue; kessleri-yellow; berolinensis-dark blue; gibbera-pink; and are proportional to the numbers of specimens of the morphotypes sharing one
haplotype. Apparent non random- low sharing of haplotypes among/between morphotypes reflects their significant genetic separation in amount
expected for young species undergoing speciation.
doi:10.1371/journal.pone.0011623.g001

study. A larger sampling of the genomes is necessary to determine
if there is introgression beyond early generation hybrids.
Hybridization among cladoceran lineages is well known, but most
and often leads to a markedly reduced clonal diversity in the
hybrid lineages compared to the parental lineages [56–58]. This
pattern is clearly absent in the current study as coexisting
morphotypes share similar haplotype diversity. We note that
approximately 75% of the adult individuals in Ragnerudsjön can
be distinguished using the shape and the size of antennules and
mucros – characters that we excluded because they are used to
define most morphotypes. Overall, our geometric morphometric
PLoS ONE | www.plosone.org

analyses confirm the existence of distinct morphotypes within
Eubosmina in all four lakes with some intermediates in Ragnerudsjön Lake. We conclude that when antennules and mucro
shapes are included, identification according to Lieder’s system
[29] can be safely applied.
There are several converging lines of evidence to support the
very young age of the Eubosmina radiation. The detailed
paleolimnological record of morphotype evolution from many
lakes agrees on a postglacial origin for all morphotypes but
longispina. Most morphotypes are restricted to non-refugial lakes
that are less than 20,000 years old. Biogeographic evidence and
4
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are also inconsistent with the antiquity of clades such as the
Cladocera. If mixed breeding systems lead to weak speciation
potentials, then macroevolutionary processes would likely replace
such lineages with strictly sexual lineages [65]. No such breeding
system conversion is known in cyclic parthenogens.
We have little direct knowledge of the mechanism of origination.
We still know little about the role of hybridization in the radiation or
why so many extreme forms exist in the pelagic zone of eutrophic
waters. More work is also needed to assess the role of human
activities (deforestation and agriculture) on the radiation, particularly as there is an association of lineages to nutrient status and
intensity of predation in these lakes. Our study does reveal,
however, that even under a presumed worst-case scenario for
speciation, with mixed breeding systems and strong vagility and a
relatively homogenous limnetic habitat, rapid radiations happen.

Conclusions
We reject the hypothesis that morphotypes of Eubosmina lack
morphological and genetical discreteness under sympatry. Instead,
the results are consistent with the establishment of Holocene
reproductive barriers as predicted by the detailed paleolimnological record. We observed the expected pattern of genetic
differentiation with incomplete lineage sorting. We conclude that
mixed breeding systems with weak sexual recruitment fail to
preclude rapid radiations, but are instead, associated with some of
the most rapid radiations known in animals.

Figure 2. Eubosmina specimens. Doted line shows the dorsal margin
of the carapax used for geometric morphometric comparisons.
doi:10.1371/journal.pone.0011623.g002

Methods

the association of morphotypes with cultural eutrophication also
support a recent radiation. Finally, the patterns of haplotype
divergence found in our study are also consistent with recent
lineage formation, sharing is largely restricted to the more
common central haplotypes. Further evidence of recent radiation
could be provided by coalescent analyses, but the strong possibility
of numerous parallel origins of morphotypes that are apparent
from some of haplotype networks (Fig. 1) and in paleolimnological
records complicates an approach that depends on lineages having
the same common ancestor. The increased complexity of our
observed networks from more compact starlike networks with one
evident central haplotype [45,49] may be attributable to multiple
origins of morphotypes.
If radiations in organisms with mixed breeding systems can be
rapid, then why are so few known? Most organisms with mixed
breeding systems are very small and lack a detailed fossil record.
Studies of species diversity, the tempo of evolution, and morphological evolution are inherently difficult for these groups. Still, at
least one other group of cyclic parthenogens, aphids, has been
shown to undergo a very rapid adaptive radiation as evidenced by
modelling bacterial endosymbiont divergence. Other groups with
mixed breeding systems, such as protists and rotifers, appear to have
many morphologically cryptic lineages, as well as some Cladocera
[59–62]. Numerous candidate groups for recent radiations are
apparent in Cladocera and Rotifera. The Ponto-Caspian for
example, contains two potentially recent species flocks involving
cyclic parthenogens from the order Onychopoda [63]. In Daphnia,
several closely related forms found in neighbouring or connected
waters could be the products of rapid radiations as well [64]. Recent
radiations in cyclic parthenogens could have been overlooked
because of the use of slowly evolving genetic markers [47,48]. Our
study and the recent evidence from other systems challenge the
proposals that organisms with mixed breeding systems suffer a
reduced speciation potential. Indeed, we argue that proposals for a
weak speciation capacity in organisms with mixed breeding systems
PLoS ONE | www.plosone.org

Sample Collection
Bosminid taxonomy remains in a state of flux. We have
therefore followed the latest taxonomy of Eubosmina with four
species (B. (E.) coregoni, B. (E.) longispina, B. (E.) longicornis, B. (E.)
crassicornis) and eleven subspecies (B. (E.) coregoni coregoni, B. (E). c.
gibbera, B. (E.) c. thersites, B. (E.) longispina longispina, B. (E.) l. reflexa,
B. (E.) l. ruhei, B. (E.) longicornis longicornis, B. (E.) l. berolinensis, B. (E.)
l. cederstroemi, B. (E.) l. kessleri, B. (E.) crassicornis) based on
morphological traits [29]. Our study includes seven members
out of those eleven subspecies belonging to three species and we
use their subspecies names only and treated them as morphotypes.
The studied lakes were: Vänern (Sweden), N 27.58u47.79, E
12u41.49, with longispina (ls) and coregoni (cor) morphotypes, sampled
on June 16, 2004; Stora Färgen (Sweden), N 56u57.79, E 13u20.79,
with longispina, cederstroemi (ced) and longicornis (lc) morphotypes
sampled on June 29, 2004; Ragnerudsjön (Sweden), N 58u37.69, E
12u5.69, with longispina, kessleri (kes) and longicornis morphotypes
sampled on September 25, 2002; Fleesensee (Germany), N53u299,
E 12u289, with berolinensis (ber), coregoni and gibbera (gibb)
morphotypes, sampled on May 8, 2004. These lakes were chosen
based on coexistence of morphotypes. We have a record of
coexistence of longispina and coregoni morphotypes at our sampling
site in Vänern Lake from 2002 and historic samples documenting
the coexistence of longispina, cederstroemi and longicornis morphotypes
as far back as in 1933 in Lake Stora Färgen. Specimens were
preserved in 96% ethanol.

DNA extraction, PCR, sequencing and cloning
We extracted nucleic acid from single adult individuals by
incubation in 15–20 ml of Quick-Extract (Epicentre) for 2 hours at
65uC followed by 10 min at 98uC. We performed PCR in a 30 ml
total reaction using 3 ml of extract, 3 ml of 106PCR buffer, 0.6 ml of
each of 10 mM dNTPs solution, 0.9 ml of each 10 mM primer and
0.6 unit of Taq polymerase with 1.5 mM MgCl2. The PCR
conditions were 94uC for 30 s, 50uC for 30 s, 72uC for 1 min,
5
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Figure 3. The CVA axis plots revealing morphometric discretness of carapace shape among the coexisting morphotypes. The X-axis
reveals significant differentiation of carapace shape purely among morphotypes in each plot. The Y-axis reveals significant differentiation only for
Stora Färgen Lake. CVA scores were transformed by a factor of 100 for Fleesensee Lake and 10,000 for the other lakes to improve visualization of the
axis labels. The morphotype symbols are provided in the legend.
doi:10.1371/journal.pone.0011623.g003

HSP90. Sequences were deposited in Genbank under the following
accession numbers GU249620-GU250313.
We have analyzed following numbers of haplotypes and
morphotypes on the genes under this study: Lake Vänern: ND2:
33 haplotypes (ls 39, cor 40), HSP: 28 haplotypes (ls 41, cor 40);
Lake Stora Färgen ND2: 25 haplotypes (ced 35, ls 26, lc 7), HSP:
22 haplotypes (ced 27, ls 22, lc 7); Lake Ragnerudsjön ND2: 21
haplotypes (ls 19, kes 23, lc 2), HSP: 9 haplotypes (ls 23, kes 26, lc
3); Fleesensee ND2: 13 haplotypes (ber 19, cor 13, gibb 17), HSP:
18 haplotypes (ber 18, cor 2, gibb 18).
We used the TCS 1.21 program [66] to estimate haplotype
networks with connections that have a 95% probability of being
the most parsimonious. Indels were treated as a fifth character for
the putative introns of HSP90 sequences. We calculated genetic
differentiation (FST and WST values) in ARLEQUIN 3.01 [67],
where FST’s are based on the frequencies of haplotypes and WST’s
are based on the genetic distances among haplotypes. We tested
statistical significance by a permutation procedure. To calculate
FST’s we pooled all unshared haplotypes into one. We used the
genealogical sorting index (gsi) to quantify the genealogical

20 sec for 40 cycles, followed by 72uC for 7 min for the complete
mitochondrially-encoded NADH dehydrogenase subunit 2 (ND2)
gene sequences. The PCR conditions for the nuclear-encoded Heat
Shock Protein 90 (HSP90) gene sequences were the same except for
annealing time, which was just 1 minute. We designed the following
primers: MetR4 (59-GCTTCAGCTTCGGCCATCCTGTCAG39), R1 (59-AATAAACTTAAACTGGTAGAGCAGGTCCC-39)
for ND2 and HSP-R1 (59-TCACCAACGTCTTCGACTTTGGGTTCC-39), HSP F2 (59- ACAAGTTGGACAGTGGCAAGGAGCTG-39) for HSP90. PCR products were sent for sequencing
to Genaissance pharmaceuticals (Connecticut, USA). We cloned
apparent heterozygous PCR products with the TOPO TA
CloningH Kit for Sequencing (InvitrogenTM) to obtain both alleles
of HSP90 gene. Clones were sequenced until both alleles could be
differentiated. The average number of cloned sequences per one
heterozygous PCR product was four.

DNA sequences alignments and analyses
We assembled and edited sequences using Sequencher 4.2.
(Gene Codes Corporation) and manually aligned both ND2 and
PLoS ONE | www.plosone.org
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exclusivity of coexisting morphotypes [68]. The gsi is an index that
tracks genealogical differentiation in young species from polyphyly
(gsi = 0) to monophyly (gsi = 1). The input trees were calculated
using PHYML 3.0 [69] with a GTR substitution model,
proportion of invariable sites and among site rate parameters
estimated from the data. We used the most complex model but
note that neither substitution model choice nor over-parameterization has much effect on analyses with very closely related
sequences. Trees were outgroup rooted using specimens from the
established sister group, Eubosmina sp. from North America.
Significance of the gsi was calculated by permutation (10000
replicates). Because unbalanced comparisons can change the
results, we excluded comparisons of the morphotypes with less
than seven specimens (see Table 1).

mathematically remove differences between the curves attributable
to random positioning of points along the curve [72–74]. We used
Goodall’s F-test [75] with p-values determined by 900 random
permutations of the data in TwoGroup6h [71,76] to test if
different morphs within each lake have statistically significant
pairwise differences in the average shape. We calculated
Procrustes distances (the standardized measure of the distance
between shapes used to e.g. test whether the distance between one
pair of samples differs from the distance between another pair of
analyzed samples) in TwoGroup6h to test how the magnitudes of
differences between the mean forms vary among the morphs when
there are meaningful differences in shapes. We also applied
Canonical Variates Analysis (CVA) in CVAGen6 [71,76] to
determine if we could assign specimens to morphotype based
purely on the measured shape of the specimens when considering
all morphotypes simultaneously, and we estimated the rate of
correct assignments with a jackknife-test of assignments based on
the CVA axes. In the jackknife procedure, each specimen is
omitted in turn from the calculation of the CV axes, and then
assigned to a morphospecies based on those axes. The jackknife
rate of correct assignments is a reasonable estimate of how well the
CVA would perform in assigning newly acquired specimens to the
correct morphotype or morphotype discreteness.

Geometric morphometry
We carried out pairwise geometric morphometric comparisons
between coexisting morphotypes (collected from the same
planktonic sample) of adult Eubosmina to examine their discreteness
based on carapace shape. We compared the shapes of the dorsal
margin of the carapace from the point of the upper insertion of the
antennules to the posterior point where the carapace opens (Fig. 2).
The two endpoints represent homologous landmarks. The
antennules and the mucro that are the main structures used to
classify most of the morphotypes were not part of the
morphometric analyses.
We digitized the outline of the dorsal margins of the carapaces
using tpsDig [70] of following numbers of specimens: Lake
Vänern: ls 22, cor 22; Lake Stora Färgen ced 22, ls 18, lc 8; Lake
Ragnerudsjön: ls 18, kes 21, lc 6; Fleesensee: ber 5, cor 7, gibb 5.
We then aligned the digitized specimens in Chainman [71],
reducing the curve to twenty landmarks. The semi-landmark
alignment involved a generalized least squares procrustes superimposition followed by a distance minimizing procedure to
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1

Abstract

2

We investigated the evolutionary radiation of the highly dispersed zooplankter Eubosmina

3

(Crustacea, Cladocera) with a mixed breeding system and a detailed, dated, subfossil record.

4

Eubosmina is a common component of the freshwater zooplankton in recent glacial lakes (<20,

5

000 years old) with unclear taxonomy. Within-lake study has revealed genetic and morphometric

6

differentiation among coexisting species of Eubosmina, but the among-lake relations of the

7

proposed taxa in this radiation are unknown. Moreover, it is unknown if radiation from a basic B.

8

(E.) longispina morphospecies, apparent from the subfossil record, is supported by the genetic

9

evidence. To ascertain the phylogenetic relationship among the proposed species and their origin

10

we focused on ND2 mitochondrial gene variation among 374 Eubosmina specimens representing

11

ten out of eleven distinct morphospecies from 86 waterbodies in three separate Holarctic regions.

12

As expected for a Holocene radiation, there was a lack of monophyly for the proposed species,

13

and rare sharing of derived haplotypes among some species. Nevertheless, the proposed species

14

exhibited little or no sharing of mitochondrial DNA haplotypes. Moreover, the phylogenetic and

15

haplotype network results revealed a radiation pattern that is concordant with the subfossil record

16

– with an older Bosmina (E.) longispina radiating into several new forms. Our results bolster the

17

subfossil, morphometric, common experimental, and within-population genetic evidence that

18

Eubosmina longispina has radiated into several incipient species during the Holocene.

19

20

Introduction

21

The best known cases of recent radiations occur within strictly sexual organisms in newly

22

created and isolated habitats, however, invertebrates with mixed breeding systems also appear to

23

undergo rapid radiations. Importantly, at least one of these groups Eubosmina (Crustacea:

24

Bosminidae) has a detailed and dated subfossil record in sediment of Holarctic lakes, that

25

appeared after the last glaciation (<20, 000 years ago) and were colonized from refugial waters.

26

Coincident with the formation of glacial lakes and in some cases changes in eutrophication

27

(Hofmann 1978; Gasiorowski and Szeroczynska 2004), Eubosmina, appears to have radiated into

28

a species flock whose evolution and taxonomy has challenged biologists for centuries (Lieder

29

1983; De Melo and Hebert 1994; Taylor et al. 2002).

30

Eubosmina, (< 1.5 mm) planktonic cladoceran feeding on algae and bacteria are preyed

31

upon by many invertebrate predators and young fish. Most Eubosmina populations reproduce

32

parthenogenetically for most of the year, but when exposed to certain environmental conditions

33

they switch to sexual reproduction producing sexual resting eggs stored in ephippia (protective

34

capsules created from part of the carapace), which withstand unfavorable conditions and facilitate

35

dispersal. Carapaces and head-shields of Eubosmina are well preserved in sediments, often being

36

the most common animal sub-fossils in late Pleistocene and early Holocene lakes (Frey 1960 a,b).

37

Sub-fossil remains normally retain the morphological features (carapace shape, antennules,

38

mucro) that are commonly used to distinguish different morphospecies. The only Eubosmina

39

morphospecies to be detected in the oldest sediments at the end of glaciation (late Pleistocene) in

40

Europe and North America is Bosmina (E.) longispina, sedimentary records of other Eubosmina

41

morphospecies are younger (Frey 1962; Hofmann 1978). The ancestral B. (E) longispina

42

hypothesis could be a sampling artifact, but the paleolimnological evidence continues to converge

43

on this hypothesis.

44

Haney and Taylor (2003) attempted to test the ancestral B. (E) longispina hypothesis

45

using a phylogenetic approach. They detected three phylogroups within Eubosmina: two

46

correspond to the morphologically uniform B. (E). longispina from eastern and western parts of

47

North America and a third is represented by European Eubosmina including B. (E.) longispina

48

and several members of the proposed Holocene species flock (Lieder 1996). Specimens within

49

the European group appeared to be closely related, but whether they represented real evolutionary

50

lineages or merely polymorphisms could not be answered with the dataset.

51

Despite vast phenotypic plasticity found in many populations there is evidence of a

52

genetic component to the morphological features used for classification (Kerfoot 2006). The

53

earlier genetic data and a later study, (Kotov et al. 2009) lacked the phylogenetic resolution to test

54

if the European B. (E.) longispina form is indeed the basal or ancestral species in Europe.

55

Faustova et al. (2010) provided morphometric and genetic evidence that coexisting

56

morphospecies of Eubosmina in European lakes are indeed genetically differentiated. However,

57

the ancestral B. (E.) longispina hypothesis and the among-population relationships of European

58

Eubosmina remain unaddressed with genetic approaches.

59

In the present study we test the ancestral B. (E.) longispina hypothesis for European

60

Eubosmina (as predicted by paleolimnology) and assess the among population differentiation of

61

the European radiation. We follow the latest taxonomical system based on morphological features

62

(Lieder 1996) and include ten out of eleven main morphospecies from the system. We use the

63

mitochondrial ND2 gene, as Faustova et al. (2010) have shown this region to be useful in

64

differentiating species within lakes.

65
66

Methods

67
68

Samples collection
We analyzed 342 Eubosmina specimens from 72 water bodies in Europe and 32

69

specimens from 14 North American lakes (in the USA and Canada) collected from 1998 to 2006

70

(see Web Appendix). The North American specimens are used as outgroups to test the ancestral

71

longispina hypothesis as existing studies suggest a sister group relation to the European radiation

72

(Haney and Taylor 2003; Kotov et al. 2009). We tried to cover the whole distribution range in the

73

Europe (Fig. 1); most samples come from the circumbaltic area where the morphological

74

diversity is greatest. Samples were preserved in 96% ethanol or frozen at -80 °C. We identified

75

European specimens according to Lieder’s identification system (1996). We sampled all 4 species

76

and 10 out of 11 subspecies. We only included adult specimens that could be assigned to one of

77

10 defined subspecies. All North American specimens presented in this study are of the native

78

form belonging to one ‘subspecies’defined by Lieder as B. (E.) longispina longispina that should

79

be called B. striata Herrick (Haney and Taylor 2003).

80

Deoxyribonucleic acid (DNA) extraction, PCR, sequencing and cloning

81

We extracted total DNA of single individuals using 25-30 µL of Quick-Extract

82

(Epicentre) solution. We homogenized the specimens and then incubated samples at 65 °C for 2

83

hours and 98 °C for 10 min. Samples were stored at –20 °C. We performed PCR in 50 µL

84

reaction using 5 µL l of template, 5 µL of 10x PCR buffer, 1.5 µL of each of 10 mmol L-1 dNTPs

85

solution, 1.5 µL of each 10 µmol L-1 primer. The PCR conditions were 94 °C for 30 s, 50 °C for

86

30 s, 72 °C for 1 min 20 s for 39 cycles followed by 72 °C for 7 min for ND2 gene sequences.

87

Primers to amplify and sequence both strands of the ND2 gene were: MetR1 (5’-

88

CCGACCATAGAGTCAAATCTCCTCTCTG-3’) and COIMf (5’-

89

ACGGATAAGCATTCTAAGTGCAGTACCC-3’) or ND2aRew (5’-

90

GTGATTAGTAGAAAAGAGCCATCGTCGCAC3’) and MetR4 (5’-

91

GCTTCAGCTTCGGCCATCCTGTCAG-3’), or their combinations. The PCR products were

92

sequenced in both directions by either Roswell Park Cancer Institute (New York) or Genaissance

93

pharmaceuticals (Connecticut). When multiple PCR bands appeared we used gel purification kit

94

to isolate PCR products of the expected size. We used a TOPO TA cloning kit (Invitrogen) to

95

obtain a clear sequence of ND2 gene for one specimen from the UK (Lubnaig), where

96

ambiguities appeared after direct sequencing of PCR product.

97

DNA sequences alignments and analyses

98

We assembled and edited sequences using Sequencher 4.2. (Gene Code Corporation) and

99

aligned sequences manually using Se-Al 2.0. We excluded 35 sequences of ND2 that had

100

ambiguities, insertion(s), or showed stop codons before the real stop codon, from the next

101

analyses, because of the potential for pseudogenes. All sequences are deposited in Genbank under

102

following accession numbers: HM194228-HM194601.

103

We performed Bayesian reconstruction of phylogenies with four independent runs each

104

with eight chains taking into account three different codon positions using MrBayes 3.1.2.

105

(Huelsenbeck and Ronquist 2001). We ran the program for 5 million generations, sampled every

106

500 generations and used the last 25% of the trees (after assessing convergence) to create a

107

majority rule consensus tree and posterior probability values. We used PAUP 4 (Swofford 2001)

108

to obtain nonparametric bootstrap values with a heuristic search and a maximum parsimony

109

optimality criterion.

110

We found the best fit models to be K81uf+G for the complete data set and HKY+G for the

111

Europe-only data set (hierarchical likelihood ratio tests using MODELTEST 3.7; Posada and

112

Crandall 1998). ML distances were calculated by PAUP (Swofford 2001).

113

We used the TCS) 1.21 program (Clement et al. 2000) to estimate an ND2 haplotype

114

network with connections that have a 95% probability of being the most parsimonious (in our

115

case 13 steps connecting parsimoniously two haplotypes).

116

To calculate pairwise Fst’s (Reynolds et al. 1983; Slatkin 1995) we used ARLEQUIN

117

3.00 (Excoffier et al. 2005). We tested significance of Fst values using a permutation procedure

118

(1,000 permutations). We used the same program to estimate the proportion of genetic variance

119

explained by different morphological groupings using AMOVA (Weir and Cockerham 1984;

120

Excoffier et al. 1992; Weir 1996) with 10,000 replications under Tamura-Nei and Kimura’s

121

model, (the closest available fit to the selected models by Modeltest). We assigned specimens to

122

four main morphospecies corresponding to Lieder’s species list (B. (E.) longispina including all

123

North American samples, B. (E.) coregoni, B. (E.) crassicornis, and B. (E.) longicornis), and 10

124

morphospecies following Lieder’s subspecies list (B. (E.) longispina longispina, B. (E.) l. reflexa,

125

B. (E.) coregoni coregoni, B. (E.) c. thersites, B. (E.) c. gibbera, B. (E.) crassicornis, B. (E.)

126

longicornis longicornis, B. (E.) l. berolinensis, B. (E.) l. cederstroemi, and B. (E.) l. kessleri

127

excluding all North American samples). In both analyses populations corresponded to

128

morphospecies from one lake. Whenever we analyzed two or more morphospecies from the same

129

water body we established them as different populations. We ran two different statistical

130

analyses; one with all 374 analyzed sequences and one with the 342 European sequences. We also

131

calculated the probability of identity (Melton et al. 1995) to quantify haplotype sharing between

132

all pairs of morphospecies. The values of probability of identity can range from 0 to 1, where 1

133

corresponds to identical haplotypes.

134

To infer the population history of the European radiation, we used the frequency

135

distribution of the number of pairwise differences (the mismatch distribution) among all

136

European Eubosmina based on pairwise sequence differences calculated in ARLEQUIN. We used

137

the bootstrap approach to test the observed data under the models of the pure demographic

138

expansion (sudden expansion) and spatial expansion by comparing the sum of squared deviations

139

between the observed (SSDOBS) and simulated data. To estimate the time (t) of the expansion for

140

both pure sudden (unsubdivided populations suddenly expand in population size) and spatial

141

(subdivided populations expand the distribution range and increase the number of individuals)

142

expansion models of the European clade we used Tau=2ut where u=mΤµ, mΤ is number of

143

nucleotides under the study and µ is the mutation rate per time. The number of migrants among

144

neighboring demes per time (M) was calculated for model of spatial expansion. The 95%

145

confidence intervals for Tau and M as well as for mismatch distribution were calculated using a

146

parametric bootstrap approach with 1000 replications.

147
148

Results

149

We detected 116 unique haplotypes belonging to 342 European specimens, four unique

150

haplotypes belonging to four eastern North American specimens and eleven unique haplotypes

151

belonging to 28 western North American specimens. All three major clades were supported by

152

100% posterior probability values and bootstrap values for maximum parsimony tree correspond

153

to the three above named distinct geographical regions (Fig. 2). The European clade was

154

comprised of two subclades. The first comprised numerous European haplotypes from many

155

locations and some branches with high posterior probability values (≥95) included those were

156

several morphospecies were present. The second basal European subclade comprised of four

157

haplotypes belonging to eight B. (E.) longispina specimens from two Austrian lakes and one

158

longispina specimen from one British lake.

159

TCS analyses also detected the three distinct haplotype networks (Fig. 3) corresponding to

160

three geographical regions; eastern North American (Fig. 3A), Western North American (Fig. 3B)

161

and Europe (Fig. 3C). The maximum parsimony network of the 116 ND2 haplotypes (Fig. 3C)

162

belonging to the European specimens had a star like topology with one central haplotype having

163

the largest ‘ancestral’ weight. The central haplotype of the network corresponded to 27 specimens

164

identified as B. (E.) longispina morphospecies from lakes within the large Scandinavian region

165

(four Norwegian, three Swedish, and one Finish lake) and one individual identified as the B. (E.)

166
167

reflexa morphospecies from a Swedish lake.
There were five cases where a haplotype was found in two morphospecies, one case of

168

haplotype found in three morphospecies, and two cases of haplotype found in four

169

morphospecies. These shared haplotypes occured mainly at the tips of the haplotype network (see

170

Fig. 3C). AMOVA revealed a weak association between morphospecies and ND2 haplotypes

171

(Table 1). A statistically significant amount of genetic variation was explained by morphospecies

172

for both the European species and European subspecies data partitions. However, most of the

173

genetic variation was partitioned among populations within morphospecies; 57.9% and 76.7% for

174

European specimens and all specimens under the study, respectively. Pairwise Fst values (Table

175

2) ranged from 0.06184 to 0.47792 and all contrasts were significant at the 0.05 level. One of the

176

lowest Fst values (0.07719) belonged to B. (E.) longispina and B. (E.) reflexa whereas the highest

177

differentiation (above 0.4) was found between berolinensis and several other morphospecies (B.

178

(E.) longispina, B. (E.) reflexa, B. (E.) thersites, B. (E.) gibbera, B. (E.) longicornis and B. (E.)

179

cederstroemi). The probability of identity values equaled zero in cases of no sharing of

180

haplotypes between two morphospecie and were smaller than 0.037 in all other cases, where

181

haplotypes were shared between morphospecies (Table 2), with the highest value between B. (E.)

182

longispina and B. (E.) reflexa morphospecies.

183

The observed mismatch distribution of the European clade closely fited the expected

184

distributions of both sudden expansion model (SSDOBS= 0.002211) and spatial expansion model

185

(SSDOBS= 0.002772) (not shown). The parameters Tau were 9.824 (6.946-13.478 in 95% CI) and

186

8.514 (6.305-11.952 in 95% CI) in the sudden expansion model, and spatial expansion model,

187

respectively. When assuming a divergence rate of 2.0% per million years for arthropod

188

mitochondrial protein coding genes (DeSalle et al. 1987) the expansion time of the European

189

clade was estimated to be 211 791 years BP (156, 841 - 297, 313 years BP in 95% CI) for the

190

spatial expansion model and 244 378 years BP (172, 787 – 335, 274 years BP in 95% CI) for the

191

sudden expansion model.

192
193
194

Discussion
Our genetic analysis of the Eubosmina complex is consistent with the predictions from the

195

paleolimnological record - a rapid European radiation from B. (E.) longispina with genetic

196

differentiation of several morphospecies. Phylogenetic reconstruction revealed three major clades

197

of Eubosmina - one of which included haplotypes from all the European populations studied (Fig.

198

2). TCS analysis (Fig. 3C) demonstrated the basal haplotype was found only in the B. (E.)

199

longispina morphospecies and more rarely in its closest relative B. (E.) reflexa. In the case of

200

ancient polymorphism, one would expect star-like sub-networks with several related central

201

haplotypes (Jakob and Blattner 2006). However, the ND2 haplotype network (Fig. 3C) had an

202

obvious star-like pattern suggesting one initial B. (E.) longispina haplotype was the relatively

203

recent progenitor of all other haplotypes and the B. (E.) longispina morphospecies gave rise to all

204

other morphospecies. The character of the haplotype network also suggests one main refugium

205

existed for present day European Eubosmina. Weak haplotype sharing among morphospecies (a

206

pattern that is also found within lakes –Faustova et al. 2010) indicates that reproductive barriers

207

are not complete.

208

A starlike network pattern could result from a postglacial selective sweep of mtDNA, but

209

selective homogenization cannot account for the significant morphospecies associations with

210

mtDNA variation, or the concordance of the mtDNA network with the paleolimnological record –

211

radiation from an ancestral B. (E.) longispina morphospecies. Finally, a mtDNA selective sweep

212

is not consistent with the similar patterns of genetic variation observed for mtDNA and nuclear

213

markers (allozymes, RAPDs, nDNA sequences, though with less resolution and fewer samples

214

than here) (De Melo and Hebert 1994; Hellsten and Sundberg 2000; Haney and Taylor 2003).

215

The converging evidence from nuclear, mitochondrial, paleolimnological, biogeographical,

216

morphometric, and experimental sources is consistent with B. (E.) longispina as the ancestral

217

morphospecies of a Holocene radiation of European Eubosmina.

218

The independent-multiple (polyphyletic) origin of several other morphospecies is

219

supported by the strong posterior probability and maximum parsimony values in consensus tree

220

(Fig. 2) and the appearance of the same morphospecies in several different branches of the TCS

221

network (Fig. 3C). Parallel formation may have contributed to the weak observed association

222

between haplotypes and morphospecies in the AMOVA analyses (Table 1). In the absence of

223

information on this multiple origin, one would suggest European Eubosmina to be just one

224

polymorphic species. However, sharing of haplotypes among different morphospecies is low (8

225

from 116 haplotypes, about 7%), and probabilities of identity are low, indicating non-random

226

mating and reproductive isolation between morphospecies as suggested by Hellsten and Sundberg

227

(2000) from analyses of RAPD markers. Non-random mating, and significant reproductive

228

isolation among morphospecies has been found within single lake sites where morphospecies

229

coexist (Faustova et al. 2010). In four of the lakes in this study (the closely located lakes

230

Björvattnet, Kärnsjön, Ragnerudssjön, Vassbotten) and in six other lakes in the same drainage

231

basin, Sweden, we have recorded the co-occurrence of sexual stages of two or more B. (E.)

232

longispina, B. (E.) coregoni, B. (E.) gibbera, B. (E.) kessleri, and an intermediate B. (E.)

233

longicornis-type morphospecies at varying densities, mainly in late autumn. We have recorded

234

opposing sexes of at least two different morphospecies within the same sample from eight of ten

235

lakes during November. Thus, there are no large differences in the temporal and spatial

236

distribution that may prevent encounters between sexual stages of sympatric morphospecies, so

237

providing a means for some hybridization, but additional evidence for the strength of

238

reproductive isolation between morphospecies.

239
240

The occurrence of the same haplotypes among reproductively isolated morphospecies can
also be explained by shared ancestry in case of central and other older haplotypes (Omland et al.

241

2006; Ritz et al. 2008). The possibility that gene flow occurs just for part of the genome and not

242

for genes responsible for morphology, is highly unlikely. Mutation in cis-regulatory sequences

243

(Fondon and Gagner 2004) or similar mechanisms can enable rapid evolution of different

244

morphospecies that can be reproductively isolated by a variety of mechanisms. A repeated

245

evolution of adaptive traits has been shown in experimental set by MacLean and Bell (2003) and

246

parallelism of defensive characters, feeding morphology or coloration appears quite often in

247

adaptive radiations of cichlids and other groups (Streelman and Danley 2003; Colosimo at al.

248

2005). Even if mixed breeding systems are expected to preclude the rapid radiations, and

249

radiations are expected and known mainly in strictly sexual or asexual organisms, Eubosmina

250

together with the pea aphid appear to be associated with the fastest and the youngest radiations

251

known (Peccoud et al. 2009; Faustova et al. 2010). The extrinsic factors, and ecological selection

252

models are known for many vertebrate radiations (Streelman and Danley 2003) but remain

253

unclear in Eubosmina radiation. Obviously, all young radiations exhibit similar genetic

254

characteristics found in Eubosmina (expected ancestral sharing of haplotypes, and incomplete

255

lineage sorting). However, because of the multiple origin of the morphospecies, their amount and

256

co-occurrence, taxonomical obscurity, timing of radiation, and the type and evolution of the

257

habitats, Eubosmina radiation appears to match the sticklebacks (Taylor and McPhail 1999;

258

Rundle et al. 2000; Bell 2001) and the Coregonus fish radiations (Douglas et al.1999; Østbye et

259

al. 2006; Mehner et al. 2010) the most. Contrary, sympatric species of both Coregonus, and

260

sticklebacks morphotypes appear to be of sympatric origin, but our data suggest rather allopatric

261

origin of nowadays co-occurring morphospecies of Eubosmina. This pattern could be easily

262

explained by exceptional dispersing abilities of Eubosmina species.

263

Eubosmina is missing from three (Iberian peninsula, appenine peninsula in Italy, and the

264

Balkans) of the five main refugial regions during the last glaciation in Europe suggested by

265

Hewitt (1999, 2004). While it occurs in the two others (the area around Moscow and the Ponto-

266

Caspian region), present day populations of B. (E.) longispina morphospecies are found mainly in

267

colder oligotrophic lakes in the northern part of Europe or high mountains, never southwards near

268

the main mountain ranges (the Pyrenees and Alps) (Lieder 1996). The possibility that B. (E.)

269

longispina have emerged from southern refugia and is absent in today’s lakes, appears to be less

270

likely, because of the absence of its paleolimnological record from the region. (However, it can

271

not be absolutely rejected for amount of analyzed palolimnological samples.) Further, samples

272

from Russia and the Ponto-Caspian region would need to be analyzed to determine whether

273

European Eubosmina followed similar colonization routes from these to the rest of Europe as

274

some freshwater fish have done (Hewitt 2004).

275

The occurrence of the oldest haplotype in 28 individuals from 9 lakes all over the

276

Scandinavia region and the occurrence of the highest genetic diversity in that region suggest a

277

refugium somewhere in the Scandinavia region. However, this region was completely covered by

278

continental ice sheet during the maximum of the last glaciation. It is dubious that Eubosmina

279

managed to survive below the ice, thus, more likely that this region together with Baltic Sea and

280

its different stages (Yoldia Sea, Baltic Ice Lake, Ancylus Lake) have acted as a secondary

281

refugium at the end of late Pleistocene. This hypothesis is also supported by the fact that some

282

Eubosmina populations are known to withstand higher salinities (up to 5 ‰) and one of such

283

populations probably formed what has been known as B. (E.) longispina maritima from the Baltic

284

Sea founded in sediments as well as extant (Hofmann and Winn 2000; De Melo and Hebert

285

1994). A possible additional aquatic refugia in Britain is suggested by a paleolimnological record

286

of B. (E.) longispina from the most recent glacial period or Hoxnian interglacial (around 400, 000

287

years ago) (Gibbart and Aalto 1977) in the UK, and suggested for aquatic beetles (Mende et al.

288

2010) and frogs (Teacher 2009). A local British refugium would also explain the genetical

289

distinctness of some specimens from Britain in our study as well in Haney and Taylor’s study

290

(2003).

291

The close fit of the mismatch distributions for both models mean we cannot conclude

292

whether an ancestral B. (E.) longispina underwent expansion in the refugium (primary or

293

secondary) and then new haplotypes spread to newly created lakes (sudden expansion model) or

294

if some subpopulations with distinct haplotypes colonized different lakes from which they later

295

colonized farther out habitats (spatial expansion model). More paleolimnological and genetical

296

analyses are needed to assess the location(s) of Palearctic refugia.

297

Another remaining mystery of the Eubosmina radiation is how diversification occurred in

298

such an apparently homogenous habitat – the epilimnion of glacial lakes, and why the radiation

299

occurred in Europe but is missing in the other Holarctic regions. The fact that regional

300

assemblages of invertebrate predators in North America and Europe differ, and that contemporary

301

predator communities may differ appreciably from historic communities (Kerfoot 2006; Kerfoot

302

and McNaught 2010) has led Kerfoot (2006) to argue that the absence of Epischura, or similar

303

predators, and exposure to Leptodora and Mesocyclops in Europe has led to greater

304

morphological variation of Eubosmina in Europe. Potential differences in large calanoid

305

predation between North America and Europe may also be worth studying. Present day predation

306

by Heterocope (whose European distribution may also be related to the historic absence of

307

Epischura) is important in many lakes of southern Scandinavia and different species are

308

associated with different Eubosmina morhospecies. Heterocope appendiculata co-occurs with B.

309

(E.) longispina, B. (E.) gibbera, B. (E.) longicornis, and B. (E.) kessleri, while Heterocope

310

borealis may co-occurs with B. (E.) longispina, B. (E.) cederstroemi, B. (E.) longicornis, and B.

311

(E.) kessleri (Hellsten and Stenson 1995; J.-E. Svensson unpubl.).

312

Morphospecies changes/succession in Eubosmina have been associated with

313

anthropogenic eutrophication (Szeroczynska 1991; Gasiorowski and Szeroczynska 2004;

314

Alliksaar et al. 2005) as have evolutionary lineages in waterfleas (Brede et al. 2008). Most of the

315

derived morphospecies of Eubosmina follow anthropogenic eutrofication and have been far more

316

often founded in mesotrophic or eutrophic lakes compared to oligothrophic lakes (Hofmann 1978;

317

Lieder 1996). The eutrophication process is much older in Europe compared to North America.

318

Europe underwent significant deforestation and eutrophication over large areas as much as 15,

319

000 years ago. Mesotrophic and eutrophic lakes are common while oligotrophic lakes are largely

320

restricted to high altitudes (mountains regions) and high latitudes (Norway, Sweden and Finland).

321

The lack of a radiation in other parts of the Holarctic, could result from eutrophication there being

322

only centuries old compared to the millennial scale eutrophication in Europe. The present study

323

estimated European Eubosmina expansion occured around 212-245 thousand years ago. These

324

dates precede the times of European eutrophication. However, expansion time can be

325

overestimated by more than ten times because of the tendency of mtDNA clocks to overestimate

326

recent divergence (Simon et al. 2005), and there may be error from assuming a 2% rate of change

327

in the calibration. Eutrophication is also associated with changes in predation regimes, so further

328

studies will be required to establish the role of eutrophication and predation as the primary factor

329

or factors leading to diversification in European Eubosmina.

330

Conclusions

331

We have carried out the first geographically broad molecular study of a dated radiation in

332

cyclic parthenogens. Our genetic evidence is consistent with the sediment record in finding

333

evidence for the radiation of Eubosmina morphospecies from B. (E.) longispina. The European

334

Eubosmina appears to be a flock of very young morphospecies showing evidence of reproductive

335

barriers both within and among lakes. As expected from an ongoing or Holocene animal

336

radiation, the genetic differentiation is at the level of haplotype frequencies rather than reciprocal

337

monophyly. Although the sediment record shows that Eubosmina taxa can coexist in a stable

338

fashion for millennia, we found some evidence for both rare introgression and parallel

339

independent formation. Our results support the proposal that the Eubosmina species complex

340

provides a rare system for detailed study of an animal radiation with both a mixed breeding

341

system and a detailed subfossil record.
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Table 1. AMOVA
Hierarchical analyses of molecular variance (AMOVA) based on 342 mitochondrial ND2
sequences among four* (B. (E.) longispina, B. (E.) coregoni, B. (E.) crassicornis, and B. (E.)
longicornis), and ten taxa of Eubosmina (B. (E.) l. longispina - excluding North American
members, B. (E.) l. reflexa, B. (E.) c. coregoni, B. (E.) c. thersites, B. (E.) c. gibbera, B. (E.)
crassicornis and B. (E.) l. longicornis, B. (E.) l. berolinensis, B. (E.) l. kessleri, B. (E.) l.
cederstroemi).
Hierarchical
Structure

Source of variation

1*
0.0049

among morphospecies

2*
0.0000

among populations

Sum of squares

Variance component
%
V

Fixation index

p

488.547

11.94%

Va = 1.38097

FCT = 0.11937

<

3271.538

76. 68%

Vb = 8.87078

FSC = 0.87069

<

within morphospecies
3*
0.0000

within populations

353.073

11.39%

Vc = 1.31744

FST = 0.88613

<

1
0.0000

among morphospecies

370.843

15.15%

Va = 0.78011

FCT = 0. 15146

<

2
0.0000

among populations

Vb = 2.98294

FSC = 0. 68254

<

Vc = 1.38740

FST = 0. 73063

<

977.507

57.92%

within morphospecies
3
0.0000

within poplations

346.851

26.94%

Table 2. Fst’s values and probability of identity
The probability of identity between morphospecies (above the diagonal). Morphospecies
pairwise Fst’s calculated in Arlequin with Fst p-values significance level 5% in the brackets
(below the diagonal) if not stated then 0.00000+-0.0000. Statistical significance of Fst values
was tested using a permutation procedure (1000 permutations). Number of haplotypes of each
morphospecies in bold, the total numbers of individuals analyzed in brackets.
LS

REF

COR

THER

0.03674

0

0

-

0

0

0.14833

-

0.02315

0.12491

-

0.17797

0.17997

0.13559

0.22530

0.18822

0.26388

0.14244

GIBB

CRASS

LC

BER

KESS

0

0

0

0

0

0

0

0

0

0

0.02334

0

0.00810

0.01389
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Fig. 1. Map of localities
Map of localities of analyzed specimens of European Eubosmina. Numbers correspond to
sample number-locality in the Web Appendix.

Fig. 2. Mr. Bayes cladogram with Eubosmina morphospecies
Pictures of ten main morphospecies of European Eubosmina and Mr.Bayes cladogram of
ND2 gene belonging to 374 Eubosmina specimens from Europe and North America.
Numbers above branches represent posterior probabilities of Bayesian analyzes (highlighted
>95%), and bootstrap values for maximum parsimony tree (highlighted >70%). The branches
including two or more different morphospecies supported by 95% and more posterior
probability values are marked with dotted line. Each color corresponds to different
morphospecies.

Fig. 3. TCS haplotype network
TCS most parsimonious networks based on A) four Eastern North American, B) 28 Western
North American, and C) 342 European ND2 gene sequences of Eubosmina. Each of ten
different shapes and colors corresponds to different morphospecies identical to subspecies of
Lieder’s taxonomical system of Eubosmina. When a haplotype is found in more than one
morphospecies then different colored sectors in the circle represent different morphospecies.
The size of the circle or the Eubosmina shape corresponds to the number of individuals
sharing the haplotype, numbers given when more then four individuals share the haplotype.
Each line between two haplotypes symbolizes one mutational step. Inferred haplotypes are
marked as small circles. The branches supported by 95% and more posterior probability
values in Mr. Bayes analyzes that include two or more different morphospecies are marked
with dotted line. The four boxes with the pictures of morphospecies correspond to four

species of Lieders’s system. The name of the first morphospecies in each box corresponds to
the name of the species of Lieder`s taxonomical system.
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Abstract
We describe and compare the mitochondrial genomes of three Cladocera
(Branchiopoda; Crustacea) species, Bosmina (Eubosmina) coregoni, Bosmina (Eubosmina)
tanakai, and Chydorus brevilabris. Among the mitochondrial genomes of the three species,
we found variation in the genome content, and order of the genes. There are differences in
tRNA gene content, with tRNA gene loss exhibited in B. (E.) coregoni and duplications of a
tRNA gene in B. (E.) tanakai. All three species exhibit a unique gene rearrangement with
only B. (E.) tanakai illustrating the ancestral gene order. We also found significant variation
in genome length among the three species under study. The genome of B. (E.) tanakai is
extremely long in length with many non-coding intergenic spaces and duplicated regions.
Most of the gene duplications and rearrangements were consistent with the
duplication/random loss model and occurred in identified “hotspots” for gene
rearrangements. A unique gene order and variation in mitochondrial genome length suggests
a different mutation-selection balance among the three species.

Introduction
Mitochondria are extranuclear, maternally inherited organelles present in all metazoan
animals playing a central role in metabolism. They contain their own circular double-stranded
mitochondrial genome that varies considerably in DNA sequence, size (15 – 20 kb) and gene
order (Wolstenholme 1992). However, genomic content remains conserved with most
mitochondrial genomes encoding for 37 genes consisting of 13 protein-coding genes (ATP
synthase subunits 6 and 8 (atp6, atp8), cytochrome oxidase subunits 1-3 (cox1 – cox3),
cytochrome b (cob), and NADH dehydrogenase subunits 1-6 and 4L (nad1-6, nad4L)), 2
ribosomal RNA genes (large and small ribosomal subunit RNAs (rrnL, rrnS)), and 22 tRNA
genes. Further, mitochondrial genome contains a non-coding control region. Since the
majority of original mitochondrial proteins are encoded in the nucleus, the mitochondrial
genome contains fewer genes than their free-living bacterial ancestors.
The large amount of nucleotide data comprised in mitochondrial genomes are used to
provide information on phylogenetic relationships, on the genetic structure of population,
phylogeography, and the pattern of gene flow (e.g. Latorre et al. 1992; Curole and Kocher
1999; Pearce et al. 2002; Baker et al. 2006; Cameron et al. 2007). This information can be
obtained from studies of the sequences of individual genes, restriction fragment length
polymorphism analysis of mtDNA or from sequence of complete genomes that provide
information about genome length, base composition, gene order, or codon usage, also
secondary structures of some tRNAs can provide insight into evolutionary events
(Wolstenholme 1992; Zhang and Hewitt 1997; Dowton et al. 2002). Besides, comparisons
among mitochondrial genomes bring information about their evolution that may serve as a
model for much larger nuclear genomes.
Even though Crustacea represent a large group of diverse organisms, so far only 42
complete crustacean mitochondrial genomes are available. Within these only four belong to

Branchiopods (Daphnia pulex, Triops cancriformis, Triops longicaudatus, and Artemia
fransiscana) (Valverde et al. 1994; Crease 1999; Umetsu et al.2002; Cook et al. 2005)
including only one cladoceran species (Daphnia pulex), even if though the Cladocera group
encompass approximately 750 species.
B. (E.) coregoni, newly described B. (E.) tanakai (Kotov et al. 2009), and Chydorus
brevilabris belong to Cladocera group and are all cyclic parthenogens. The first two named
can be found in pelagic zones of European and North American lakes and Japanese lakes,
respectively. Bosmina (E.) coregoni belong to the European Eubosmina species flock and
was introduced into the lakes on the east coast of North America some decades ago.
Chydorus brevilabris is littoral species of North American lakes, counterpart of European
Chydorus sphaericus.
Here we present the first complete mitochondrial genome sequences of three
branchiopod crustaceans, B. (E.) coregoni, B. (E.) tanakai, and Chydorus brevilabris. We
describe the complete mitochondrial genomes of these species and conduct a comparative
analysis of genomic attributes such as genome length, content, gene order, and codon usage.

Materials and Methods
DNA extraction, PCR, Sequencing
Bosmina (E.) coregoni was collected in Guelph Lake, Ontario, Canada, Bosmina (E.)
tanakai was collected from its type location, Ichiyanagi Numa, Aomori, Japan, and Chydorus
brevilabris was collected in Lily pond at the Reinstein Woods Nature Preserve in
Cheektowaga, NY, USA. We extracted DNA from single adult individuals by
homogenization and incubation in 25-45 µl of Quick-Extract (Epicentre) for 4 hours at 65 °C
followed by 2 min at 98 °C. The extractions from all three specimens were then amplified
into two overlapping fragments ~5 kb and ~10 kb for B. (E.) coregoni, C. brevilabri, and

significantly longer for Bosmina (E.) tanakai, using primers for the 16S rRNA and COI
previously designed for Bosmina (E.) coregoni and Bosmina (E.) tanakai. We performed
PCR in a 50 µl total reaction using 5 µl of extract, 5 µl of 10x PCR buffer, 8 µl of each of 10
mM dNTPs solution, 1 µl of each 10 µM primer and 2.5 unit of Taq polymerase (TAKARA
LA PCR kit ver. 2.1.). The PCR conditions were 29 cycles of 94 °C for 20 s, 62 °C for 15 s
followed by 72 °C for 10 min. For B. (E.) coregoni and C. brevilabris numerous primes were
then used to obtain DNA sequences from the amplified DNA using primer walking
techniques (Siebert et al. 1995), completely sequencing each of the fragments.
For B. (E.) tanakai, a modified shotgun method used by Murata et al. (2002) was used
to obtain the complete mitochondrial genome sequences. 20 µl of PCR product of both long
fragments ~9 kb and ~15 kb was diluted in 230 µl of ddH2O and sonicated to obtain smaller
fragments (100-1500 bp in length). After concentrating sonicated solutions of fragments into
50 µl, fragments were blunted (5µl of Klenow buffer, 1.2 µl of 10 µM dNTP’s, 2.5 U
Klenow, 2.5 U T4 DNA Polymerase – 30 min at room temperature and 10 min at 70°C),
phosphorylated (44 µl of previous mix, 5µl of 10x buffer, 1 µl Calf alk. Phosphatase - 30 min
at 37°C and 15 min ate 85°C), added ANTPs (21.9 µl purified previous product, 2.5µl of 10x
buffer, 0.1µl of 1 µM dNTP’s or ANTP’s, 1U of Taq polymerase -15 min for 72°C) and
ligated into a vector DNA and transformed with Escherichia coli cells (TOPO TA cloning kit
- Invitrogen). The cloned DNA was then sequenced using plasmid-specific primers.

Assembly and Annotation
Complete sequences were assembled in SEQUENCHER 4.7 for all three species. For
B. (E.) coregoni and C. brevilabris we then designed additional primers to obtain sequence
data in the other direction and then assembled with the original sequence data. The complete
mitochondrial sequence data of all three species was analyzed in Dual Organellar Genome

Annotation (DOGMA) (Wyman et al. 2004) which annotated the 13 protein-coding genes,
the 2 ribosomal RNA genes, and the control region, while the 22 tRNA genes were annotated
using ARWEN (Laslett and Canbäck 2008).

Results
Overall Genome Description
The B. (E.) coregoni and C. brevilabris complete mitochondrial genomes are 15,794
bp and 15,613 bp in length, respectively. The B. (E.) tanakai genome is extremely long with a
length of 19,670 bp and has multiple repeat motifs. There is a 1,365 bp A-T rich region
assumed to be the control region in B. (E.) coregoni. In B. (E.) tanakai, there is a 95 bp
region that is repeated 12 times in the control region and a 333 bp region repeated 3 times
following the control region. The control region of B. (E.) tanakai is located immediately
following the small ribosomal subunit, as in the ancestral pancrustacean state (Fig. 1). In C.
brevilabris, there were two A-T rich regions, one of 61 bp found immediately following the
small ribosomal subunit, and an additional 692 bp A-T rich region in between the tRNA-Arg
and tRNA- Phe (Table 1, Fig. 1).
The amount of non-coding spaces in between the genes (not termed intergenic spaces)
greatly varies among the three species with 327 bases in B. (E.) coregoni, 425 bases in C.
brevilabris, and 800 bases in B. (E.) tanakai. The locations and gene boundaries of most of
these intergenic non-coding spaces are unique to each species, although they do share some
locations of these spacers. All three species have an intergenic space between the proteincoding Nad4L gene and the tRNA-Thr, with a variable length of 24 bp in B. (E.) coregoni, B.
(E.) tanakai, and 78 bp in C. brevilabris. Additionally, all three species have an intergenic
space in between the protein-coding Nad1 gene and the tRNA-Leu gene, 11 bp in B. (E.)
coregoni, 21 bp in B. (E.) tanakai, and 30 bp in C. brevilabris. Both Eubosminas have an

intergenic space between tRNA-Leu and the large ribosomal subunit of 56 bp in B. (E.)
coregoni and 48 bp in B. (E.) tanakai and an additional intergenic space between the Cox1
protein-coding gene and the tRNA-Lue of 16 bp in B. (E.) coregoni and 14 bp in B. (E.)
tanakai. The degree of base overlap between coding regions also varies from 49 total bases of
overlap in B. (E.) tanakai, 72 bases in B. (E.) coregoni, and 298 bases in C. brevilabris. The
Nad5 and tRNA-His overlap in all three species as well as the Cyt B gene and tRNA-Ser
gene, both overlap positions are found in D. pulex.

Protein-Coding genes
All three species have each of the 13-protein-coding genes in the sequential order
found in the ancestral pancrustacean gene arrangement (Fig.1) which are also similar in
length (Table 2). The three initiation codons commonly found in all three genomes are
consistent with those found in D. pulex and other animal mtDNAs (Wolstenholme 1992),
although the use of codons varies across the three branchiopods species we describe. Some of
the protein-coding genes exhibit conserved codon usage with the same initiation codons seen
in D. pulex, while others genes had complete TAA or TAG termination codons (Table 3). The
remaining genes have incomplete termination codons consisting of only one T which is
commonly found in other mitochondrial genomes (Wolstenholme 1992). Due to the protein
coding genes overlapping the adjacent tRNA gene it has been proposed that the complete
termination stop codons are generated through posttranscriptional polyadenylation (Ojala et
al. 1981).

rRNa genes
The length of the large subunit for B. (E.) coregoni and B. (E.) tanakai is 1110 and
1129 bp, respectively, more similar to that of D. pulex. In all three species, the length of the

small subunit resembles that of D. pulex and ranged between 745-758 bp (Table 1). The
length of the large subunit rRNA gene is 1318 bp for C. brevilabris which is more similar to
that of the Branchiopod Artemia than D. pulex (Table 1).

tRNA genes
All 1-letter and 3-letter Amino acid codes used in the text and figures, respectively,
are listed in Appendix Table 1. The tRNA genes of the three species are between 61 and 73
bp in length and all tRNAs from the three species have the standard cloverleaf secondary
structure. Anticodon usage is highly conserved, identical across the three branchiopod
genomes we describe and with D. pulex and Drosophila. Although all three branchiopod
species protein-coding genes are arranged in the ancestral pancrustacean gene order, we
found some variation with the tRNA gene order and composition. B. (E.) tanakai has all of
the 22 tRNA genes with the two redundant tNRA-Ser and tRNA-Leu found in other
arthropods. In addition, the repeat region of 333 bp duplicated the tRNA-Ile twice, resulting
in 3 copies of this tRNA gene (Fig. 1). Chydorus brevilabris has, as well, all the 22 tRNA
genes with the two tRNA-Leu and tRNA-Ser genes, consistent with ancestral arthropods. The
tRNA-Phe gene is located before tRNA-Asn in C. brevilabris, rather than after the tRNA-Glu
seen in ancestral pancrustaceans (Fig. 1).
B. (E.) coregoni is missing three tRNA genes from their mitochondrial genomes,
tRNA-Ile, tRNA-Gln, and tRNA-Trp (Fig. 1). ARWEN failed to detect them and they could
not be located when positioned with homologues from other crustaceans. There are also
differences in the tRNA gene order with tRNa-Tyr located before the protein coding Nad2
gene rather than before the tRNA-Cys between the Nad2 and Cox1 genes. Finally, the tRNAVal was found located after the large ribosomal RNA subunit rather than in between the
small and large subunits as seen in ancestral pancrustaceans (Fig. 1).

Discussion
In this paper, we describe the mitochondrial genomes of three cladoceran species.
They all exhibit conserved codon and anticodon usage, along with a similar length of protein
coding genes and ribosomal coding genes to Daphnia pulex (Table 1, 2, 3). However, among
the three closely related branchiopods we describe, there was much variation in genome
content, length, and gene order. All three species have each of the 13 protein coding genes
and the two ribosomal RNA genes. B. (E.) tanakai and Chydoris brevilabris both have the 22
tRNA genes commonly found in ancestral pancrustaceans with B. (E.) tanakai exhibiting
duplications of the tRNA-Ile gene. Although B. (E.) coregoni has all the protein coding
genes, it is missing 3 of the tRNA genes, tRNA-Ile, tRNA-Gln, tRNA-Trp (Fig. 1). While the
assumed position where tRNA-Ile and tRNA-Gln would be found is located in a “hotspot” for
gene duplications and rearrangements, we cannot conclude if these missing tRNA’s in B. (E.)
coregoni are actually missing or a product of missing sequences. During the original
sequencing of this genome, there was difficulty in obtaining complete sequence data for this
region, and future additional attempts to sequence this region had failed due to the
unavailability of fresh live specimens. Therefore, at this time, we cannot conclude if these
two tRNA’s are indeed missing or are an artifact of the sequencing processes, which needs to
be further evaluated when live samples can be available. However, we are confident in the
sequence that indicated the missing tRNA-Trp in B. (E.) coregoni, which does actually
represent an actual gene loss which has been illustrated in other taxa (Gray et al. 1998; Lang
et al. 1999; Adams and Palmer 2003). Although the understanding of mitochondrial gene loss
remains poorly understood, it is predominately thought that tRNA gene loss reflects
differential usage of imported tRNA’s from nuclear origin (Adams and Palmer 2003).
The differences found in the length and base composition within the control regions
among closely-related taxa as in our study are common. The control region is a non-coding

region involved in the regulation of transcription and control of DNA replication that is often
characterized by high rates of evolution (Clayton 1982; Zhang and Hewitt 1996). In
invertebrates, the relative location of the control region also varies greatly as seen in the
genomes we describe (Wolstenholme 1992). Additionally, most invertebrate control regions
are more A + T rich than other regions of the genome as illustrated in the three Branchiopod
species (Table 1), (Zhang and Hewitt 1997). The size of the control region has also been
found to vary considerably among and within insect taxa, from 350 bp in many Lepidoptera
species to 1077 bp in Droshophila yakuba to over 4600 bp in D. melanogaster (Zhang and
Hewitt 1997). Among closely related taxa the length variation can be due to tandem repeats
in the control region as seen in B. (E.) tanakai, also found in other closely-related taxa
(Zhang and Hewitt 1997; Lewis et al. 1994; Duarte et al. 2008). Duplications of the genome
parts can rapidly generate length differences within and among species (Hale and Singh
1986; Harrison et al. 1985; Moritz et al. 1987). The coding regions in all three species are
common in length and therefore do not contribute to significant differences in genome size
(Table 1, Table 2). In B. (E.) tanakai, the extremely long length of its mitochondrial genome
is likely due to the combination of factors. For instance, B. (E.) tanakai exhibits numerous
tandem repeats both within and outside the non-coding control region, one of considerable
size (333 bp). Additionally, the genome of B. (E.) tanakai contains substantially more
frequent and longer non-coding intergenic spaces and fewer regions of gene overlap than the
other two branchiopods we describe and other crustaceans (Valverde et al. 1994; Crease
1999; Wilson et al. 2000). The presence of these intergenic spacers is often evidence for
previous gene duplications followed by deletions (Moritz et al. 1987), suggesting relative
more frequent duplication events in B. (E.) coregoni. Traditionally, mitochondrial evolution
has been viewed to favor genome size reduction through a reduction in the number of noncoding intergenic spaces and an increase in the degree of overlap among coding genes; as a

reduction in non-coding DNA presumably would result in a more efficient mitochondrial
genome (Boore 1999; Burger et al. 2007). Although mutations that cause duplications both
within the control region and among tRNA’s can potentially increase genomic length rapidly
(Moritz et al. 1987; Rand 1993, 2001; Macey et al. 1997), major length increases tend to be
relatively short-lived due to selection for smaller genomes (Boore 1999; Burger et al. 2007).
All of the gene rearrangements observed in our study occur among the control region
or tRNA genes. Neither B. (E.) coregoni nor Chydoris brevilabris exhibit the exact ancestral
pancrustacean gene order as seen in D. pulex (Fig 1) or found in any other branchiopod
crustacean suggesting high gene rearrangements in this group (Valverde et al. 1994; Crease
1999). In B. (E.) tanakai the sequential order of the genes is identical to the ancestral
pancrustacean state, although the three copies of tRNA-Ile make it unique (Fig 1).
Interestingly, also none of the three species described in this study have the exact gene order,
illustrating a high frequency of gene rearrangements among this group. Originally, gene
rearrangements were first thought to be rare (Boore et al. 1998; Boore 1999; Curole and
Kocher 1999) and have been used to make deep phylogenetic inferences such as clarifying
the sister relationship between crustaceans and hexapods (Boore et al. 1998). However, as
more complete mitochondrial genomes are sequenced, studies reveal mitochondrial gene
order to be more flexible than originally postulated even among closely-related taxa
(Rawlings et al. 2001; Dowton et al. 2002; Grande et al. 2008). Not only do mitochondrial
gene rearrangements occur more frequently than thought, also, numerous studies indicate
convergent gene rearrangements which have arisen through parallel evolution (Flook et al.
1995; Mindell et al. 1998; Morrison et al. 2002).
Specifically, tRNA genes have been found to undergo translocations more than any
other mitochondrial genes (Boore and Brown 1998; Dowton and Austin 1999; Silverstre and
Arias 2006) as seen in our study. They commonly occur, often are independently derived, and

for the most part appear to be selectively neutral (Boore and Brown 1998; Dowton and
Austin 1999; Dowton et al. 2009). Most of the tRNA gene rearrangements found in our study
follow the duplication/random loss model where regions of DNA are duplicated, followed by
deletions of partial or complete copies of one of the duplicated genes (Macey et al. 1997;
Arndt and Smith 1998; Singh 2008). This mechanism leads to gene rearrangements that do
not move from one strand to another and rarely move across multiple protein-coding genes
(Moritz et al. 1987; Macey et al. 1997; Dowton et al. 2009), as illustrated in our study.
Additionally, many of the gene rearrangements in the tRNA genes found among the three
branchiopod species we describe occur in “hot spots”, where tRNA rearrangements
frequently occur such as the region flanking the control region and that between the Nad3 and
Nad5 genes (Boore and Brown 1998; Boore 1999). In C. brevilabris, the control region was
likely duplicated and the copy in the original location following the ribosomal subunits has
been partially deleted (Fig. 1). Similar mechanisms have been identified to change the
relative position of the control region within other arthropods groups (Moritz et al. 1987;
Saito et al. 2005; Duarte et al. 2008). Additionally, many regions within the control region
and the tRNA-Ile gene of B. (E.) tanakai have been duplicated, which has also been found in
other arthropods (Jundqueira et al. 2004; Lessinger et al. 2004; Duarte et al. 2008). More
specifically, the frequent duplications and gene rearrangements we found among the tRNA
cluster of tRNA-Ile, tRNA-Gln, and tRNA-Met immediately following the control region
have been illustrated in other groups of arthropods (Saito et al. 2005; Oliveira et al. 2007;
Duarte et al. 2008) suggesting structural plasticity in this region of the genome.
The variation found in both the genome length and gene order is likely a result of
selection for smaller genome size coupled with mutations that result in replicating errors that
increase mitochondrial genome size (Rand 1993, 2001). Interestingly, we found much
variation in both genome length and the amount of gene rearrangements among the three

branchiopods, suggesting this mutation-selection balance is acting differently among these
three closely-related species. This variation in mitochondrial genome mutation-selection
balance has been found in other closely related taxa (Wolstenholme 1992; Zhang and Hewitt
1996; Rand 2001; Townsend and Rand 2004). Elucidating the ecological and evolutionary
causes that facilitate this variation among these closely-related species that occupy similar
ecological niches needs to be examined. Additionally, the understanding of comparative
genomics is in its infancy, and when the mechanisms that cause variation in attributes such as
gene content and length are better understood, they can be used to make inferences in
evolutionary relationships and trends within a group.
Conclusions
The three branchiopods we describe show much variation in the attributes of the
mitochondrial genomes. The three species all exhibit a unique gene order and variation in
genome length. This suggests a different mutation-selection balance among the three species
with mutations causing gene duplications and selection for small genomic size.
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Table 1. Some characteristics of mtDNA of studied species, Daphnia pulex and Artemia
franciscana.

Taxon

Daphnia pulex

Total Total
length (% A+T)
(bp)
15,333
62.3

lrRNA srRNA
length length
(bp)
(bp)
1314
753

Control
Control
region
region
length (bp) (% A+T)
689
67.1

B. (E.) coregoni

15,794

57.8

1110

733

1365

80.5

B. (E.) tanakai

19,670

68.9

1129

745

1459

81.2

Chydorus brevilabris

15,613

66.1

1318

758

692/61

74.2/65.3

Artemia franciscana

15,770

64.5

1153

712

1170

68.0

Table 2. Length (base pairs) of the 13 protein-coding genes of studied species genomes and
Daphnia pulex.

Daphnia
Gene

pulex

Bosmina

Bosmina

(Eubosmina) (Eubosmina)
coregoni

tanakai

Chydorus
brevilabris

Nad2

988

990

997

960

Cox1

1538

1531

1551

1551

Cox2

679

694

679

699

Atp8

162

172

165

159

Atp6

674

674

675

747

Cox3

789

789

789

855

Nad3

353

354

354

352

Nad5

1708

1711

1714

1713

Nad4

1321

1313

1323

1314

Nad4l

276

252

276

243

Nad6

513

516

513

513

CytB

1134

1152

1134

1134

Nad1

936

912

912

921

Table 3. Start/Stop codons for protein coding genes of the three studied species genomes and
Daphnia pulex.

Daphnia
Gene

pulex

Bosmina

Bosmina

Chydorus

Eubosmina

Eubosmina

brevilabris

coregoni

tanakai

Nad2

ATG/T

ATT/TAA

ATT/T

ATT/TAA

Cox1

A(TTA)

GTG/T

GTG/T

ATG/TAA

Cox2

ATG/T

ATG/TAA

ATG/T

ATG/TAA

Atp8

GTG/TAG

ATG/TAA

AAT/TAA

ATG/TAG

Atp6

ATG/T

ATG/TAA

ATG/TAA

ATG/TAG

Cox3

ATG/TAA

ATG/TAG

ATG/TAA

ATG/TAA

Nad3

ATT/T

ATT/TAA

ATT/TAA

ATT/T

Nad5

ATG/T

ATG/T

TTA/T

ATG/TAA

Nad4

ATG/T

ATG/T

ATT/T

ATG/TAG

Nad4l

ATT/TAA

ATT/TAA

ATT/T

ATA/TAA

Nad6

ATT/TAA

ATT/TAA

ATT/TAA

ATT/T

CytB

ATG/TAA

ATG/ATT

ATG/TAA

ATG/TAA

Nad1

ATG/TAA

ATT/TAA

ATT/T

ATG/TAA

Figure 1. Gene order of protein-coding genes, tRNA genes, the large and small ribosomal RNA subunits (Lrrna and Srrna, respectively) and the
control regions of the three described cladoceran species in this study along with the ancestral pancrustacean gene order. Solid arrows indicate
any gene rearrangements that differ from the ancestral pancrustacean states. Dotted arrows indicate missing tRNA’s that need to be further
evaluated in order to confirm. The 1-letter amino acid codes are listed in Appendix Table 1.

Appendix
Table 1. List of amino acid and their 1-letter and 3-letter codes.
Amino acid
Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucin
Leucin
Lysine
Methionine
Phenylalanine
Proline
Serine
Threonine
Trp
Tyr
Valine

3-letter code
Ala
Arg
Asn
Asp
Cys
Glu
Gln
Gly
His
Ile
Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val

1-letter code
A
R
N
D
C
E
Q
G
H
I
L
K
M
F
P
S
T
W
Y
V

