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Chapter 1

General Introduction




Chapter 1 — Introduction

WHY ARE THERE SO MANY DIFFERENT KINDS OF ANIMAL SPECIES?®
Hutchinson, 1859

Background

High biodiversity has traditionally been associated primarily with the old tropical ecosystems,
where high productivity and the great variety of different niches allow the coexistence of many
different species. It is therefore relatively new to science that the marine ecosystems of the cold
and inhospitable Antarctic are much more diverse in terms of species numbers than previously
thought. While taxonomists and systematic biologists are still in the process of discovering the
unknown treasures to make them available for science, evolutionary biologists and ecologists
alike adopt the frequently asked, central question in biology in the Antarctic and ask “why are
there so many species in the marine Antarctic benthos?”
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1.1 The Antarctic

The Antarctic is a uniquely extreme region on Earth. Antarctica is the coldest, windiest, driest,
highest and most isolated continent on Earth. The surrounding Southern Ocean is characterized
by extraordinarily strong current systems and constantly low water temperatures within a range of
-1.86 to +2.0°C. Formerly, the Antarctic continent was part of the large southern supercontinent
Gondwana. After its break-up, approximately 180 Myr ago, the East and West Antarctic plates
drifted polewards and collided, forming the continent Antarctica, surrounded by a continuous
ocean system (Lawver et al. 1992). In the late Eocene (37-33 Myr BP) the separation of the
Australian plate from Antarctica triggered the severe cooling of the Antarctic (Kennett 1977).
Reduction in global CO, concentration is discussed as another major triggering mechanism of
global cooling (Barrett 2003, DeConto and Pollard 2003, Barker and Thomas 2004), although this
is still controversial (Veizer et al. 2000, Shaviv and Veizer 2003 but see Royer et al. 2004).
Between 30 and 24 Myr ago, the opening of the Drake Passage (Barker and Burrell 1977, Barker
et al. 1982, Lawver et al. 1992, Livermore et al. 2005), the last continental bridge between
Antarctica and South America, enabled the development of a very strong continuous current
system: the Antarctic Circumpolar Current (ACC), also termed West Wind Drift with respect to the
underlying forces (Fig. 1). The Southern Ocean was formed as an independent, circumpolar
Ocean, thermally isolated from the upper water layers of all other oceans (but see Clarke et al.
2005). The mild ‘greenhouse’ conditions prevailing in the Cretaceous shifted to harsh ‘icehouse’
conditions during the Eocene (Fig. 2). A permanent ice cover was established over major areas of
the continent in the early Oligocene with sea ice and shelf ice recurrently covering major parts of
the marine habitats (Barron et al. 1991). For Antarctic terrestrial and marine life, this major shift in
environmental conditions demanded fundamental physiological and behavioural adaptations as
life in Earth’s largest freezer’ (Thatje et al. 2008) is extremely challenging on all organizational
levels (Clarke 1983, Portner and Playle 1998, Poulin et al. 2002, Pértner et al. 2007). Many
species, in particular terrestrial ones, could not cope with the profound climate change and went
extinct (Dayton 1990, Knox 1994, Crame 1997 for review). However, despite the harsh climatic
conditions physical disturbances by ice scouring (Gutt 2001, Gutt et al. 2004, Barnes and Conlan
2007) the marine Antarctic realm houses a very diverse biota, in particular in the benthic faunal
communities on the Antarctic shelf, which contrasts the extreme paucity of Antarctic terrestrial life
(Convey 2001, 2003). Due to the strong isolation and the distinct current regimes, the Antarctic
shelf with its benthic inhabitants provides a unique natural laboratory to study and test
evolutionary hypotheses concerning colonization of and speciation.
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Figure 1: (left) Map of the major current systems in the Southern Ocean and the neighbouring ocean basins in the
southern hemisphere, south of 20°S. The Antarctic Circumpolar Current (ACC) is the strongest current system of the
world's oceans characterized by a fast eastward drift of the surface water layers between the Subantarctic Front and the
Polar Front. Depths less than 3500 m are shaded grey. Modified after Rintoul et al. (2001). Figure 2: (right) Change of
the climate during the last 70 million years as inferred from oxygen isotopes. Adapted from Poulin et al. (2002).

1.2 The marine Antarctic benthos

The marine Antarctic benthos reveals a unique and diverse fauna, which differs significantly from
other known benthic communities (Knox and Lowry 1977, Dayton 1990, Clarke 1992, Arntz et al.
1994, 1997, Knox 1994, Clarke and Johnston 2003, Gutt et al. 2004). Many of the benthic taxa
produce a relatively small number of lecitotrophic eggs, which they fertilize and brood in the
interior of their body (Dell 1972, Picken 1980, Luxmoore 1982, Clarke 1991, Arnaud 1992, Hain
and Knox 1994, Poulin and Feral 1996). This predominance of K-strategists is interpreted as a
result of adaptive convergence in evolutionary time scales as a response to polar conditions with
strong seasonality (White 1977, Clarke 1979, 1980).

Recent biodiversity analyses estimate species number as high as 4100 species (Clarke and
Johnston 2003), which is much higher than previously thought. Species numbers are however
systematically underestimated because of two fundamental problems: (1) the still poor sampling
effort around the Antarctic, in particular the East Antarctic, leaves many species go unnoticed. All
expeditions to unexplored regions detect animal species, which are new to science. (2) Many
species that were assumed to have a broad distribution simply consist of a flock of
morphologically indistinguishable, i.e. cryptic species (Allcock et at al. 1997, Page and Linse
2002, Held 2003, Lee et al. 2004, Held and Wagele 2005). As a consequence, species number in
the marine Antarctic benthos is probably underestimated by an order of magnitude (Gutt et al.
2004).

Precise estimates of species numbers are important for biodiversity studies and analyses of
the underlying ecological and evolutionary processes in general (Rosenzweig 1995). For the
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Antarctic region in particular, the recent findings of many closely related cryptic species with
smaller, allopatric or parapatric distribution ranges in the Antarctic benthic taxa, however
challenge what had become an almost unquestioned biogeographic paradigm in Antarctic benthk;
research for many decades: The concept of circumantarctic distribution of many species (Dayton
1990, Arntz et al. 1994, Clarke 1996, Clarke and Johnston 2003). For the notothenioid fishes
(Eastman and McCune 2000) and the Antarctic serolid isopods (Held 2000) radiations on the
Antarctic continent after thermal isolation have been documented. The recent findings add
additional support that many species do not solely represent the remnants from the warm Eocene
(Crame 1994) that were able to physically adapt to the harsh conditions, but new, Antarctic
lineages. Recent phylogenetic studies provided evidence against the commonly held opinion that
evolution might be retarded in the Antarctic (Held 2001, Lanfear et al. 2007). While these data
continuously add to our knowledge on Antarctic biodiversity, the central evolutionary question

about the origin of this high biodiversity, i.e. the nature of the ‘diversity pump’ (Clarke and Crame
1992), remains subject of speculations.

Recurrent large-scale glacial disturbances

The lack of obvious physical barriers on the shelf at present coupled with the strong current
regimes are seen to promote gene flow counteracting genetic differentiation which is necessary
for speciation. While knowledge about other microevolutionary processes promoting speciation
even in parapatric or sympatric conditions increases (Knowlton 1993, 2000, Palumbi 1994) the
most parsimonious explanation for speciation in the Antarctic have often been the scenarios
invoking habitat fragmentation by glacial advances in the Pleistocene (2 Myr — 20 Kyr BP, e.g.
Clarke and Crame 1989, 1992, Crame 1997, Aronson and Blake 2001, Thatje et al. 2005).
During the recurrent glacial periods on Milankovitch periods (Imbrie et al. 1993) grounded shelf
ice advanced as far as to the outer continental shelf in most but not all parts of the Antarctic shelf
(Anderson et al. 2002, Huybrechts 2002, Evans et al. 2004, Ingolfsson 2004) (Fig. 3). While the
high biodiversity of endemic sessile or largely immobile benthic taxa on the shelf indicates that
the shelf fauna must have survived the glacial periods in some sheltered regions it remains an
open question where and how they survived glacial periods when most of the habitat was
eradicated by massive glaciers (Fig. 4). It is still untested, whether these conditions are ultimately
responsible for speciation by historical allopatric fragmentation by means of massive grounded
ice caps for several ten thousands of years. In particular, as the mobility of many brooding
species is more restricted than that of species with pelagic larvae (Palumbi 1994, Bohonak 1999),
even minor glaciations might have sufficiently reduced gene flow thus aliowing for speciation
even under para- or peripatric conditions. If population sizes underwent a severe bottleneck
during the harsh glacial periods this further explains rapid divergence and speciation on the
Antarctic shelf. Demographic histories of Antarctic fish species were shown to be different from
those of pelagic fishes, which has been interpreted as a consequence of the glacial influences on
population structure (Janko et al. 2007). Consequently, a scenario of historical allopatric
fragmentation of populations and lineage sorting within these during glacial maxima are regarded
a plausible mechanism of frequent allopatric speciation of benthic taxa on the Antarctic shelf. The
few studies conducted on benthic isopods support this scenario (Held 2000, 2003, Held and
Wagele 2005). However, direct, molecular genetic evidence for such a scenario is rare and only
from results of a pioneer study on benthic fishes (Janko et al. 2007).
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Figure 3: Maximum extent of grounding shelf ice around the Antarctic continent during the last glacial maximum (black
line) according to Anderson et al. (2002), Evans et al. (2004). Dashed parts of the line refer to estimates of the extent of
grounded ice. White numbers are estimates of the minimum age (in 1,000 years) of ice-sheet retreat from the Antarctic
shelf during deglaciation based on radiocarbon dating (Anderson et al. 2002).
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Figure 4: Vertical profile of the Antarctic shelf region at interglacial periods (left) and glacial maxima (right). Grounded
shelf ice advanced as far as to the continental shelf break during glacial maxima, erasing most of the habitat available
for the shelf fauna. Modified after Thatje et al. (2005), see also Brey et al. (1996).
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1.3 Study case: serolid isopods (Isopoda, Serolidae Dana, 1852)

The Serolidae Dana, 1852 are a family of marine benthic isopods predominantly distributed on
softbottom habitats on the continental shelves of the Southern Hemisphere (Wagele 1994, see
Martin and Davies 2001 for taxonomic positioning). Some species also colonized deep-sea
habitats and few extended their ranges into the northern hemisphere. There are currently 88
described species in 21 genera (retrieved March, 11th, 2008, from the Integrated Taxonomic
Information System online database, http:/www.itis.gov.) This number must be regarded as
provisional due to recent findings of cryptic species (Held 2003, Leese and Held 2008, Held in
prep.). The Antarctic serolid isopods were demonstrated to represent a monophyletic clade with
closest relatives found on the shelves of South America (Held 2000). This makes this group the
second animal group after the notothenioid fishes (Eastman and McCune 2000) for which the
existence of an Antarctic species flock has been demonstrated. Like all other peracarid isopods
the Serolidae brood their offspring in a ventral brood pouch, the marsupium, and lack free-
swimming distribution stages.

Serolids are a model taxon for studying microevolutionary patterns in the Antarctic as (1) they
are a particularly successful taxon group with many endemic Antarctic taxa (Brandt 1991, Wagele
1994, Held 2000), (2) there are numerous studies on their ecological, physiological and
biogeographical characteristics (Clarke 1982, Luxmoore 1982, 1984, Wagele 1986, 1987, 1994,
Brandt 1988, 1991, Held 2000, Held 2001, Held 2003), and (3) members of the Serolidae with
very similar life strategies inhabit also Subantarctic islands and cold-temperate shelf areas, which
allows a comparative analysis to distinguish between population genetic features that are due to
their life strategy (low mobility, few descendants) and those that are a result of the history of the
inhabited niches (Antarctic shelf with recurrent disturbances). In the context of Southern Ocean
history, the three aspects in the center of analysis in this thesis, are (1) the population genetic
structure of species and the amount of gene flow between populations, (2) the population genetic
diversity in different regions of a species and (3) patterns of historical reductions or expansion of
the effective population size as a response to fluctuating conditions such as glaciations. These
three aspects will be investigated using one model species from the High Antarctic shelf
(Ceratoserolis n. sp. 1), one from remote Antarctic and Subantarctic islands (Septemserolis
septemcarinata), and, for comparison, one from the Magellan Region (Serolis paradoxa) (Fig. 5).

Figure 5: Three serolid isopods from the Southern Hemisphere, which were studied in this thesis: (left) Ceratoserolis
trilobitoides sensu Wagele 1986 from the Antarctic (drawing: Dr. Christoph Held), (middle) Septemserolis
septemcarinata from Subantarctic islands (drawing: Brandt, 1991) and Serolis paradoxa from the Patagonian shelf
(drawing: Wagele, 1994). Not drawn to scale.
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1.4 Molecular markers for Antarctic population genetics

Molecular markers for population genetic or phylogenetic studies differ in their resolution, the time
and costs needed for setup and their reproducibility (Avise 1994, Sunnucks 2000, Schiétterer
2004 for reviews). The choice of a molecular marker system has frequently been made on the
basis of availability or was ‘just a matter of fashion’ (Schiétterer 2004) rather than being the well-
considered selection based on the resolution needed for the scientific question to be addressed.

For phylogenetic studies, which address questions on splitting events of major taxonomic
lineages (genera, families, classes etc.), conserved single-locus DNA markers, which suffer little
from multiple substitutions, are the matter of choice in general. For studies aimed at describing or
validating species status (‘Barcoding’), fast evolving markers are preferred (e.g. COI, 16S, 18S,
28S rDNA). For population genetic questions dealing with the distribution of genetic variability
among populations of a single species, even more variable, preferably independent and co-
dominant markers should be applied (Held and Leese 2007). In Antarctic population genetic
research such variable markers were previously only applied to few vertebrate or economically
important invertebrate species (see Held and Leese 2007 and literature cited within). For the
Antarctic benthos, most studies utilized gene sequencing applying universal primers (e.g. Simon
et al. 1994). No study so known to the author isolated most informative microsatellite markers,
which on the other hand are the most variable and informative marker system for population
genetics and therefore the method of choice for the present thesis.

Microsatellites are genomic regions with a tandemly repeated nucleotide motif with a unit
length of 2-6 bp, e.g. 5~ACACACACACACAC-3' (AC) (see Chambers and MacAvoy (2000) for
an overview over the different definitions). They are particularly variable (Weber and Wong 1993,
Schistterer 2000), which makes them extremely useful for population genetic or individual
assignment studies, where much variation at taxonomically low levels is needed (Selkoe and
Toonen 2006, see Fig. 1 in Held and Leese 2007). Their application for more exploratory studies
is still growing (Fig. 6), in particular for more exploratory studies.

The source of the uniquely high polymorphism of most microsatellites is the result of errors in
the replication machinery of the cell (see Fig. 7). The most frequent mutational process is the so-
called slip-strand mispairing, SSM (Levinson and Gutman 1987). The dominance of this
mutational mechanism has profound consequences on the inference of differentiation between
closely related populations, as mutations cannot be neglected if populations diverged
independently over several hundreds of thousands of generations, making the effects of mutation
great. Under these scenarios, it must be considered that alleles of similar sizes are more related
to each other than alleles with larger size differences, which are accounted for in RsT analyses.
This issue will be discussed in the next section on differentiation parameters.
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1.5 Population structure

The main topic of this thesis is to infer the genetic structure of genetic polymorphisms within
species of serolid isopods and to interpret the structure in the context of the species’ history.

In most species, genetic diversity is partitioned among groups of individuals, which are often
termed ‘populations’ (see Waples and Gaggiotti (2006) for a discussion of the term ‘population’).
Manifold causes may be responsible for this heterogeneous distribution of genetic
polymorphisms, including present or historical, visible or invisible environmental barriers,
behavioural or life history traits. From a genetic perspective, the extent to which populations may
become subdivided, is determined by four predominant microevolutionary forces (Fig. 7):
Random genetic drift, independent mutation and selection promote the divergence of isolated
populations whereas gene flow between populations homogenizes the gene pool and precludes
local adaptation and will also counteract the process of speciation (Barton and Hewitt 1985).

Gene Flow

Genetic drift Genetic drift

Population 1
Ne p -

Population 2
Ne y

Selection
Mutation

Selection
Mutation

Figure 8: Microevolutionary processes that drive and counteract the disruption of a once contiguous gene pool of two
populations.

Gene flow is proportional to the number of migrants m, which successfully mate with
individuals from the other population. Random genetic drift is anti-proportional to the effective
population size Ne and thus more severe in smaller populations. This has the consequence that
the probability of differentiation is larger for population that experienced dramatic declines in
population sizes due to a bottleneck or a founder event. Small and isolated populations may be
severely endangered because due to strong genetic drift their evolutionary potential will be
affected through low allelic diversity and fixation of deleterious mutations (Hartl and Clark 1997,
Higgins and Lynch 2001). In terms of genetic markers, genetic drift affects the nuclear DNA
markers less than organellar DNA markers (e.g. mitochondrial DNA), as the effective population
size of organellar DNA is four times smaller (Birkey et al. 1983, Ballard and Whitlock 2004).

The number of mutations at neutral loci accumuiates proportional to the time t (Kimura 1983).
Markers with high mutation rates accumulate changes faster and are consequently more
sensitive in detecting even recent subdivision of two populations. However, with increasing time
the number of homoplasious mutations increases, leading to an underestimation of differentiation
due to identity-in-state rather then by identity-by-descent. The classic population genetic statistics
derived by Wright (1931, 1951, 1965) does not account for this. However, this ‘homoplasy-trap’
(Wagele 2001) must be considered in particular when the time of independent evolution in
subpopulations is not negligible, in particular for fast evolving markers such as microsatellites.
The two most common used differentiation statistics, F- and R-statistics, differ in particular in this
respect of incorporating mutation in their assumptions:

VR

10
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For classical Fsr estimates (Wright 1951, 1965) assuming an island model of migration, the

amount of population differentiation is simply a function of the number of migrants, if mutation is:
negligible.

1
4Ne + m(+p)

Fst =

For a bi-allelic locus, Wright introduced an approach to partition the genetic variation in a
subdivided population that is undoubtedly the most commonly used one until today. However, the
statistical background was slightly modified to account for multiple alleles and to allow a statistical
analysis of the significance of differences in an Analysis of Variance Framework, e.g. Weir and
Cockerham (1984). They defined Fst as a correlation coefficient that estimates the probability
that two alleles from two subpopulations share a common ancestry:

Qs-Qr
1-Qr

Fst =

where, Q refers to the probability of identity-in-state (11S) for pairs of genes either between
individuals within a subpopulation (Qs) and between subpopulations (Qr). All calculations rely on
calculating variances within and between subpopulations for the alleles observed. The drawback
of F-statistics is that it assumes that mutation is small compared to mutation (m >> p) and
therefore genetic drift is the dominating microevolutionary force to partition genetic variability.
While this scenario is appropriate for population genetic analyses on a small temporal scale with
fast evolving markers, the assumption of m >> p is strongly violated when using microsateliites to
infer population structure that might have built up over a long time. Therefore, Slatkin (1995)
proposed to implement the mutation model of microsatellites, the stepwise mutation model (see

_ Wr- Ws
Wr
Fig. 7) to this formula by:

Rsr

where Wy is the mean squared difference in allele size between the total number of pairs of
alleles. Wg refers to the mean sum of squares of differences in allele size within each
subpopulation. Consequently, Rst is the fraction of the total variance of allele size that is between
populations. The two allele models that underlie the two different statistics are (1) the Infinite
Allele Model, IAM, and (2) the Stepwise Mutation Model, SMM:

(1) The 1AM was proposed by Kimura and Crow (1964). This mutation model assumes that
each mutation creates a new allele not previously present in the gene pool at a given
mutation rate p. Allele sizes are not predictable and relatedness of alleles cannot be
inferred. Similar alleles in this model share the same ancestry and are identical-by-
descent. This model is assumed for the calculation of F-statistics following the
assumption that mutation is great of mutation (m>>y), i.e. differentiation is mainly caused
by random genetic drift.

11
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(2) The SMM was proposed by Otha and Kimura (1973). The model assumes each mutation
creates a new allele that differs by +1 or - 1 repeat unit from the ancestral allele for a
microsatellite locus. The probabilities of adding or deleting are p/2. Consequently, this
model allows for homoplasy by stating that identical alleles are not necessarily identical-
by-descent. In particular when divergence between two populations is large, neglecting
mutation may severely underestimate the true amount of divergence. Under a SMM, the
allele size keeps information about the relatedness of alleles, i.e., alleles of very different
sizes are expected to be more distantly related than alleles of similar size. This is the
underlying model assumed in R-statistics (Slatkin 1995, Rousset 1996).

Both models assume that there are an infinite number of possible allelic states. For
microsatellite loci empirical evidence supports that there is an upper limit of microsatellite lengths
(Nauta and Weissing 1996). Although several microsatellites with a length of several thousands
of nucleotides were detected (Mayer et al. in prep.), most microsatellites are in the range of 5 to
50 repeat units. For populations that were separated for a long period, high mutation rates will at
a certain point start to deflate Rst estimates. Fgr estimates are much less affected by this
phenomenon (Balloux et al. 2000, Balloux and Lugon-Moulin 2002). The same effect is observed
when mutations deviate from a strict SMM (Balloux et al. 2000). All the points raised make clear
that neither F- nor R-statistics are ‘better’ in general. If little is known about the degree of isolation
among populations, the mutation rate of the markers and the mutational mechanisms, both
methods should always be applied and compared (Balloux and Lugon-Moulin 2002). To make Fst
values comparable among studies using different markers and most important to make an
understanding of the relative amount of the fixation of different alleles, Fst values should be
standardized, as they often do not reach the theoretical maximum of 1. This approach was
suggested by Hedrick (2005) and extended in a variance framework by Meirmans (2006) based
on the principle of estimating the maximum possible Fsr for a sample set (no alleles shared
between populations) and subsequently dividing the observed Fst by FsTmax-

Beside the summary statistics based analyses method, molecular genetic toolbox however
encompasses more sophisticated analytical methods, in particular Maximum Likelihood and
Bayesian approaches, which should be considered.

Bayesian inference of population structure

The drawback of F- and R-statistics for detecting population structure is that both approaches are
summary statistics (Fst: variances of allele frequencies, Rst: variances of allele lengths) and a
descision has to be made a priori about which specimens to treat as one population. Especially,
when working on largely unknown marine species that were caught from largely unknown
habitats such as Antarctic marine bottom sediments, it cannot be assumed that all organisms
collected by bottom trawling over several kilometres belong to a single panmictic population.
Although approaches exist that utilize the inbreeding coefficient Fis to detect cryptic
subpopulations (Goudet et al. 1994) there are now more powerful Bayesian approaches
implemented to account for this problem. Bayesian inference methods utilize not only summary
statistics but all genotypic information under various models (admixture/no admixture, allele
frequencies correlated/not correlated; see Pritchard et al. 2000, Falush et al. 2003) to calculate
the posterior probability of the data observed for a range of parameters such as the putative

12



Florian Leese — Population genetics of selected serolid isopods

number of populations K assuming Hardy-Weinberg equilibrium within populations (Pritchard et
al. 2000, Falush et al. 2003, Evanno et al. 2005, Chen et al. 2007).

inPr(D] K.,

These estimates allow facilitate to detect even cryptic population structure and in addition they
allow characterization of hybrids or migrants (Falush et al. 2003).

Haplotype networks phylogenetic trees and Nested-Clade Analysis

For sequence data of the mitochondrial DNA fragments investigated in this thesis, pairwise
genetic distances were calculated within and between populations to assess the amount of
sequence differences between populations, and to test for typical bimodal distributions in the
pairwise differences indicating population structure. In addition, haplotype networks of
intraspecific polymorphisms (Posada and Crandall 2001) and Neighbor-Joining trees (Saitou et
al. 1987) were calculated to visualize the partitioning of intraspecific genetic polymorphisms. No
attempt to estimate the true number of substitution events based on a substitution model was
performed due to the low taxonomical level investigated. Models generally perform an upward
correction of the substitutions, while at population levels may generally lead to much greater
genetic distances due to in particular effects of genetic drift that bias the phylogenetic signal of
sequence data at population level (Maddison and Knowles 2006). To distinguish between

population structure and population history, Nested-Clade Analysis (Posada et al. 2006) was
conducted based on mitochondrial DNA haplotype networks.

1.6 Population diversity

Several approaches exist to comparatively estimate the genetic diversity of a population. For
multiallelic loci, the allelic diversity, i.e., the number of different alleles in a population was often
used as a measure. However, this measure depends highly on sample size and in particular in
Antarctic research, sample sizes vary greatly and are generally low. A better estimator for
multiallelic data, which is not sample size dependent, is the amount of expected heterozygosity
(He), also called gene diversity (Nei 1987). H, refers to the chance that two randomly chosen
allels from a population are different and is expressed by the formula

2
He=1-3p

where P, is the frequency of the ith allele. Values range from 0 to 1. This measure was used to
assess population genetic diversity of populations based on microsatellite data in this thesis. For
sequence data, the haplotype diversity and pairwise nucleotide diversity were calculated
according to Nei (1987).

1.7 Population demography (present and historical)

Effective population size (Ne) is a central concept in population genetics, introduced by Sewall
Wright in 1931 (Wright 1931). While the census population size (N.) refers to the total number of
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individuals in a population, N is the number of individuals of a population that contribute to the
gene pool of the next generation. Studies have shown that N, is often several orders of
magnitude smaller than N, in particular for marine species (Hedgecock 1994, Tumer et al. 2002,
Hutchinson et al. 2003). Small effective population size increases the rates of inbreeding, loss of
genetic variation and fixation of slightly deleterious alleles (Nei et al. 1975, Maruyama and Fuerst
1985, Hartl and Clark 1997 for review). Thereby, small N, reduces the evolutionary important
adaptive potential of a species, increasing the probability of extinction (Vrijenhoek 1994,
Frankham 1995, Lynch et al. 1995). The finding that abundant (in terms of N;) species may have
a very small effective counterpart (Ng), i.e. a low Ne/N,; ratio, has the counterintuitive
consequence that even millions of individuals in a populations may not suffice to maintain genetic
integrity. Thus, the effective counterpart of population size that determines evolutionary capacity
of a population must be determined in this context.

Genetic methods are increasingly used to estimate present N.. Several theoretical
approaches toward estimating N have been proposed (see Wang 2005 for review). The most
popular, temporal method is based on estimating N, utilizing information on the rate of change in
allele frequencies between samples of one population taken at two or more different points in
time under the assumption that only genetic drift is responsible for the change in allele
frequencies (Krimbas and Tsakas 1971, Nei and Tajima 1981, Waples 1989). The linkage
disequilibrium (LD) method that utilizes information from one sample for estimating N, has
received little attention since its theoretical implementation by Hill (1981), primarily as it was
found to be biased when sample size is low (England et al. 2006). However, Waples (2006)
introduced a correction procedure that accounts for this bias, which now makes this method
attractive in particular for studies where no temporal sampling is possible. This criterion for a
method is in particular important for Antarctic studies as for different sampling sites in general
there are no systematic temporal sampling schemes. This method is consequently used with the
bias correction method (Waples 2006) to calculate present Ne for populations of the serolid
species investigated in this thesis.

While estimates of contemporary N is of considerably interest to predict the populations
future evolutionary capacity, evolutionary biologists are also interested in particular to make
inferences on the past demographic history as this may often directly be linked to processes that
shaped the present day distribution of the population (Hewitt et al. 2000). For allele frequency
data it was shown that severe reductions in N, lead to a much faster reduction of the number of
alleles than in the expected heterozygosity (Nei et al. 1975, Maruyama and Fuerst 1985).
Consequently, a low number or alleles and a significantly larger heterozygosity than expected for
the number of alleles under equilibrium conditions indicate a recent bottleneck (Cornuet and
Luikart 1996, Luikart et al. 1998). This method is applied in this study to test for recent
bottlenecks in the populations of the serolid isopods investigated.

In addition, information from mitochondrial sequence data, which are less variable but have a
fourfold smaller population size (Birkey et al. 1983) and may be therefore more susceptible to
random genetic drift are also obtained by sequencing a fragment of the COI or 16S rDNA.
Information on population demography from sequence data are assessed by calculating indices
originally developed to detect genes that deviate from the expectations of neutrality, i.e.
deviations from mutation-drift equilibrium: Tajima's D (Tajima 1989) and Fu's Fs (Fu 1997).
Tajima’s D depends on the magnitude of differences between the number of differences between
the number of segregating sites (S) and the average pairwise nucleotide differences ().
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Population expansions after bottleneck or founder events inflate S relative to . Consequently,
this statistic tends to be negative when there is an excess of recent mutations (or rare alleles).
Fu’'s Fgs statistic is based on the probability of finding a number of alleles greater or equal to the
observed number in a sample drawn from a stationary population and is even more sensitive in
detecting population expansions from smaller samples (Ramos-Onsins and Rozas 2002). In
addition, pairwise mismatch analyses were performed by plotting pairwise distances among
specimens and testing the distribution of the function against a function predicted by a sudden-
expansion model (Rogers and Harpending 1992, Scheider and Excoffier 1999).

1.8 Obijectives of this thesis

Despite a growing number of studies on phylogeny, biogeography and physiology of Antarctic
benthic taxa, little is known about microevolutionary patterns. No study known to the author
applied high resolving nuclear markers such as microsatellites or AFLPs to study population
structure, gene flow, gene diversity and demographic processes in Antarctic benthic invertebrates
to provide direct evidence for the realized dispersal capability of the low mobile brooding species
or for evidence of refuge areas on the shelf.

The finding of broadly distributed brooding species along the Antarctic shelf and on remote
Antarctic islands is largely based on morphological evidence. While for some species, e.g.
Ceratoserolis n. sp. 1 (group 1 in Held 2003), one cryptic species of the Ceratoserolis trilobitoides
(Eights, 1833) complex, molecular studies revealed that specimens from both sides of the
Weddell Sea in fact belong to one species based on distance criteria defined by Held (2003),
such empirical evidence is lacking for brooding species from the remote Antarctic Islands such as
Septemserolis septemcarinata (Miers, 1875). In view of the strong isolation between the islands it
seems highly implausible that gene flow between istands can be maintained. While in the
Antarctic glaciations might have imposed a severe fragmentation of habitats the other case can
be expected from the Magellan Region: Shallow water isopods of the species Serolis paradoxa
(Fabricius, 1775) from the Patagonian coast and the Falkland Islands are today isolated by
several hundreds of kilometres sea exceeding the species vertical distribution. However, during
glacial maxima sea level was much lower and might thus have promoted gene flow in this region.

Central aspects of this thesis are:

1. Development of a laboratory and computational strategy to isolate microsatellites from
anonymous genomes with little effort in short time to make microsatellites more attractive
for exploratory studies working with genetically relatively unknown species.
Target species:

a. Ceratoserolis n. sp. 1 from the High Antarctic shelf
b. Septemserolis septemcarinata from remote Antarctic and Subantarctic islands
c. Serolis paradoxa from the Strait of Magellan and the Falkland Islands

2. Analysis and discussion of patterns of genetic structure, gene flow, genetic diversity and
demographic processes in these species in context of the climatological and geological
history. The questions are in particular:

a. Ceratoserolis n. sp. 1
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i. Do we find population genetic evidence that Ceratoserolis n. sp. 1 survived
glacial advances in two independent refugia?
ii. Did the glacial advances lead to severe bottleneck events?
iii. How mobile are species?
iv. Are species further to the south genetically less diverse due to more
severe environmental conditions?
b. Septemserolis septemcarinata
i. Do populations on the highly remote islands represent populations of one
species or are they morphologically indistinguishable, cryptic species with
now overlap in allele spectra?
ii. Are the small and young islands less diverse than old and large islands as
would be expected based on the Island Biogeography Theory (MacArthur
and Wilson 1967)?
c. Serolis paradoxa
i. To what extent do populations from the Falkland Islands and the Strait of
Magellan presently exchange genes?
ii. Did the recurrent glaciations have an influence on population structure?
ii. Did the recurrent glaciations that resulted in much lower sea levels allow
dispersal of this species to maintain genetic integrity between regions?

1.9 Outline of this thesis

The thesis consists of this introduction (chapter 1), eight chapters corresponding to scientific
publications and manuscripts on the development and analysis of molecular markers on serolid
isopods (chapters 2-9) and a chapter that summarizes the results and points out their importance
for present and future Antarctic research {(chapter 10).

The eight manuscript chapters discuss the necessity of a microevolutionary framework to study
Antarctic biodiversity (Chapter 2) and develop an innovative laboratory and analytical framework
to isolate appropriate markers from anonymous genomes (Chapter 3 and Chapter 4). The
development of three highly informative marker sets for three serolid isopods is discussed in
chapter 5 and chapter 6. In chapters 7-9, the novel markers are used together with a
mitochondrial marker to analyse the population genetic structure, diversity and the present and
past demography of three serolid isopods: from the high Antarctic shelf (chapter 7), from remote
Subantarctic Islands (chapter 8) and from the Strait of Magellan and the Falkland Islands
(chapter 9).
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Abstract

The Southern Ocean is surprisingly rich in species that coexist in one of the most extreme
environments on Earth yet the processes leading to speciation in this ecosystem are not well
understood. To remedy this, tools that measure the genetic connectedness within a species are
needed. Although useful for phylogenetic purposes, the readily available mitochondrial markers
(e.g. 16S, COIl) suffer from numerous shortcomings for population genetics. Therefore, molecular
markers are needed that are sufficiently variable, unlinked, bi-parentally inherited, and distributed
over the whole genome. We argue that microsatellites are suitable markers that have not been
widely used in exploratory studies due to their difficult initial set-up. Working with the
Ceratoserolis trilobitoides species complex (Isopoda), we demonstrate that using a novel protocol
many microsatellites can be identified quickly. An increased availability of these highly sensitive
markers will be useful for studies addressing the origin of species in the Southern Ocean and
their response to future climate change.
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Introduction

The fauna of the Southern Ocean differs substantially from those of all other oceans due to
extreme environmental conditions (Aronson and Blake 2001, Clarke 1983, Peck 2002). Despite
these, an extraordinarily high species diversity within the zoobenthos is now well established
(Gray 2001) and molecular methods continue to add to our knowledge about the number of
species and their phylogenies. The identification of species is particularly difficult in the Southern
Ocean and, perhaps not surprisingly, molecular data have identified cryptic species in many taxa
(Bernardi and Goswami 1997; Held 2003; Held and Wagele 2005; Raupach and Wagele 2006). It
is unclear at this point whether this represents the Antarctic share of a more general
phenomenon that currently receives attention in the scientific community (cryptic species and
DNA barcoding; see Hebert et al. 2003; Tautz et al. 2003) or whether cryptic speciation in the
Southern Ocean is driven mainly by processes unique to the Antarctic.

Until now, the taxa receiving most attention from molecular biologists have been fishes
(Bargelloni et al. 2000, Lecointre et al. 1997, Near et al. 2003, Near et al. 2004, Ritchie et al.
1997), molluscs (Page and Linse 2002), echinoderms (Lee et al. 2004), and crustaceans (Baltzer
et al. 2000, Clarke et al. 2004, Held 2000, Held 2003, Held and Wagele 2005, Jarman 2001,
Jarman et al. 2000, Jarman et al. 2002, Loerz and Held 2004, Patarnello et al. 1996, Raupach et
al. 2004, Zane et al. 1998, Zane and Patarnello 2000). Although primarily aimed at resolving
phylogenetic questions, interpreting the molecular trees in the light of additional sources of
information (mainly biogeography and geology) has allowed answering questions broader in
scope concerning colonization of habitats, origins of distributions, evolution of adaptations, and
speed of molecular substitution on an evolutionary timescale (Held 2001, Near 2004, Stankovic et
al. 2002). This phylogenetically motivated approach has proven fruitful and we continue to see a
place for it in the future.

However, while our knowledge on the diversity and distribution of modern species in the
Southern Ocean continues to grow, our understanding of what led to the high number of species
in the first place is less comprehensive. Typical adaptations in life cycle of Antarctic taxa (e.g. few
descendants, no pelagic distributional stages, and high immobility of aduits) are assumed to
decrease gene flow thus enhancing the possibility of speciation. On the other hand, the
consequences of frequent periodical glaciations of major parts of the Antarctic continent can
counteract this by eradicating most of the benthic communities through large-scale spread of
grounded ice (Thatje et al. 2005). This could also have structured genetic diversity by lineage
sorting in the isolated, ice-free refugia.

In order to understand which of the above mentioned processes or adaptations may have ied
to the disruption of a previously contiguous gene pool and ultimately led to the generation of new
species in the evolutionary past, a more comprehensive knowledge of what is structuring the
present-day distribution of genetic polymorphisms within a species becomes necessary.
Molecular methods and population genetics in particular can provide a valuable contribution to
building a microevolutionary framework that will enable us to finally measure population
interconnections.

Markers with higher rates of change than single locus coding genes (including the
mitochondrial genome) are required to measure population genetic parameters such as gene flow
through migration and dispersal. Despite the fact that the vast majority of the Antarctic ecosystem
is composed of benthic invertebrate animals (Gutt et al. 2004), such markers are only available
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for a handful of vertebrates and pelagic invertebrates in the Southern Ocean (Hoelzel et al. 2002,
Reilly and Ward 1999, Roeder et al. 2001, Shaw et al. 2004, Valsecchi et al. 1997). To our
knowledge, the Antarctic benthos is completely unstudied in this respect.

The aim of this study is twofold. On the one hand, we would like to emphasize the emerging
necessity to develop more fine-scaled molecular markers in an attempt to understand the genesis
of the surprising diversity of species in the Antarctic benthos. On the other hand, we demonstrate
that even in almost unknown genomes suitable molecular markers, which are sufficiently variable
to allow for microevolutionary studies of intraspecific patterns of DNA polymorphism and gene
flow, can be isolated in a standard molecular lab in a relatively short time. Our study object is a
new species found in the isopoda genus Ceratoserolis Brandt 1988, a taxon serving as a model

for the Antarctic zoobenthos.

Material and methods

Here we outline the strategy of obtaining microsatellite markers from a relatively unknown
genome (in this case from the Ceratoserolis trilobitoides species complex).

In short, the genome of the species under study (target genome) is cut into shorter
fragments. In order to identify the fragments containing short tandem repeats (microsatellites),
they are hybridized against immobilized genomic fragments of an unrelated species (reporter
genome). The stringency of the subsequent washing steps is such that only fragments with
higher similarity than what can be expected by chance are retained. Since the two genomes
show little similarity by descent, the greatest similarity between them occurs often between
regions of low complexity such as microsateliites. The retained fragments of the target genome
will therefore likely be enriched in microsatellites.

For more technical details and an evaluation of the properties of this and other protocols for
the isolation of microsatellites, the reader is referred to another paper (Leese et al. accepted) and
the original papers describing the method (Nolte et al. 2005, Zane et al. 2002).

Sampling

Specimens belonging to the C. trilobitoides complex were collected by hand-sorting bottom
trawled gear on three expeditions to the Antarctic: ANT Xili/3 and ANT XIV/2 in 1996 with RV
Polarstern, and ICEFISH 2004 with RV Nathaniel B. Palmer. Specimens were preserved in cold
80-96% ethanol shortly after sorting the catch. Genomic DNA was extracted with the Qiagen
DNeasy Kit according to the manufacturer's protocol. For details concerning preservation and
DNA extraction methods see Held (2000).

Molecular genetic techniques

Three different hybridization filters with single stranded reporter genomes of Mus musculus
domesticus, Drosophila melanogaster, and Homo Sapiens were prepared according to Nolte et al.
(2005). DNA from 18 specimens from six populations of the C. trilobitoides species complex was
pooled. Digestion of this template (1 pg) and ligation to the AFLP adaptors (5-
TACTCAGGACTCAT-3'/5'-GACGATGAGTCCTGAG-S') were carried out simultaneously with an
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excess of 10-20 U of the Msel isoschizomer Trul and 10-30 U T4-DNA ligase in a 1x Buffer-R
reaction mix (100 pi). Both enzymes have different optimal working temperatures (65 and 22°C).
In accordance with the suggestions of the supplier, the reaction was incubated at an intermediate
temperature (37°C) for 6 h. Genomic fragments were subjected to a 10-min incubation at 72°C in
a complete PCR mix without primers (1x Taq Buffer (1.5 mM Mg2+), 0.2 mM dNTPs, 2 U Taq
Polymerase, all products Eppendorf) to eliminate nicks remaining from the adapter ligation. Of
this mixture, 5 pl was PCR amplified in a total volume of 50 pl with the AFLP adaptor-specific
primer Msel-N (5-GATGAGTCCTGAGTAAN-3') in a Techne thermocycler (94°C 4 min, 25 cycles
of 94°C 30 s, 53°C 1 min, 72°C 1 min, and a final elongation step of 72°C for 7 min). Fragments
from this preamplification were size-selected (400-800 bp) on a 1.5% agarose gel. Reactions
were purified from the gel using the Eppendorf Perfectprep Gel Cleanup Kit. To eliminate shorter
fragments trapped in the gel matrix, electrophoresis and subsequent purification of the PCR
products from the gel were repeated twice.

Amplified fragments containing microsatellites were selectively enriched by hybridizing 300-
500 ng against immobilized single-stranded DNA fragments of the reporter genomes bound to
nylon membranes as described in Nolte et al. (2005). Three washing steps were performed to
keep only those fragments of the target genome that formed stable duplexes with the immobilized
reporter genome, indicating high similarity in low-complexity regions.

Thereafter, the hybridized fragments were eluted using 30 u! of TE buffer (10 mM Tris—HCI, 1
mM EDTA, pH 7.5).

Enriched fragments were amplified again as above in 25 pl reaction volumes to obtain a
sufficient concentration for cloning (10-100 ng) and purified from the gel as above. The purified
enriched fragments were now cloned into a pCR®2.1 TOPO® TA vector (Invitrogen), and
transformed into competent E. coli (Promega JM 109, TOP10F’).

initially, the colonies were PCR screened for microsatellites using a combination of primers
located in the multiple cloning site of the vector and a third primer anchored in the repeat
sequence of the insert, if present (Lunt et al. 1999). In subsequent runs, this confirmation step
was omitted since the majority of the inserts (approximately 80%) contained microsatellites so
that all inserts were sequenced without further screening. Sequencing using M13 forward and
reverse vector primers was either conducted in-house on a LiCor 4200 or ABI 3130x| automated
sequencer, or outsourced to Macrogen (Seoul, Korea). To improve signal quality for sequences
containing long microsateliites, DMSO was added to a final concentration of 5%. BLAST
searches were carried out for all sequences to exclude the possibility of contamination with
mobilized fragments from the reporter genome.

Scoring criteria

Microsatellites with repeat units ranging from 2 — 6 nucleotides in length were identified in the
target genome using an improved version of the repeat finding program Sputnik (Abajian 1994,
Morgante et al. 2002) with modifications (see Leese et al. accepted for details). We rejected all
microsatellites with less than 90% identity and shorter than ten nucleotides (e.g. four repeat units
of a dinucleotide repeat). Microsatellites with internal imperfections were thus scored as two
independent loci of the same type if they were separated by a stretch of nucleotides if its
inclusion had led to rejection of the whole section. All other settings were according to the
recommendations given by Chambers and MacAvoy (2000).
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Results

In total, 371 colonies with inserts enriched for microsatellites using the cross-hybridization
technique were screened. Among these, two colonies contained redundant fragments (i.e.
identical to other inserts) and were excluded from analysis. Of the remaining 369 colonies, 326
colonies contained inserts with at least one microsatellite (88.3% positives). The remaining 43
colonies either contained no microsatellites or only repeats shorter than our scoring threshold
outlined above (11.7% negatives). According to these criteria, a total of 781 microsatellites were
detected within the 326 positive inserts (@ 2.4 £ 1.6). A maximum number of ten independent
microsatellites were detected within a single 652 bp insert.

Among the different repeat families, dinucleotide repeats were the most frequent (66.6%),
followed by tetranucleotide (16.2%), pentanucleotide (11.4%), hexanucleotide (2.9%), and
trinucleotide repeats (2.8%). As many as 54 different repeat types were found in total.
Dinucleotide microsatellites were typically composed of more repeat units per microsatellite than
microsatellites with longer repeat units (tri- to hexanucleotide repeats), although length frequency
distribution varies between repeat motifs of identical unit length, too (Table 1).

The amount of perfect microsatellites, characterized by arrays of a certain repeat unit that are
not interrupted by nucleotide substitutions, was 51.5%.

Table 1: Types, total number and relative frequency of microsatellites detected within the genome of Ceratoserolis
trilobitoides sensu lato screening 369 non-redundant inserts. The Ceratoserolis genome was hybridized against
immobilized genome fragments of Mus musculus, Drosophila melanogaster, and Homo sapiens according to the reporter
genome protocol by Nolte et al. (2005). Further details in Leese et al. accepted.

Frequency of microsatellite

Type of Average number of Number of
microsatellite types repeats (mean  SD) different motifs
[n] [% of total]

Dinucleotide 484 67.9 25.37 £ 27.11 4

Trinucleotide 21 3.0 8.05+9.00 6
Tetranucleotide 122 171 11.07 £ 15.55 16
Pentanucleotide 66 9.3 11.85 £ 16.34 13
Hexanucleotide 20 2.8 7.35+7.07 13
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Discussion

Identification of microsatellites is a constant matter of discussion since no consensus has been
reached about what a microsatellite actually is (Chambers and MacAvoy 2000, Ellegren 2004).
Consequently, the absolute number and length distribution of microsatellite arrays vary with the

scoring criteria used to detect microsatellites. This topic is further discussed elsewhere (Leese et
al. accepted).

Shortcomings of mitochondrial genes a

s molecular markers in studies of speciation and
gene flow

Traditionally, molecular phylogenies and interpretations derived from these trees including

phylogeography (Avise 2000) have relied extensively on relatively conserved genes because

these were easiest to target because even in unknown genomes conserved regions that allow the
construction of the so-called universal primers can be relied upon (Simon et al. 1994). However, a
corollary of the requirement for conserved stretches of nucleotides serving as universally
applicable priming sites is that there is both an upper limit for the variability of the molecular
markers located between them as well as a limit in the number available. In addition, the most
frequently used genes in the mitochondrial genome suffer from additional limitations. In summary,
the utility of mtDNA for population genetic purposes is limited because it is short, all of its genes
behave as a single, linked locus due to the lack of recombination, it cannot a priori be assumed to
evolve strictly neutral, it is generally maternally inherited, effective population size for mtDNA is
only one-quarter of nuclear DNA, and its rate of change is limited (Ballard and Whitlock 2004).
This in turn limits the application of genes located in the mitochondrial genome approximately to
the level of species and the phylogenetic relations between them (Figure 1).

Populations, gene flow and speciation

In evolutionary biology the term “population” is loosely used to describe a geographical region of
origin of individuals of a species, or more specifically, non-random, variable patterns of genetic
connectivity inside a species (Waples and Gaggiotti 2006). According to the latter, two individuals
are likely to be more similar in some respect if they belong to the same population and more
different if they belong to different populations, either as a result of adaptation to similar
environments (selection) or as the result of stronger isolation (genetic drift) between them. It is
noteworthy that even if populations are defined on a geographical basis, only the degree of
(genetic) isolation between them is often implied. Either way, populations that are sufficiently
isolated from one another have the potential to accumulate local traits (morphological,

behavioural, physiological or genetic) that are different from the ones found in other populations
(Coyne and Orr 1988).

31



Chapter 2 — Markers for studying speciation in the Antarctic benthos

specimens
microsatellites fast
AFLP
populations Eéfg marker's
rate
of
change
"fast" genes
species v
"slow" genes
phylogenies slow

Figure 1: Different types of molecular markers possess different rates of change and hence resolve different time
windows. While slower genes are required to resolve the deeper bifurcations in a phylogenetic tree, faster and more
finely resolving markers are better suited for more recent events such as identification of species. In order to study the
level of populations or individuals, which are necessary to understand speciation, molecular markers with rates of
change that exceed the rates of coding genes are needed. Each class of molecular markers covers a range of
substitution rates and may differ between loci. The order at which the classes of markers appear in the right half of this
figure should be taken as an approximation.

Most species concepts postulate that for speciation to occur the once contiguous gene pool
must be disrupted, either as a primary requirement or as a consequence. The formation of
species can thus be interpreted as the accumulation of differences beyond a stage that ensures
reproduction and the continuation of a common gene pool for all populations.

However, high levels of gene flow between populations synchronize genetically mediated
traits between them and consequently oppose the process of differentiation (drift or selection)
and ultimately speciation. Therefore, the amount of gene flow within a species is a critically
important baseline information in the light of which all scenarios concerning the evolution of this
and closely allied species must be discussed.

Excluding false negatives

Although some of the faster mitochondrial loci (e.g. 16S rRNA, COI, mitochondrial control region)
do conserve intraspecific genetic polymorphisms which under favourable conditions can be
interpreted in the context of population genetics (e.g. Roman and Palumbi; Zane et al. 1998),
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these loci are mostly informative over larger distances (e.g. intercontinental). The main limitation
of loci with limited substitution rates becomes obvious when dealing with cases of perceived
homogeneity between samples. Homogeneity can be the result of two fundamentally different
reasons. Either two populations are indeed genetically indistinguishable as a result of high levels
of gene flow between them or short times since their separation. On the other hand, they may just
appear so because the marker's rate of change is inadequate to detect existing genetic
differences (false negative: no evidence for differentiation when in reality there is). The
impossibility of proving homogeneity is a fundamental limitation and not a property of a particular
class of molecular markers. It is advisable to interpret results indicating homogeneity between
samples with caution. The absence of a proof (for differentiation between populations) is no proof
for the absence of such differentiation for the reasons outlined above. By analysing many
independent loci covering a broad range of substitution rates (including very high ones), however,
the risk of falling victim to false negatives can be greatly reduced.

Fast evolving markers to the rescue

A better marker for population level studies would consist of many, unlinked, neutral loci
distributed across the genome. This would avoid the potentially misleading effects of
mitochondrial genes. It would also ideally consist of loci with different levels (including very high
levels) of substitution rates (Gaffney 2000).

There are several classes of markers that come close to these requirements (see Figure 1).
Random Amplified Polymorphic DNA or RAPDs have lost much of their appeal because it has
been shown that the method is unreliable and has a tendency to produce artefactual bands not
inherited from the parents (Ellsworth et al. 1993, Perez et al. 1998). Restriction Fragment Length
Polymorphism (RFLP) is a more reproducible method, but when high rates of change are
desirable yields result that are not easy to interpret due to the multitude of bands. If homologizing
beyond mere electrophoretic mobility is desirable or necessary, excising and sequencing or
hybridising of bands becomes necessary which offsets the ease of use of RFLP.

Amplified Fragment Length Polymorphism (AFLP) and Microsatellites are perhaps closest to
the ideal marker for population studies (Bensch and Akesson 2005). AFLPs tend to be easier to
set up initially whereas microsatellites as co-dominant, multiallelic markers have more analytical
power in certain contexts (information per locus 4 — 10x higher). A further disadvantage of the
AFLP technique is that reproducibility of AFLP patterns can be strongly biased by DNA quality
and other methodological parameters (Bensch and Akesson 2005). Other fast evolving markers
with genome-wide distribution have become available recently (SNPs, microarrays). A detailed
comparison with microsatellites is beyond the scope of this article, however, they do not offer
advantages over microsatellites in terms of analytical power and especially the effort required for
initial set-up (Schidtterer 2004). We are therefore only considering microsatellites (Figure 2) for
the remainder of this paper.

In contrast to the universal priming sites that function across wide taxonomic groups,
microsatellites are not usually flanked by highly conserved regions so that in general
microsatellites have to be isolated for every species of interest de novo. Since there can be a
significant difference in the frequency and types of repeats between the genomes of different
species which in ecological and systematic studies are generally only poorly known, isolating
microsatellites can be a tedious and time-consuming process.
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Figure 2: A microsatellite locus from the genome of Ceratoserolis trilobitoides sensu lato. Top: Nucleotide sequence of
an (AG), dinucleotide microsatellite with 21 repeat units, each repeat unit composed of two nucleotides is represented
by a black or white box. Bottom: Fragment analysis showing a heterozygote specimen with two alleles of different length
(242 and 246 bp) and a homozygote with a single allele (250 bp) (black arrows). The less intense peaks indicate
fragments that are a result of in vitro artefacts (slippage) during amplification and are not scored.

Although the mutational processes of microsatellite arrays are still not fully understood and
selection on some repetitive motifs (e.g. if located within a coding region or upstream the
promoter region) has been reported (Kashi and Soller 1999, Li et al. 2002), the majority of
microsatellite loci are assumed to be selectively neutral. In contrast to the mitochondrial genes
that act as a single linked locus, the null hypothesis is that microsatellites are unlinked and act as
independent loci.

In summary, microsatellites are in almost perfect agreement with the requirements of a better
marker for fine-scaled studies at the population level. The initial effort required for their initial set-
up is perhaps the main reason why microsatellites have not been used more widely. In that
sense, there is a trade-off between ease of use, reliability, and analytical power of molecular
markers.

Simplified ways to obtain suitably fast markers

A variety of protocols exist for the identification and isolation of microsatellite loci. These differ
markedly in their requirements (time and equipment) as well as their efficiency (Leese et al.
accepted, Zane et al. 2002).
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The case study presented in this paper demonstrates that it has become now possible to
isolate a large number of microsatellite loci from an unknown genome with reasonable effort
(Leese et al. accepted). The use of a modified protocol (Nolte et al. 2005) shows that many
obstacles previously associated with the isolation of microsatellites may no longer be a problem.

One of the main advantages of the reporter genome protocol is that no assumptions have to

be made concerning the type of repeats to be screene

d. While it is entirely possible in traditional
protocols to miss even ab

undant repeat types by not including the corresponding reporter
oligomer in the screening, the reporter genome protocol will report all repeat types that are
present in both reporter and target genome, a most valuable property when dealing with unknown
genomes (Leese et al. 2008, accepted).

Another welcome property of microsatellites as molecular markers is that they typically
require the amplification of short (100-250 bp) fragments only. This facilitates amplification of
partly degraded material not collected and preserved with molecular studies in mind. The
potential inclusion of museum material fixed in formalin would greatly alleviate one of the main

problems of working in the Antarctic: the notoriously difficult and unpredictable acquisition of
samples.

Conclusions

Fast evolving molecular markers such as microsatellites allow a far more detailed look on the
processes at the population level than more conserved markers. Analyses of microevolutionary
processes structuring the Antarctic benthos are needed for a better understanding of how locally
characteristic traits evolve in a species in this unique environment. This opens new perspectives
on the origin of biodiversity and the evolution of adaptations to the environment in the Southern
Ocean. Collecting data on fast evolving loci in the Antarctic benthos is also a prerequisite for
detecting a response of Antarctic benthic communities to future environmental change.

We provide evidence from one Antarctic crustacean that a new isolation protocol has brought

suitably fast evolving microsatellite markers into reach for a standard molecular lab working on an
unknown genome within a short time.
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Abstract

This study analyses the performance of a method to isolate microsatellites from largely unknown
target genomes. This ‘reporter genome protocol’ (RGP) utilizes naturally occuring repeat motifs in
genomes of distantly related organisms as hybridization probes. The RGP proved very successful
in all 13 enrichment reactions from eight marine target species (including a dinoflageliate, a
diatom and six arthropod species), yielding on average >85% positive colonies. The RGP
screens for all repeat types occurring in the reporter genomes and is therefore less biased than
standard protocols that typically test few, short motifs only. Using the genomes of Mus musculus,
Drosophila melanogaster and Homo sapiens as reporter genomes in this study, 133 different di-
to hexanucleotide repeat types were obtained. Success of the RGP did not depend on overall
microsatellite density in the reporter genome but increased with genetic distance between target
and reporter genome. Relative abundance of repeat types in the reporter genome had a
significant effect on repeat type frequencies in the target library. Altogether, the RGP is very
efficient, easy to use and reports a large number of different repeat types. It greatly simplifies the
isolation of microsatellites from unknown genomes and makes microsatellite markers more
attractive for a wide range of studies.
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Introduction

Microsatellites are stretches of tandemly repeated DNA motifs typically 2-6 nucleotides long and
frequently found in eukaryotic genomes. Their high analytical power (unlinked, codominant, single
locus, multiallelic markers) has led to their continued use (Schiétterer 2004) in population
genetics (Bowcock et al. 1994; Paetkau et al. 1995; Zeller et al. 2006), forensic analyses (Balding
1999), assignment studies (Jones et al. 2003) and genetic mapping (Dib et al. 1996;
Weissenbach et al. 1992). However, microsatellites are still often neglected as they suffer from
the drawback that their initial setup is unpredictably difficult (e.g. Weetman et al. 2007). As primer
sites are generally not conserved across species boundaries, microsatellite loci have to be
identified de novo for most species. This often led researchers to choose less powerful but more
easily obtainable markers such as RAPD, ISSR, mtDNA, AFLP or RFLP. Despite a growing
number of efficient microsatellite isolation protocols in recent years (Glenn and Schable 2005;
Zane et al. 2002) there is a continuous urge for more efficient strategies to facilitate the
establishment of microsatellite markers.

In model organisms whose genomes are almost completely known, the task of finding
microsatellite loci is reduced to scanning sequence databases with a suitable search tool
(Benson 1999, Phobos this study). In more exploratory studies, focusing on organisms with
almost unknown genomes, the aim is to find informative markers with as little effort as possible.
There are two main strategies to achieve this (see Zane et al. 2002 for further details):

The first, more traditional strategy involves building a non-enriched, partial genomic library of
the genome of the organism under study (from now on referred to as target genome). Those
fragments in the library that include microsatellites are subsequently identified by hybridizing
against labelled synthetic oligomer probes consisting of typical nucleotide repeat motifs such as
(AC)s, (AG)g etc. The major drawback of screening a non-enriched library for microsatellites is its
inefficiency, i.e. many fragments without repeats must be screened in order to identify fragments
with microsatellites.

The second, now de facto standard strategy aims to increase the efficiency by including an
enrichment step, selectively favouring microsatellite-containing fragments, prior to the
construction of the partial genomic library of the target genome. This is particularly important for
genomes for which low densities of microsatellites have been reported The enrichment is typically
achieved by letting the repeat-containing genomic fragments hybridize to synthetic repeat
oligomers and removing those without repeat elements during subsequent washing steps
(Armour et al. 1994; Kandpal et al. 1994; Karagyozov et al. 1993; Kijas et al. 1994; and Zane et
al. 2002 for a review).This approach of enriching microsatellites has one major drawback: The
motifs of the microsatellites searched for have to be defined a priori, introducing what we call a
selection bias in the genomic library created. There are 4, 10, 33, 102, and 350 different and
independent patterns for di-, tri-, tetra-, penta-, and hexanucleotide repeats, respectively (see
material and methods for details). Unfortunately, in the absence of knowledge about the most
frequent repeat types in an anonymous target genome the choice of synthetic repeat probes is
largely arbitrary and often based only on known frequency patterns from distantly related model
species. This increases the risk that even abundant repeat types in the anonymous target
genome may be overlooked completely due to the choice of hybridization oligomers that are rare
or absent in the target genome.

The need for highly successful protocols becomes even more obvious when taking into
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account that after the initial identification, often a significant proportion of the microsatellites will
have to be excluded for several resons (Fig. 5). Candidate microsatellites with excessive stutter
bands, no suitable flanking region for primer placement and no or too many amplicons have to be
discarded. The same holds true for microsatellites that would bias the subsequent data analysis
steps due the presence of null alleles, allelic dropout, linkage disequilibrium, etc. (Selkoe and
Toonen 2006).

In contrast to all other protocols a novel selective enrichment protocol proposed by Nolte et
al. (2005) does not rely on the use of synthetic probes, but uses genomes of unrelated organisms
(from now on referred to as reporter genomes) as hybridization templates (Fig. 1). The concept
behind this technique is the assumption that evolutionary distant genomes will show a high
similarity by state in genomic regions of low complexity such as microsatellite loci. These regions
act as ‘non-synthetic universal hybridization probes’ (Fig. 1).
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Figure 1: The principle of the reporter genome protocol after Noltg et al.. (2005). Fragments of DNA of a target species
(target genome) are ligated to AFLP-adaptors and hybridized agaln§t single-stranded DNA ofa d.lstantly related t.axon
(reporter genome). As a result, only fragments with a high identity-by-state are retained, which are often simple
sequence repeats (represented by light-grey areas in the DNA fragments). These fragments are eluted, cloned and

transformed into E.coli.
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Consequently, the technique will preferentially detect repeat types that are abundant in both
the target and the reporter genome and is thus potentially less susceptible to the effects of
selection bias. Although it holds several advantages over standard protocols, its utility has not
been tested systematically across different taxonomic groups since its inception (Nolte et al.
2005).

In this study, eight marine target species from three very different taxonomic groups
(arthropods, diatom, dinoflagellate, Tab. 1) are used to systematically test the applicability and
performance of the reporter genome protocol.

Table 1: Species names, taxonomic position and origin of samples, from which DNA was extracted.

Species Taxonomic position Origin of samples
Ceratoserolis trilobitoides (Eights, 1833) Animal, isopod crustacean Southern Ocean, Elephant Island
Serolis paradoxa (Fabricius, 1775) Animal, isopod crustacean Strait of Magellan, Patagonia, Chile
Glyptonotus antarcticus (Eights, 1853) Animal, isopod crustacean Southern Ocean, South Sandwich Islands
Septemserolis s:gt;sr;rcarinata (Miers, Animal, isopod crustacean Southern Ocean, Bouvet Island
Munida gregaria (Fabricius, 1793) Animal, decapod crustacean South Atlantic Ocean, Falkland Islands

P Diatom algae Provided by A. Lideking, Napels

Alexandrium ?T&inggzmsm' Beran Protist, dinoflagellate Provided by T. Alpermann, Bremerhaven

Material and procedures

Samples

Samples of the eight marine target species were obtained from different sources (Tab. 1). DNA
was extracted using either the Qiagen DNeasy Tissue Mini or the Plant Mini Kit. Mus musculus
domesticus, Drosophila melanogaster (CantonS), and Homo sapiens were used as reporter
genomes. The Ceratoserolis species analysed in this study is one species from a known complex
of cryptic species, which is referred to as “group 1” in Held (2003) and Ceratoserolis n. sp. 1in
Leese and Held (2008). The species is not identical to the type species Ceratoserolis trilobitoides

sensu strico. A formal description is in preparation, but until its publication the species’ name C.
trilobitoides (Eights, 1833) is valid and will be used here.

Reporter genome protocol

Hybridization chips with single stranded DNA of Mus musculus domesticus, Drosophila
melanogaster (CantonS), and Homo sapiens were prepared as follows: 5x5 mm pieces of
Hybond N+ (GE Healthcare) were incubated in a 1:1 mixture of 100 ng/ul reporter genome DNA
and 1M NaOH for five minutes at room temperature. Then the chip was transferred to 1M Tris-CL

(pH 5.0) for 2 minutes, following a 2 minutes incubation step in 2xSSC at 50°C. Excess of liquid
was removed and the DNA baked to the membrane for 12 hours at 80°C.
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A small-insert genomic library enriched for microsatellites was created using total genomic
DNA of the target species. Digestion of 500 ng template DNA and ligation to standard AFLP
adaptors 5. TACTCAGGACTCAT-3' / 5’'GACGATGAGTCCTGAG-3' (Vos et al. 1995) were
carried out simultaneously with 20 U of the Mse/ isoschizomer Trul and 20 U of T4-DNA ligase in
a 1X Buffer-R reaction mix (50 pl; all products Fermentas Lifesciences). Both enzymes have
different optimal working temperatures (65°C and 22°C). In accordance with the suggestions of
the supplier, the reaction was incubated at an intermediate temperature (37°C) for 6 hours and
both enzymes were added in excess. Ligase was inactivated by a 10 minutes hold step at 65°C.
The reaction was run twice on a 1.5% TAE agarose gel and the 400-800 bp fraction was excised
and purified (Eppendorf Perfectprep® Gel cleanup). Of the 30 pl of eluted DNA, 5 pl were
amplified in a total volume of 50 pl with 0.5 uM of the AFLP adaptor-specific primer Msel-N (5'-
GATGAGTCCTGAGTAAN-3') and 0.03 U/l HotMaster® Taq (Eppendorf). PCR conditions were
65°C for 10 min to repair nicks remaining from adapter ligation, an initial denaturation step at
94°C for 2 min followed by 25 cycles (P. multistriata, A. tamutum 40 cycles) of 30 sec at 94°C, 45
sec at 52°C, 80 sec at 65°C and a final elongation step of 10 min at 65°C. The reaction was
purified using the Qiaquick PCR Kit (Qiagen).

The hybridization chips were pre-incubated for 15 min at 50°C in 500 pl hybridization buffer
(5x SSC, 0.5% SDS, 1x Denhardt's, 50 ug/ml Heparin). Then 400 ng template DNA was added
and the tube heated to 95°C for 5 minutes to denature template DNA. For hybridization, the mix
was kept for 30 minutes at 50°C. Subsequently, the hybridization chip was washed three times in
hybridization buffer (50°C) and then again thrice in washing buffer (0.1x SSC, 0.1% SDS, 50°C).
Finally, DNA was eluted from the hybridization chip by transferring it into 500 pl TE buffer (pH 8.0,
5 min at 80°C). DNA was precipitated using a standard isopropanol sodium-acetate protocol
(Sambrook et al. 1989).

The enriched fragments were amplified as above (25 pl reaction). Purified fragments were
cloned into pCR2.1-TOPO® TA vector and transformed into competent TOP10F’ or JM109 E.coli
(Invitrogen, Promega). Cultures of positive colonies according to blue-white selection were grown
overnight in LB-medium containing 100 pg/m! ampicillin. Pilasmid preparation was performed
using the Eppendorf FastPlasmid® Mini Kit or outsourced to GATC-Biotech (Konstanz,
Germany). Shotgun sequencing using standard M13-forward and/or reverse primers was either
conducted in-house on an ABI 3130x! or LI-COR 4200 automated sequencer, or outsourced to
Macrogen (Seoul, Korea) and GATC-Biotech (Konstanz, Germany). The addition of DMSO to a
final concentration of 5% improved the quality of reads with microsatellites. BLAST searches
were carried out for all sequences to exclude the possibility of contamination with mobilized DNA
from the reporter genome.

in this study, eight target genomes were hybridized against some or all of three reporter
genomes, yielding a total of thirteen libraries (see Tab. 2 for a matrix of combinations).

Non-enriched genomic library
A non-enriched partial genomic library was created for C. trilobitoides according to Rassmann et

al. (1991). In total, 3456 clones were dotted onto four nitrocellulose membranes and screened
with the radioactively labeled y-33P oligomer probes (AC)s. Pre-hybridization and hybridization
were carried outin rotating glass tubes in an incubator at 43°C. The filters and intensifying screen
were exposed overnight to X-Ray films (Kodak) at -20°C and developed according to the
recommendations of the manufacturer. Colonies with strong signal intensity on the fim were
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traced back to the 96-well plates based on their position in the spatial array on the nitrocellulose
membranes. Positive colonies were grown overnight, extracted (Chelex) and sequenced

(conditions see above).

Data analysis
Sequence data analysis was performed in a semi-automated workflow based on the Staden

software package, version 1.70 (Staden 1996) into which the novel microsatellite search tool
Phobos (Mayer, www rub.de/spezzoo/cm) and Primer3 (Rozen and Skaletsky 2000) had been
integrated (Beszteri et al. in preparation). Self-similarity dotplots were used to visualize intrinsic
structural features of repeat regions using the Staden tool Spin or dotlet (Junier and Pagni 2000)
and to help avoid placing primers in regions that were not unique.

First, sequence data were processed using the Staden pre-processing tool Pregap with
integrated programs Phred (Ewing and Green 1998; Ewing et al. 1998) for base calling, Cross-
match for cloning vector and adaptor identification and Phobos for masking of repeats. Normal
shotgun assembly of the processed reads was conducted with the Staden assembly tool Gap4,
allowing for a maximum of 2% mismatch between two reads. All non-redundant contigs were
entered into the Staden database for subsequent analysis. Phobos was used to search for all
perfect and imperfect microsatellites present in the genomic libraries and the three different
reporter genomes, i.e. Mus  musculus (NCBI  Build 36.1, May  2006:
ftp://ftp.ncbi.nih.gov/genomes/M_musculus, taxonomic 1D 10090), D. melanogaster as annotated
by the FlyBase consortium (FlyBase Release 5.1, February 2005; ftp://ftp.ncbi.nih.gov/genomes/
Drosophila_melanogaster), and Homo sapiens (NCBI Build 36.2, March 2006).

The parameter-settings used in Phobos in the present analysis were as follows: The scoring
parameters (match, mismatch, N, gap) used were (1, -6, 0, -6), where the first repeat unit was not
scored. No more than two consecutive N's were allowed. For computing a percentage perfection,
N's were counted as mismatch positions. The "recursion depth” parameter used was 5.
Microsatellites were reported if they achieve a minimum score of 8 and additionally had a
minimum length of three perfect repeat units (minlength_b=2). Consequently, only dinucleotide
repeat arrays with a minimum length of 5 repeat units, trinucleotide with a minimum length of 4,
tetra-, penta-, and hexanucleotide repeats with a minimum length of 3 repeat units were included
in the analysis. Microsatellite motifs were reported according to Chambers and MacAvoy (2000),
where a minimal alphabetic representation is determined by aliowing cyclic permutations and
computing the reverse complement of the nucleotides in the repeat unit, e.g. GA, AG, TC, CT are
all represented by AG. Applying this reporting scheme, as many as 4 dinucleotide, 10 tri, 33 tetra,
102 penta, and 350 hexanucleotide motifs exist.

After the microsatellites had been detected by Phobos, they were analysed with the newly
developed program sat-stat, version 1.0.1. This analysis tool is capable of filtering and sorting
microsatellites according to their properties such as repeat type, unit length, total length, score,
and perfection and to analyse these properties statisticaily.

For this study, only repeats with a unit size of 2-6 bp and 290% percentage perfection were

considered, compound microsatellites were not considered separately (see Weber (1990) for a
definition and Fig. 2f).

To statistically assess whether the repeat class or repeat type content of two partial genomic

libraries differs significantly, permutation tests (100,000 permutations) were performed with a self-
written computer program (Christoph Mayer, available on request).
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Figure 2: Dot-plots are showing the self-similarity of a sequence by plotting it against itself. (a) Bright areas indicate a
high self-similarity resulting from the presence of a microsatellite. For population genetic analyses, highly perfect repeat
loci (b, c) should be preferred. Many microsatellite-containing fragments are in fact imperfect with one (d) or several (e)
interruptions. f gives an example of a complex microsatellite consisting of five microsatellites (two different types.
Flanking regions can reveal duplications (9, h) that may complicate marker setup. Also, higher-order repeat structures
are found in sequences when plotted against itself (h, i). GenBank accession numbers: b) EU056273, c) EU056276 , d)
EU234060, e) EU234059, f) EU234055, g) EU234058, h) EU234056, i) EU234057.
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Assessment

Reporter genome protocol

With the reporter genome protocol 1370 clones from thirteen genomic libraries and eight different
target species (Tab. 1) were sequenced. Redundant samples were found in all but the genomic
library derived from the bopyrid isopod enriched using M. musculus as reporter genome
(9=13.1%, standard deviation 13.3). All redundant sequences were removed for analysis yielding
a total number of 1207 unique sequences (Tab. 2).

BLASTn searches were performed to check whether sequences in the enriched library
originated from the reporter genome rather than the target genome. No contaminant fragments of
the reporter genome DNA were detected indicating that mobilization of reporter genome
fragments was not a problem. In the genomic library from C. trilobitoides hybridized against D.
melanogaster, a BLAST search revealed 19 inserts originating from regions of the 18S or 28S
rRNA gene. These inserts belonged to five almost identical groups, of which only one group
consisting of two inserts contained a microsatellite.

The amount of perfect repeats ranged from 45.9% to 77.3.

Table 2: Number of non-redundant clones analysed, cloning efficiency, total number and number of different
microsatellite motifs detected in the fifteen genomic libraries enriched for microsatellites using the reporter genome
protocol.

Reporter Clones Clones with Number Number
Library Target genome
genome analysed microsatellites of msats of motifs
1 C. trilobitoides M. musculus 180 171 (95%) 395 35
2 C. trilobitoides D. melanogaster 111 91 (82%) 226 36
2 C. trilobitoides H. sapiens 64 62 (97%) 146 16
4 S. paradoxa M. musculus 146 132 (90%) 351 41
5 S. paradoxa D. melanogaster 131 110 (84%) 229 36
6 G. antarcticus M. musculus 63 62 (98%) 179 25
7 G. antarcticus D. melanogaster 72 61 (84%) 130 25
8 Bopyridae M. musculus 28 25 (89%) 92 11
9 Bopyridae D. melanogaster 45 40 (89%) 114 19
10 S. septemcarinata M. musculus 146 37 (25%) 63 20
11 M. gregaria D. melanogaster 9 8 (89%) 21 6
12 by M. musculus 16 16 (100%) 44 7
13 A. tamutum M. musculus 196 171 (87%) 546 88

Efficiency of enrichment

Taking the percentage of clones with at least one microsatellite as a measure enrichment
success, twelve of the thirteen genomic libraries were highly enriched for microsatellites with an
average success rate of 85.5% and a standard deviation of 18.9% (Tab. 2). Enrichment efficiency
was lowest for S. septemcarinata (25%) using M. musculus as reporter genome (library 10) and
highest for P. multistriata and G. antarcticus using M. musculus as reporter genome (100% and
98.4%, libraries 12 and 6, Tab. 2). Excluding the outlier library 10, the average success rate was
90.5% % 5.8%.

For target genomes that were enriched with more than one reporter genome, the influence of
different reporter genomes on enrichment success was evaluated (libraries 1-9). Success of the
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enrichment depended significantly on the reporter genome. The mean enrichment efficiency of M.
musculus was significantly (t-test, P=0.016) higher than using D. melanogaster as reporter
genome (93.3% 4.2, and 84.9% 2.9, respectively). For C. trilobitoides, using the reporter
genomes of H. sapiens or M. musculus was almost equally efficient (Tab. 2).

For all thirteen genomic libraries, as many as 133 different repeat motifs were detected (Tab.
4). The major proportion of microsatellites were dinucleotide repeats, except for P. multistriata
(Fig. 3), the proportions of longer repeat classes differed considerably between taxonomic groups
(Tab. 4).

Table 3: The table heading shows the total number and density of microsatellites in the three reporter genomes. The
table rows show the densities, relative amounts, and length characteristics (number of repeat units) of the five repeat
families in these genomes. Detection parameters in Phobos see material and methods.

M. musculus (2590 Mbp) D. melanogaster (122 Mbp) H. sapiens (2940 Mbp)
2424254 microsatellites 96779 microsatellites 165107 1microsatellites
Reporter 476 different units 467 different units 454 different units
genomes
density  relative length density relative length density relative length

[bp/Mbp] amount  [@+SD] | [bp/Mbp] amount [@+SD] | [bp/Mbp] amount  [@+SD]

dinucleotide 10044 419  28.1+24.5 3869 29.9 15.818.1 3302 33.0 18.2+12.2
trinucleotide 2891 124 20.7426.7 4061 31.3 14.818.3 1554 15.5 14.919.9
tetranucleotide 7326 30.6 ' 24.3+25.5 2494 19.2 15.117.9 3500 350 19.8%16.1
pentanucleotide 2261 9.4 29.8+30.2 1110 8.6 19.317.6 1204 12.0 22.8+14.8

hexanucleotide 1447 6.0 38.7+44.0 1425 6.0 24.3+28.5 449 4.5 25.2+18.2

Influence of the reporter genome characteristics on the microsatellites detected

The genomes of the three taxa used as reporter genomes differ considerably in total genome size
as well as in the density, relative abundance, and lengths of their microsatellites (Tab. 3, Fig. 4).
Density of microsatellites is highest in the genome of M. musculus (23733 bp/Mbp), intermediate
in D. melanogaster (12924 bp/Mbp), and lowest in H. sapiens (9927 bp/Mbp).

The relative amounts of di- to hexanucleotide repeat classes and the length characteristics
differ between the three genomes (Tab. 3, Fig. 4). Dinucleotide repeats are abundant in all three
genomes, but are relatively more abundant in M. musculus and H. sapiens than in D.
melanogaster. D. melanogaster is comparatively rich in trinucleotide repeats, whereas
tetranucleotide repeats occur at higher densities in the genomes of M. musculus and H. sapiens.
Penta- and hexanucleotide repeats constitute only a minor proportion of repeats in the genomes
(Tab. 3).

The enriched genomic libraries (except 8, 11 and 12) contained microsatellites from all five
different repeat classes (Fig. 4). However, dinucleotide repeats were the most abundant repeat
class in ten of the 13 libraries.
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Figure 3: Relative amounts of di- to hexanucleotide repeats in the reporter genomes (M=Mus musculus, D=Drosophila
melanogaster, H=Homo sapiens) and the 13 genomic libraries enriched using the reporter genome protocol. Many
different repeat classes were found in all but library 12 (Pseudo-nitzschia multistriata).

Using a statistical permutation test (see material and methods) it has been analysed whether
the high relative density of dinucleotide repeats in the reporter genome of M. musculus as
compared to D. melanogaster and the high relative density of trinucleotide repeats in D.
melanogaster as compared to M. musculus (Fig. 4) finds a significant reflection in the enriched
genomic libraries. The library pairs with the same target genome being enriched for
microsatellites using different reporter genomes that have been compared are (1,2), (4,5), (6,7),
and (8,9). It can be observed (Fig. 4) that indeed, in each library pair, the relative density of
dinucleotide repeats is always higher in the library produced with M. musculus. The probabilities
(p-values) that in these pairs a higher density of dinucleotide repeats than in libraries 1, 4, 6, and
8 (created with M. musculus) could have arisen by chance are, respectively, 0.02%, 0.002%,
1.6%, 1.5%, which is highly significant. Similarly, in the library pairs (1,2), (4,5), (6,7), the relative
densities of trinucleotide repeats are higher in the libraries created using D. melanogaster as
reporter genome. The probabilities that an even higher relative trinucleotide density could have
arisen by chance are 21%, 0.6%, 5.8%, showing a significant level only for pair (4,5) with S.
paradoxa as target species.

Furthermore, it has been tested, whether the repeat type densities of (AC)n, (AG)n, and (AT)n
repeats in the reporter genome had an influence on the enriched libraries:

The relative densities of (AC), repeats were significantly higher for the set of genomic
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libraries enriched using D. melanogaster as reporter genome compared to using M. musculus (p-
values of permutation test for library pairs (1,2): <0.001% (4,5): <0.001% (6,7): 2.6% (8,9):
0.036%). For (AG), repeats the situation is vice versa with libraries enriched using M. musculus
as reporter genome being significantly more enriched for (AG), repeats (p-values of permutation
test for library pairs (1,2): <0.001% (4,5): 0.003% (6,7): 1.7% (8,9): 0.04%). No significant
difference for the density of (AT), repeats was observed, neither in the reporter genomes nor in
the pairs of libraries belonging to the same target species.

100% rer—1—7 | ' I || I l
9 : | |
°  80% !
= 1
>~
ot :
® 60% I QAT
Q
@ i BAG
e
O  40% 3 SAC
| =
S ;
” 1
2 20% |
2
a 1
0%
Wi eBnter W a8 BB D
Reporter Genomic libraries
genome

Figure 4: Relative densities of the three major dinucleotide repeats (AC),, (AG), and (AT), in the genomic libraries of the
four isopods Ceratoserolis trilobitoides (1-3), Serolis paradoxa (4,5), Glyptonotus antarcticus (6,7) and the bopyrid
isopods (8,9) enriched using the reporter genomes of M=Mus musculus, D=Drosophila melanogaster; H=Homo sapiens.
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Discussion

In exploratory studies based on microsatellite data the use of an efficient enrichment protocol and
strategies for subsequent data analysis are essential to obtain many appropriate microsatellite
loci within a short time and at low cost. This study showed that the reporter genome protocol is a
universally applicable and very efficient enrichment protocol that has unique advantages.

Efficiency of the reporter genome protocol

The average success rate of the reporter genome protocol within the thirteen genomic libraries
created from eight taxa was 85.5% (90.5% without the outlier S. septemcarinata). This is
comparable to the success of other recent protocols (Glenn and Schable 2005: Korpelainen et al.
2007; Zane et al. 2002). In our laboratory, previous attempts to isolate microsatellites from C.
trilobitoides using the screening of (i) a non-enriched library and (ii) an enriched libraries with
radioactively labelled, synthetic oligomer probes (Rassmann et al. 1991), and (iii) the
identification of microsatellites using the RAPD-based PIMA protocol (Lunt et al. 1999) were
conducted. Whereas protocol (i) and (i) failed to isolate sufficiently many appropriate
microsatellites in an acceptable time, protocol (i) failed at all.

The lower success rate from the enrichment using S. septemcarinata as target genome
(25%) was still high enough to identify 63 microsatellites within the 146 clones. This was sufficient
to establish an informative set of polymorphic markers for population genetic studies (Leese et al.
in press).

This study also indicates that there is no significant difference in enrichment efficiency
regarding the three different taxonomic target groups. Consequently, the reporter genome
protocol is capable of detecting microsatellites from many different eukaryotic genomes without
prior knowledge about repeat classes and their frequencies in the target genome.

To estimate an enrichment factor for a given repeat type, its frequency in the genome has to
be known. For C. trilobitoides, screening a non-enriched library for (AC), repeats allowed the
calculation of the genomic density of (AC), repeats to be approximately 343 bp/Mbp (see results).
Cloning efficiency for (AC), repeats was 26/3456 = 0.75%, which means that every 134" clone
contains a (AC), repeat on average. In the three enriched libraries for C. trilobitoides (1-3), the
proportion of clones with at least one (AC), repeat was 25%, 43%, and 60% for M. musculus, H.
sapiens and D. melanogaster as reporter genome corresponding to enrichment factors of 33.3,
57.3 and 80.0 for this repeat type. When considering the repeat type density, which can include
more than one microsatellite of a specific type per insert, enrichment factor for the three libraries
are as high as 104.7, 212.8 and 180.2.

The two different approaches of defining an enrichment factor yielded considerably different
results showing the difficulty in defining this measure as a consequence of hitchhiking repeats.

The density of 343 bp/Mbp for C. trilobitoides can be compared to densities found in other
genomes analysed. The average genomic density of genomic perfect (AC), repeats in arthropods
estimated by Toth et al. (2000) is 825 bp/Mbp for perfect repeats >12bp. As density calculations
are sensitive to the parameter settings and the algorithms of the search tool (Leclerc et al. 2007)
we calculated average densities for the three fully sequenced arthropods Drosophila
melanogaster, Apis mellifera and Daphnia pulex using Phobos with identical parameter settings.
Genomic densities of (AC), repeats were 492, 1115, and 2057 bp/Mbp for A. mellifera, D. pulex,
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and D. melanogaster respectively. Consequently, C. trilobitoides seems to have a low density of
(AC), repeats.

Influence of the reporter genomes

The three reporter genomes used in this study differed considerably in their global microsatellite
densities, their length characteristics and in the relative frequencies of different repeat classes
(Tab. 3, Fig. 3).

As a first result, the global microsatellite density of the reporter genome does not seem to
have a significant influence on protocol efficiency: Whereas D. melanogaster and H. sapiens
have a microsatellite density of about half of that of M. musculus (Tab. 3), protocol performance
was equally high for M. musculus and H. sapiens (libraries 1 and 3), but was significantly lower
for D. melanogaster as reporter genome in the library pairs (1,2) (4,5) (6,7) (8,9). This indicates
that the number of hybridization sites is sufficient in all three reporter genomes used in this study
and that protocol performance is independent of the microsatellite density of reporter genomes in
this density range (Tab. 2). In the present data set, protocol efficiency is best explained with
genetic distances between target and reporter genome. The smaller the genetic distance
between target and reporter species, the more hybridisations occur at loci other than
microsatellites, and the lower is the enrichment. The best example is library 2, where a BLAST
search revealed 19 target genome inserts of C. trilobitoides to be highly similar to conserved
regions of the 18S and 28S rDNA regions of the reporter genome (D. melanogaster). This was
avoided when using DNA of M. musculus or H. sapiens as reporter genomes indicating that
sequence similarity between the two arthropod species C. trilobitoides and D. melanogaster was
still_high enough to allow hybridization of homologous loci, thus defying the purpose of the
enrichment procedure.

The relative repeat class densities of di- and trinucleotide repeats in the reporter genomes
have an influence on the relative repeat class densities in the enriched library. A permutation test
confirms that the considerably higher relative dinucleotide repeat density of M. musculus as
compared to D. melanogaster lead to a significantly higher enrichment of this repeat class in all
four library pairs with the same target species and these two reporter genomes. The higher
relative trinucleotide repeat density of D. melanogaster as compared to M. musculus lead to a
significant trace only in the library pair (4,5), whereas in the other library pairs the data basis is
too small to get significant results. Tetra- to hexanucleotide repeat densities were not compared,
since their repeat densities were usually high only in very few insert, making a meaningful
statistical comparison impossible.

The influence of the reporter genome can even be traced down to individual repeat types. It
has been shown that the libraries produced with M. musculus as reporter genome contain
significantly more (AG), repeats, whereas the libraries produced with D. melanogaster contain
significantly more (AC), repeats.

It is difficult to infer exactly how strongly the repeat content of a reporter genome determines
the libraries produced with it and whether it is possible to even find an approximate functional
relationship. There are at least four main limiting factors here: (i) Hitchhiking of repeats which are
only in the library due to their occurrence in the same insert as a repeat that has hybridized
against the reporter genome, (ii) biochemical differences of the different repeat types, such as
different binding strengths, (iii) the ability of some repeat types to form secondary structures, and
(iv) different mean imperfections of repeat types. These limiting factors might make it impossible
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to find a desired functional relationship. Ignoring these limiting factors, the probability that a
certain repeat type in the target genome hybridisates against the reporter is proportional to the

repeat density in each of the two genomes. Thus the expected density of this repeat type in the
library is

Diibrary(repeat type) ~ Dreporter(repeat type) * Diarger(repeat type).

It was tested whether this relationship holds by means of the ratio of the (AC), to (AG),
repeat densities in all libraries. However, this relationship could not be confirmed, since D.
melanogaster reports much more (AC), repeats and M. musculus reports much more (AG),
repeats than expected from this relationship.

Information on the dominant repeat types in target genome
For the genomic libraries created in this study we showed that the repeat content of the reporter
genome has a significant influence on the densities in the libraries, even though a direct
proportionality relation had to be rejected. This makes it possible to retain at least some
information about the dominant repeat types in the target genome. In the enriched libraries (1-3)
of C. trilobitoides the AG/AC and AG/AT density ratios are significantly higher than in the
corresponding reporter genomes. The same holds true for libraries (6-9), indicating that for C.
trilobitoides, G. antarcticus and the bopyrid isopod, the (AG), repeat type is likely to be a
dominant repeat type. For the two libraries of S. paradoxa, however, the results are ambiguous.
From a comparative genomics point of view, the high (AG), repeat content has been reported
from only few species (e.g. Estoup et al. 1993; Thoren et al. 1995; T6th 2000; Téth et al. 2000:
Xu et al. 1999). Generally, (AC), and (AT), dinucleotide repeat types constitute the major fraction
of repeats in other crustaceans investigated so far (Katti et al. 2001; Kong and Gao 2005, Mayer,
Leese and Tollrian unpublished data; Tassanakajon et al. 1998).

Reduced selection bias of the reporter genome protocol

The reporter genome protocol substitutes synthetic repeat probes with repeats naturally occurring
in whole genomes as hybridization templates (Fig. 1). Using the repeat detection and analysis
tools Phobos and sat-stat we have identified 476 different and independent di- to hexanucleotide
repeat motifs in the reporter genome of M. musculus, 454 motifs in H. sapiens, and 467 motifs in
D. melanogaster (Tab. 3). Combining the three reporter genomes, all 499 possible different and
independent motifs are available as hybridization probes. Although many motifs are rare in the
reporter genomes this still ensures a much less biased search than standard protocols which
rarely screen more than 20 different types. Thus, without knowledge about relative densities of
certain repeat types, which are commonly dissimilar among different taxa (Té6th et al. 2000), the
reporter genome protocol allows the isolation of many different microsatellites that are frequent in
the target genome without prior knowledge about repeat motifs (see Tab. 2). This significantly
reduces the selection bias for the reporter genome protocol compared to all other protocols and
explains it's comparatively high success in detecting as many as 133 different repeat types in the
eight genomic libraries screened in this study.
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Comments and Recommendations

Choice of reporter genomes

Our study suggests choosing reporter genomes distantly related to the target genomes to avoid
hybridization at homologous non-repetitive regions. Using completely sequenced reporter
genomes has the advantage that rare but possible contaminations by mobilized reporter genome
fragments can be detected by BLAST searches. If a great diversity of different repeat types is
desired, it is useful to select at least two reporter genomes that differ in their relative genomic
repeat type densities, e.g. Mus musculus and Drosophila melanogaster.

Microsatellites for population genetic studies

For population genetic studies, highly perfect microsatellites (Fig. 2b, c) are preferred over
imperfect, compound or complex microsatellites (Fig. 2d-f). The latter are more likely to have not
just one but several sources of length variation and therefore show a higher degree of size
homoplasy that can only be reliably assessed by sequencing (Adams et al. 1993; Estoup et al.
2002; Estoup et al. 1995). For population genetic and pedigree analyses, longer microsatellites >
8 repeat units) are preferred over shorter microsatellites as their higher variability allows a better
resolution. Very long microsatellites often suffer from in vitro artefacts (Shinde et al. 2003), and
are frequently biased in mutation towards shorter repeats (Ellegren 2004; Nauta and Weissing
1996; Wierd! et al. 1997; Xu et al. 2000). This advises using microsatellite markers with < 40
repeat units for analysis, especially for dinucleotide repeats. Besides the structure of a
microsatellite itself, a crucial point is the quality of its flanking regions. Frequently, additional
structural processes, e.g. inversions, duplications or higher order repeat structures (see Fig. 2 g-
f), can be detected in the flanking regions, which may complicate or bias analysis or even lead to
the complete failure of PCR amplification. The process of identifying suitable markers from the
large amount of microsatellites was greatly facilitated by a software workflow based on the
Staden software package, a version of which will soon be available (Bestzeri et al. in prep.)
including Phobos and other modules geared towards high throughput establishment of high
quality microsatellite loci.

A common feature of enriched libraries is that many microsatllite loci isolated from them have
disadvantageous properties and should be excluded for various reasons (Fig. 5). However, the
number of microsatellites found in the enriched libraries in this study was so high that a sufficient
number of appropriate, high quality loci were available for primer design (see Leese and Held
(2008) and Leese et al. (2008) for details on primer design).

Conclusions
The reporter genome protocol is a highly efficient protocol to isolate microsatellites from unknown
genomes. Its major advantages are (i) the high enrichment efficiency across a large taxonomic
diversity of target genomes, (i) the large number of different repeat types that can be detected
without the need to specify synthetic reporter probes, and (iii) the possibility to retain some
information about relative densities of repeat types in the target genome.

The hybridization step is expected to yield maximum numbers of microsatellites if the target
and the reporter genomes share similarities in repeat regions only, but are sufficiently dissimilar
by descent outside repeat regions. We are confident that the reporter genome protocol as
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outlined in this study will make microsatellites more attractive for researchers in a wide variety of
fields that previously avoided the development of this powerful marker system.
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Abstract

Background: Microsatellites are DNA markers with high analytical power, which are widely used
in population genetics, mapping, and forensic studies. Available software for high-throughput
marker design has some shortcomings that motivated our work to develop a new tool for this
purpose. Our tool is implemented as an extension of the Staden Package, which provides the
environment for the design of flexible sequence analysis workflows that integrate an extendible
set of sequence analysis programs, from base calling, vector and quality clipping, assembly to
marker design. The possibility to assemble overiapping reads (also provided by the basic

functionality of the Staden package) is important to avoid redundancies in designed markers, a
feature missing from most other similar tools.

Results: Our extensions provide the following enhancements to facilitate microsatellite marker
design in the Staden Package: The new modules (i) allow to integrate the state-of-the-art repeat
detection software Phobos into workflows, (i) enable separate repeat detection steps for
assembling sequencing reads (masking repetitive regions) and for designing repeat-flanking
primers, (iii) incorporate the widely used primer design program PRIMERS3 into Staden workflows,
enabling the interactive design and visualization of flanking primers for microsatellites, and (iv)
provide the functionality to find optimal locus- and primer pair combinations for multiplex primer
design. Furthermore, our extensions include a module for storing analysis results in an SQLite

database, providing a transparent solution for data access from within as well as independent of
the Staden Package.

Conclusions: The Staden Package is extended by our modules into a highly flexible, high
throughput, interactive tool for conventional and multiplex microsateliite marker design. It gives
the user detailed control over the workflow, enabling flexible combinations of manual and
automated analysis steps. The software is available under the GNU GPL from
www.awi.de/en/go/bioinformatics/software. Our automated marker design workflow has been
tested and its high efficiency has been proven in three microsatellite development projects.
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Background

Microsatellites (MSs), also called simple sequence repeats (SSRs) or short tandem repeates
(STRs), are repetitive genomic sequence stretches with repeat unit lengths of 1-6 nucleotides.
The high variability in the number of repeat units of many microsatellites is the basis of their
usage as population genetic markers Their high analytical power (multi locus, multiallelic, co-
dominant, nuclear, single-copy markers; Goldstein and Pollock 1997, Amos 1998, Schlétterer
2004) made microsatellites one of the most widely used molecular marker systems in the last two
decades. Genotyping of MS markers is usually performed by amplification of the repetitive
sequence with primers positioned in relatively conserved flanking regions. However, the design of
suitable flanking primers, in particular for multiplex amplification, is still a major bottleneck in
terms of handling time in MS marker design workflows.

Typical microsatellite marker design workflows should be able/have to deal with data
originating from different sources, such as whole genome sequences, sequences from repeat-
enriched genomic libraries or even EST (expressed sequence tag) data. The input data format
can either be text files (e.g, from sequence databases) or trace files obtained directly from the
sequencer. A software tool which allows for a fast microsatellite marker design should ideally
combine a high throughput with a high flexibility, enabling the user to work with the whole
spectrum of possible data sources. While the software should provide the possibility to manually
interact with the analysis process at any point, it should be able to automatically perform a
number of basic tasks when working with large genomic data sets or just individual sequence
reads (e.g., base calling, vector and quality clipping and assembly in case of de novo sequencing
as well as repeat detection and flanking primer design). Of great importance is the possibility to
manually check and backtrack results of each analysis steps, and to introduce changes manually
if required, e.g., shift primer candidates by a few nucleotides based on sequencing quality
information. Last but not least, it should provide the functionality to aid the researcher in finding
locus or primer combinations for multiplexing. Although a couple of software tools have been
developed for automatic MS marker design, MSATCOMMANDER (Faircloth 2008), read2marker
(Fukuoka et al. 2005), SSR primer (Robinson et al. 2004), msatfinder (Thurston and Field 2005),
we found none that could satisfy all these criteria. Each of these tools had one or more of the
following weaknesses: lack of redundancy checks, weak or inconsistent solutions for the repeat
detection problem and lack of integration and interactivity. This motivated our own developments
presented in this paper. Below we address these issues in more detail.

Only one of the above mentioned pipelines, the TROLL module for the Staden package
(Matins et al. 2006), explicitly addresses the problem of marker redundancy: in most cases
microsatellite markers are developed based on sequencing genomic shotgun libraries which
generally contain redundant sequence fragments. This increases the risk of developing
redundant molecular markers when uncritically treating sequenced clones as representatives of
different genomic loci, as it has happened in several published studies (e.g., Locus Ca5
AF277577 & Locus Ca10 AF277582 in Dimsoski et al. (2000)). The TROLL module of Martins et
al. (2006) addresses this issue by using the assembly functionality provided by the Staden
package to detect and assemble overlapping reads into contigs.

Another basic weakness of currently available MS marker design pipelines is repeat
detection. While detecting perfect repeats is a relatively straightforward task which is
implemented satisfactorily in several tools, detecting imperfect repeats is a more complex
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problem and several repeat detection tools perform poorly with them. However, detecting
imperfect repeats is crucial in microsatellite design workflows at least for two distinct reasons.
First, not just perfect but also imperfect repeats can seriously impede the assembly of sequence
databases, especially in the case of sequences coming from repeat-enriched genomic libraries
(sequences sharing similar types of repeats and no other sequence similarity can be joined into
contigs). Second, imperfect MS markers are more common than perfect ones and often represent
the major proportion of the markers reported in Molecular Ecology Notes. Although imperfect MSs
may suffer from a higher degree of detectable homoplasy than perfect repeats (Selkoe and
Toonen 2006), they are less prone to slippage mutations than perfect MSs (Sturzeneker et al.
1998). From the above cited MS marker design pipelines, only SSR primer (using the repeat
detection tool Sputnik) and msatfinder (using Sputnik or an algorithm designed by the authors)
can detect imperfect repeats, however only with a limited accuracy.

The novel repeat detection program Phobos (Christoph Mayer, www.rub.de/spezzoo/cm)
implements an efficient and highly accurate algorithm to scan molecular sequences for perfect
and imperfect tandem repeats without the need to specify a repeat pattern library. Its high
accuracy stems from an exact, i.e. non-probabilistic, search algorithm which detects all tandem
repeats that obey user defined repeat characteristics. An important feature is its ability to detect
alternative (e.qg. higher order) repeat pattern/units for the same repeat locus. Search settings and
the output format of Phobos can be adjusted very flexible, making it an ideal multi purpose
tandem repeat search tool.

Phobos has also been chosen for extending the Staden pipeline since it is significantly more
accurate than other tandem repeat detection programs currently available. Typical shortcomings
of repeat detection programs are, e.g., a possibly strong dependence of search results on
whether a sequence is scanned in forward or backward direction (Sputnik and SciRoKo), the
problem of identifying a well defined beginning and end of a tandem repeat (IMex), or an inherent
inaccuracy of programs using a probabilistic, i.e. non-exact, search algorithm (TRF) which aim at
finding just a specified portion (usually 95%) of repeats that obey predefined repeat
characteristics. The accuracy of probabilistic search algorithms is is particularly low when
searching for s shorter microsatellites. Furthermore, Phobos is significantly faster than TRF when
searching for di- to hexanucleotide tandem repeats.

Another major issue motivating our work was the lack of flexibility and interactivity in most MS
marker design tools. Most available MS marker design pipelines implement a pre-defined and
mostly strictly linear workflow. However, an interactive workflow control can improve the usability
at several steps of the design process. The TROLL module for the Staden package (Martins et al.
2006) demonstrated the power of an approach where a modular sequence analysis software is
used as a backbone for a special purpose application, realized by adding some specialized
extensions to the basic workflow. Their module integrated the repeat detection tool TROLL
(finder.sourceforge.net) into the pregap module of the Staden package, making it possible to
define workflows that combine base calling, vector and quality clipping as well as assembly of
sequencing reads with repeat detection. Finally, the results from the pipeline were used in a
stand-alone primer design program wrapping PRIMER3 (Rozen et al. 2000) for designing flanking
primers. Unfortunately, the TROLL module has drawbacks, which impede the MS marker design
process significantly: First, the tandem repeat search tool TROLL detects only perfect repeats.
Second, the repeat detection step is only invoked once as part of the pre-processing pipeline for
sequence assembly, i.e., no post-assembly repeat detection can be performed. A problem with
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this approach is that the ideal search parameters for a repeat detection for masking out repetitive
sequences before the assembly and for designing flanking primers of repeats after the assembly
are often not the same. Whereas the user might be interested, for instance, in only designing
primers for dinucleotide repeats, repeats with longer units can equally well impede the assembly
process and should thus be masked out as well. Third, the primer design process was
implemented as a stand-alone wrapper script for PRIMER3, an unsatisfying solution concerning
integration. Thus, the user has no possibility to interactively validate the primers in the context of
their contigs or sequencing reads. This step would be necessary to manually check, e.g.,
sequence coverage and quality in the primer binding region, or to perform multiple rounds of
primer design with the aim of incrementally adding primer candidates from these rounds to a list
of most promising primer candidates.

In view of the major drawbacks of existing MS marker design tools we decided to develop a
set of extension modules for the Staden package (Staden 1996) for a flexible, convenient and
efficient development of MS markers. Using the basic workflow of the Staden package as a
backbone (data input from multiple sources, base calling, vector and quality clipping, assembly
with redundancy checking, interactive contig editor, possibilites to manually and
programmatically tag selected regions), we extended its functionality of the following features: (i)
integration of the microsatellite search tool Phobos, (i} independent detection of microsatellites
for assembly and marker design with different search parameters, (iii) more flexible integration of
repeat detection and primer design steps which can now be performed in an iterative process
allowing the user to repeat steps without having to go through the complete workflow again, (iv)
design of MS markers optimized for multiplex PCR (Fig. 1).

In order to improve upon the probably most important weakness of the Staden package for
such applications, namely the difficult programmatic handling of in-memory Gap4 databases, we
also implemented an extension providing the possibility to store sequence features (repeats
detected, primer candidates) in a more transparent manner in SQLite (http:/iwww.sqlite.org/)
databases (Fig. 1).

Pregap Gap4

Base
calling

Assembly

(repeats masked out)
/

1| Repeat

Clipping

detection Repeats and

Repeat primer candidates
oetfcﬁon Primer ™ stored in SQLite
design and / or text files

Multiplex
design

Figure 1: Diagram illustrating possible workflows for microsatellite marker design in the Staden package
using the STAMP extensions modules.
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Implementation

All extensions described below were implemented as tcl modules following the conventions used
in the internal modules of the Staden package.

Phobos module for Pregap

Our first extension is a tcl module integrating the repeat detection tool Phobos into the Staden
pre-processing tool pregap. It extends the existing functionality of the pre-processing pipeline, i.e.
base calling, quality and vector clipping, filtering of contaminant clones etc. by a tandem repeat
detection step. The user has full control over the Phobos search parameters and detected
tandem repeats can be filtered according to user preferences in the module. Tandem repeats that
pass the filter are added to the experiment files.

Phobos module for Gap4 (Fig. 2)

After the sequence pre-processing step using pregap, the experiment files (which include
information on repetitive regions) can be used in an assembly process in the Gap4 module of the
Staden package. When using the “Normal shotgun assembly” option, the tagged repeats can be
masked out. Either all experiment files or a subset of them can be used as input for the assembly
process. After assembly, the individual contigs can be viewed using the contig editor window of
Gap4 with tagged regions being marked. If the project started from trace files, the individual
traces can be displayed together with the contigs.

On the basis of assembled contigs, a tandem repeats search can be invoked using Phobos
with search parameters independent of a previous search (Fig. 2). Selected tandem repeats can
be saved in experiment files or an SQLite database, or can be used as targets for designing
flanking primers in the following step.
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Figure 2: Gap4 dialog to configure microsatellite detection with Phobos.
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Module for designing flanking primers with Gap4

This module integrates PRIMER3 (Rozen et al. 2000) into Gap4 and enables the creation of PCR
primer pairs flanking any user specified tag in the Gap4 database. Even though our work focuses
on designing primers for tagged tandem repeats, the module was developed so as to provide the
functionality to design flanking primers for other kinds of features as well. In this module the user
is offered a number of options to choose primer target regions and primer design parameters.
The user can specify whether the primer pairs should flank just a single tandem repeat or several
tandem repeat at once (Fig. 3).

After completion of a PRIMER3 run, a table listing the best five primer pairs for each contig is
being displayed. By clicking on rows of this table, an instance of the contig editor is opened
showing the contig corresponding to the primer pair that has been tagged (Fig. 4). Check boxes
allow the user to manually select or deselect primer pairs for individual contigs (by default, the
best primer pair based on PRIMER3 penalties is selected). Subsequently, all checked primer
pairs can be written either into the Gap4 database, into experiment files or a SQLite database.
Upon completion of manual checks, the list of selected primer pairs can be exported into a tab
delimited text file, useful for e.g., ordering primers.
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Figure 4: From top to bottom: Result table from a flanking primer design process; contig editor window with tagged
tandem repeat (on the right) together with a forward primer candidate (on the left); trace display of the corresponding
sequence segment.

Module for selecting primer combinations usable in multiplex PCR experiments for Gap4

This module allows the selection of primer pair combinations, which could be used, in a multiplex
PCR experiment. The module uses a list of candidate primer pairs as input, which can read in
from tab-delimited text files (including ones written by the above PRIMER3 module), primer tags
in the Gap4 database or primer lists from an SQLite database. To create the primer pair
combinations, a score matrix is calculated by aligning all primers with each other. In addition,
BLAST searches using primer sequences as queries against sequences from either the Gap4
database or a user specified FASTA file can be performed, to check for cross-hybridization
among different loci and prevent the inclusion of primers potentially binding to non-target loci. If R
(www.r-project.org) is installed, results of a cluster analysis of primer pairs based on their
alignment scores can be visualized. The tree image created using R shows the compatibility
between different primer pairs: pairs in direct neighborhood are highly compatible, pairs on
different branches are less compatible. This display is based on a hierarchical cluster analysis of
primer alignment scores, calculated on both the forward and reverse complement strands. The
created primer sets can be written as tags into the Gap4 database, experiment files or an SQLite
database. It is also possible to export the lists as tab delimited text files (Fig. 5).
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Multiplex PCR

priner.txt

k2 T
FRIR, PRI), FKIZ, PR13, PN1e)

AGAATATACTGGCGTCACGA
GTAGAAAGTGTGGTTAGGCG
574 CCGCCTCCACCAGTATC

549 AAMAGCACCCAMATGAATTA 187 04663
550 GCAAACTGAAATASACCCTG 206 01025
550 CCTCGTGGACTTTCTATCTG 213 00708
549 CCAGTAATACATGCAAGCAA 148 00946
551 TTGATCGCTTGGTTTTTATT 167 0.0881
651 CGAGGTTTCATTTTGATAGC 171 0.2686
552 TTTAGGTGACGCGTTAGAAT 170 02716
552 TTTAGGTGACGCGTTAGAAT 202 05251

AGTTTTGATTTCAATGACCC
ACATCCGTTCACTTTTCAAC |
GTACGACTCGCCAAGACTC p144_clone147_F
554 TGTTCAATCGCTTTTGTGTA p144_clone16_R
214 543 TTAATTCATTTGGGTGCTTT p144_clone16_R
400 S50 CAGGGTTTATTTCAGTTTGC p144_clone16_R
116 550 TCAGATGTTTGTGTTTTCCA p144_clone38_R
116 550 GAGAGATTACTGGGTGGTGA p144_clone142_F
AGGGACAAAGAGAGACACAA p144_clone53_F
ACATCACTTTAGTGCGGTTT p144_clone10_F
ATTTGTCTGAACGTCGGTAT p144_clone10_F

sfifgiaied
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AR cEREEREERE
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Figure 6: Top: Dialog to start multiplex design. bottom: Table showing similarities between primers and other contigs to
detect possible cross-hybridizations.
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SQLite module for Gap4

With this module it is possible to store analysis results in SQLite databases. All results created
with the other modules listed above (repeat detection, primer design and multiplex design) can
(optionally) be written into an SQLite database. Repeat lists in an SQLite database also show a
table of primer pairs, included in the database, flanking the repeats in the list (Fig. 6). This adds a
transparent feature storage alternative to the database files and in-memory databases of Gap4,
with the possibility to transfer features in both directions between a Gap4 database and SQLite
databases. Furthermore, features from the SQLite tables can be added to Staden experiment
files and can be exported as tab-delimited text. A number of further methods to manipulate
SQLite databases through a Gap4 interface have been implemented, including creating new,
empty lists, exporting selected rows to other lists and invoking Gap4 modules with the list as input

data.

SQL ll( Ddtabdse SQL!K&[‘B

Primertable only single SSR

Primertable -

Primertable Penta Phobos Results for: Tetra
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v plad_clnel13R 370 AG
[V pl44_clonel13F 441 23 AACC 5
[V pl4d_clonel13 R 144 2 AACC 5
[V pl44 clone35 R 252 8 A 8 =
vV pl44_clone35 R 361 AC 4
[V plddclonelsF 322 8 AC 4
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[V pl44_clone35s R 401 3 AC 4
[V pla4_clone35F 281 3 AC 4
¥ pld44 clone35s R 407 17 ACAT 4
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Select Al| Deselect al
SqLite Database delete aptions:  Delste Table Ddu-manl V
SaLite Database create options: _New Table Enter selected Rows h'fﬂnﬁbl 5
Exporttofile: [Primer. vxe E:w!b!d.mm]souum Dautwhm]un
0 pm clone142_F ns 550 GAGAGATTACTGGGTGGTCA pm clone142_F ® I na«rcscnssmrmr 157 0.0881
Pvm 4 pl4d_clonel42F 116 550 GAGAGATTACTGGGTGGTGA pl44_cloneld2 F 282 551 TTGATCGCTTGGTTTTTATT 167 unam
Mpix 0 pld44_cloneld2 F 116 550 GAGAGATTACTGGGTGGTGA pld44_clneld2 F 282 551 TTGATCGCTTGGTTTTTATT 167
Mplk 4 pl44 clonel42 F 116 550 GAGAGATTACTGGGTGGTGA pl4d_cloneld2 F 282 551 TTGATCGCTTGGTTTTTATT 167

|Addto. [P DB ™ emfie Expot o Fie | Export 1o S0Le0B | Cieste Prinertabe | I

Figure 6: Top: Dialog to load data from SQLite, listing available analysis results. Bottom: Table of tandem repeats and
their flanking primers loaded from an SQLite database.
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Module for exporting the Gap4 database
This module allows exporting all contigs of a Gap4 database into a FASTA file.

Installation

The STAMP extensions can readily be added to an existing installation of the Staden package by
extracting the STAMP archive into the Staden home folder. STAMP archives containing all
necessary binaries (Phobos, PRIMER3, NCBI blast, SQLite) are available for the Windows,
Linux, and Mac (except SQLite support) platforms. The archives also include documentation for
each of the extension modules in PDF and HTML format as well as tutorials.

Results and Discussion

The pipeline was tested in three microsatellite marker design projects, described in detail in
Leese et al. (2008), Gabler et al. (in preparation) and Péhimann et al. (in preparation).

Lab test Serolis paradoxa

Microsatellites were enriched using the reporter genome protocol (Leese et al. accepted) with
DNA from Drosophila melanogaster and Mus musculus as enrichment templates. A short-insert
genomic library was created, of which inserts from 167 clones were sequenced directly. Allowing
a mismatch percentage of 10% in the flanking regions using the GAP4 normal shotgun assembly
algorithm, we found forty redundant inserts. For the remaining 127 unique inserts we searched
for microsatellites with a percentage perfection of 295% using Phobos. For 22 appropriate loci,
primer pairs were automatically developed using PRIMERS3. The optimal annealing temperature
for microsatellite PCR was determined on a gradient cycler (48 to 65°C, epgradient, Eppendorf).
The PCR protocol for 20 pl reactions was 2 min 94°C, 34 cycles: 20 sec 94°C, 15 sec annealing
temperature, 30 sec at 65°C, and a final extension step of 5 min at 65°C. PCR reagents and
concentrations were: 0.2 mM dNTPs, 0.5 uM primer (unlabeled), 0.5 M Betaine, 2.5 mM MgCl,
0.03 U/l Hotmaster Taq (Eppendorf), 2-40 ng DNA.

Twenty of the 22 primer combinations yielded distinct PCR products (91%). These were
analyzed for variability on an ABI3130xlI sequencer. Genotyping was performed using the
software Genemapper 4.0. Six of the 20 loci were rejected from analysis due to artifactual allele
patterns or unreliable genotyping. Overall success from primer design was therefore as high as
63.6%.

Conclusions

We developed the following set of extension modules to the Staden package to facilitate the
process of microsatellite marker development:
- a Pregap module integrating the tandem repeat detection program Phobos for
masking tandem repeats prior to the assembly,
- a Gap4 module integrating Phobos for detection of suitable microsatellites after
assembly,
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- Gap4 module integrating PRIMER3 for designing primers which flank tagged
sequence regions,

- Gap4 module for multiplex primer design,

- Gap4 module for storing analysis results in SQLite databases.

All workflows can take full advantage of the rich functionality of the basic Staden package
including the possibility to import data from a variety of sources, to visualize data as well as
results, and to export results into several formats. The major advantages of this sequence
analysis environment over other currently available tools that serve the same purpose are the
consequent integration of the state-of-the-art repeat detection and flanking primer design tools
into a single, flexibly customizable and interactive analysis environment.

Laboratory tests demonstrated that microsatellite marker design with a workflow using the
new enhancement modules not only led to a high proportion of useful primer pairs but also to a
strong increase in productivity during the design process.

Availability and requirements

Project name: STAMP

Project home page: http://www.awi.de/en/go/bioinformatics/software;
http://aforge.awi.de/gf/project/stamp (source code repository)

Operating system(s): Platform independent
Programming language: tcl

Other requirements: none

License: GNU GPL

Any restrictions to use by non-academics: none
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Abstract

We report the successful isolation of ten polymorphic microsatellite markers for one species of
the marine isopod species complex Ceratoserolis trilobitoides (Eights, 1833) from the Southern
Ocean. The number of alleles per locus ranged from six to 30 for the 148 specimens analysed
and heterozygosity ranged from 0.34 to 0.98. Seven microsatellites amplified successfully in a
cryptic sister species, which is restricted to the Antarctic Peninsula. This novel marker set
provides the opportunity to study and monitor population structure, demography and gene flow
patterns for a benthic model taxon in a region that is now subject to rapid climate change.
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Introduction

The species Ceratoserolis trilobitoides (Eights, 1833) is a large and locally abundant model
invertebrate for ecological, physiological and biogeographic studies on the High Antarctic shelf
(e.g. Luxmoore 1981; Clarke 1984; Wagele 1987; Brandt 1991; Clarke & Gore 1992). Recent
molecular genetic studies have shown that C. trilobitoides sensu Wégele (1986) in fact consists of
at least two cryptic species that differ in their distribution ranges, ecological preferences and
morphology (Held 2003, Held unpubl. data). One of these species represents the type,
Ceratoserolis trilobitoides sensu stricto (Eights, 1833, group 2 in Held 2003), which is restricted to
the Antarctic Peninsula. The other, broadly distributed species, Ceratoserolis n. sp. 1 (group 1 in
Held 2003), is new to science (species description Held in prep.).

This study reports the successful development of ten microsatellite markers for Ceratoserolis
n. sp. 1. In addition, the utility of the microsatellites in the cryptic species Ceratoserolis
trilobitoides s. str. is tested.
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Figure 1: Sampling sites for specimens of Ceratoserolis trilobitoides sensu Wagele (1986): The cryptic
species Ceratoserolis n. sp. 1 was sampled at stations 1-3, specimens of the Ceratoserolis trilobitoides s.
str. at station 4. Drawing of Ceratoserolis n. sp. 1 from CH.
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Material and Methods

Material was collected on expeditions ANTXIII/3 and ANTXIV/2 to the Antarctic with “RV
Polarstern”. Specimens of Ceratoserolis n. sp. 1 were collected with Agassiz trawls near Elephant
Island (population 1, n=78), King George Island (population 2, n=47) and from the eastern
Weddell Sea (population 3, n=33). Specimens of C. trilobitoides s. str. were collected near
Elephant Island (population 4, n=8, Figure 1).

Genomic DNA of Ceratoserolis n. sp. 1 was isolated from ethanol preserved muscle tissue
using standard spin column protocols (Qiagen DNeasy). A genomic library enriched for
microsatellites was created using the reporter genome protocol (Nolte et al. 2005) as described in
Held and Leese (2007). Hybridization chips (Hybond N+, GE Healthcare) with single stranded
genomic DNA from Mus musculus, Drosophila melanogaster (strain Canton S) and Homo
sapiens as reporter genomes were used as natural enrichment probes (reporter genomes).
Enriched fragments were ligated into pCR2.1 TOPO vectors (Invitrogen) and transformed into E.
coli (Promega JM 109, Invitrogen TOP10F"). Positive clones were grown overnight in LB media.
Alternatively, plasmids were directly amplified using Eppendorf OriMaster Kit. Sequencing was
conducted on a LI-COR 4200, an ABI 3130x! automated sequencer or by Macrogen Inc. (Korea).
Sequence analysis was conducted manually using the software LASERGENE (DNAStar Inc.).

From the partial genomic libraries enriched using Mus musculus, Drosophila melanogaster
and Homo sapiens as enrichment templates we obtained 171, 91 and 62 unique inserts with
microsatellites, respectively (@ 88% positive clones). Flanking primers for 50 candidate loci were
designed using FastPCR (Kalender 2003). Primer pairs were tested in 20 pl reactions on a
gradient cycler (PTC-200, MJ research) with annealing temperatures from 48°C to 65°C. The
PCR protocol was 2 min at 94°C followed by 36 cycles of 20 s at 94°C, 15 s at annealing
temperature (Table 1), 30 s at 65°C, plus a final extension step of 5 min at 65°C. PCR reagents:
0.2 mM dNTPs, 0.5 uM primer (unlabeled), 0.5 M Betaine, 2.5 mM MgCl, 0.03 U/ul Hotmaster
Taq (Eppendorf), 2-40 ng DNA. Twenty-seven of the 50 loci yielded amplification products and
were investigated for their utility in a population genetics context. To this end, PCR reactions
were performed as above substituting one unlabeled primer with a 5-fluorescently labeled primer
(Table 1). Additionally, the number of cycles was reduced to 30-32 and a final elongation step of
45 min at 65°C was added in order to reduce in vitro artefacts. Subsequently, 1 pi of diluted PCR
product (2 to 15-fold in molgrade H;0) was denatured in a mixture of 14.7 p! HI-DI formamide and
0.3 pl GeneScan ROX 500 size standard (Applied Biosystems). Fragments were analyzed on an
ABlI 3130xiI sequencer. Genotyping was performed using GENEMAPPER v4.0 (Applied
Biosystems). For Ceratoserolis n. sp. 1, ten of the 27 candidate loci were scoreable and
polymorphic (GenBank accession numbers EU294218- EU294227). As many as 17 loci were
discarded as they were either monomorphic, revealed strong in vitro artefacts (‘stutter bands’),
amplified more than two alleles per individual or could not be reliably genotyped.

Microsatellite variability for the ten suitable markers was evaluated using specimens from
populations 1-3 (Figure 1). All loci were examined for genotyping errors, allelic dropout and null
alleles using MICRO-CHECKER 2.2.3 (van Oosterhout et al. 2004) and DROPOUT (McKelvey &
Schwartz 2005). Tests for Hardy-Weinberg equilibrium (HWE) were performed using ARLEQUIN
3.11 (Excoffier et al. 2005) and for genotypic disequilibrium using GENEPOP 4.0.6 (Rousset 2007).

The unbiased probability of identity for all 148 specimens was calculated using GIMLET 1.3.3
(Valiere 2002).
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Results and Discussion

The number of alleles per locus ranged from 6 to 30. The observed heterozygosity ranged from
0.34 to 0.98. No evidence for global genotypic disequilibrium was found across all pairs of loci
across all samples (fisher's exact method). After sequential Bonferroni correction (Rice 1989)
only loci C1H93 and C1Df14 deviated from HWE (P<0.01) with significantly reduced
heterozygosities (Table 1). This inflated homozygosity results most likely from the the presence of
null alleles as inferred from analyses using MICRO-CHECKER. The overall probability of identity for
the data set investigated (n=148) is high, P1=2.920x10°"°.

Amplification success of the ten microsatellites was tested in C. trilobitoides s. str. from
Elephant Island (population 4, Figure 1). Seven microsatellites amplified successfully of which
five markers showed private alleles (Table 2). Consequently, eight of the ten microsatellite
markers developed in this study add support from the nuclear genome to the hypothesis that
Ceratoserolis n. sp. 1 and C. trilobitoides s. str. represent two reproductively isolated species, as
suggested on the basis of mitochondrial (Held 2003) and morphological data (Held in prep.).

Table 2: Cross-amplification success and product length ranges of microsatellite markers
in the species C. trilobitoides s. str. from Elephant Island (n=8). The length range of the
markers in Ceratoserolis n. sp. 1 are shown for comparison.

Locus amplification range [bp] range [bp]
name success C. trilobitoides s. str. Ceratoserolis n. sp. 1
CcoMo3 - - 134-146
COMO05 + 218-230 176-262
CoMo7 + 301-305 226-268
CoM11 + 167-187 174-203
CoM12 + 121-141 135-177
C1D05 + 185-209 185-197
C1Df14 - - 184-202
C1H55 + 170-201 153-208
C1H93 - - 248-260
C3D10 + 129-161 127-157

This marker set provides sufficient resolution for detailed population genetic,
phylogeographic and molecular ecological studies on these two benthic key taxa in the Southern
Ocean. These findings are especially important to understand the microevolutionary causes of
frequent, often cryptic, speciation in benthic taxa inhabiting the High Antarctic shelf (Held 2000,
2003; Held & Wégele 2005; Wilson et al. 2007). Data collected on population structure and
demography of these benthic key species is additionally of major importance to study and monitor
the consequences of global and regional warming on the Antarctic biota that inhabit one of the
world’s most affected regions to climate change (Vaughan et al. 2003; Meredith & King 2005).
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Abstract

This study reports the successful isolation of highly informative microsatellite marker sets for two
marine serolid isopod species. For Serolis paradoxa (Fabricius, 1775), 13, and for Septemserolis
septemcarinata (Miers, 1875), eight polymorphic microsatellite markers were isolated using the
reporter genome enrichment protocol. The number of alleles per locus (Ns) and the observed
heterozygosity (Ho) encompass a wide range of variation within S. paradoxa (N4 3-31, Ho 6-89%)

and S. septemcarinata (Na 2-18, Ho 9-94%). The suitability of the newly isolated markers for
population genetic studies is evaluated.
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Introduction

Members of the marine isopod family Serolidae Dana, 1852 are predominately distributed on the
continental shelves in the Southern hemisphere (Brandt 1988, Wagele 1994). Serolis paradoxa
(Fabricius, 1775) is restricted to the marine sublittoral around the Falkland Islands and the
Magellan Strait region where it is locally abundant (Gappa and Sueiro, 2007). In contrast,
Septemserolis septemcarinata (Miers, 1875) is distributed in shallow waters of remote Antarctic
islands (Brandt, 1991; see Figure 1). Both species brood their offspring and lack pelagic larval
stages. The species’ dispersal should thus be limited. However, the amount of gene flow between
populations and the species’ realized dispersal has never been estimated. This study reports two
highly polymorphic microsatellite marker sets that allow to estimate population substructure and
gene flow patterns.

40°S

L 100m
50°S __1300m
60°S __|500m

1000 m

80°S 4000 m

Antarctica Septemserolis Serolis

septemcarinata paradoxa

0’ 30°E 60°E

90°S >4000 m

60°W 30°'W

Figure 1: Distribution and sampling sites of Serolis paradoxa (dark grey circles, BL and CE) and Septemserolis

septemcarinata (bright grey circles, SG and BT). lllustrations of S.paradoxa from Wagele (1994), of S. septemcarinata

from Brandt (1991). SAF=Subantarctic Front, PF=Polar Front, according to Belkin and Gordon (1996) and Cortese and
Gersonde (2007).
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Material and methods

Specimens of S. paradoxa were sampled at Bahia Laredo near Punta Arenas, Chile (BL) and
from the Atlantic opening of the Strait of Magelian (CE). Specimens of S. septemcarinata were
sampled around South Georgia (SG) and Bouvetoya (BT, Figure 1). Genomic DNA was isolated
from muscle tissue using the Qiagen DNeasy Mini Kit. A genomic library enriched for
microsatellites was created for each species using the reporter genome protocol (Nolte et al.,
2005) as described in Held and Leese (2007). Hybridization chips (Hybond N+, GE Healthcare)
with DNA from Mus musculus and Drosophila melanogaster (Canton S) as reporter genomes
were used for enrichment. As a modification to Held and Leese (2007), 0.03 U/ul Hotmaster Taq
(Eppendorf) were used in PCR. Also, nick repair and PCR were carried out in one reaction tube
by incubating for 10 min at 65°C prior to PCR (94°C for 2 min followed by 25 cycles of 30 s at
94°C, 45 s at 52°C, 80 s at 65°C and 10 min final elongation at 65°C). For elution, hybridization
chips were transferred into 500 pl TE buffer (pH 8.0, 80°C) for § min. DNA was precipitated using
a standard isopropanol-sodiumacetate protocol.

The enriched fragments were PCR amplified in 25 pl reactions and purified using the Qiagen
Qiaquick Kit. Purified fragments were cloned into pCR2.1-TOPO vector and transformed into
competent TOP10F' E.coli (Invitrogen).

For S. paradoxa, plasmid preparation of 167 colonies and shotgun sequencing using a
standard M13-forward primer was conducted by GATC-Biotech (Konstanz, Germany). Analysis of
electropherograms, vector clipping, assembly of contigs, redundancy filtering and primer design
were performed using a newly developed, automated software pipeline based on the STADEN
package (Staden, 1996, Beszteri et al., in preparation) to which the microsatellite search tool
PHOBOS 3.0 (Mayer, in preparation, www.rub.de/spezzoo/cm) and the primer design tool PRIMER3
(Rozen and Skaletsky, 2000) had been added. Out of the 167 inserts sequenced, 124 (74%)
were unique and contained at least one microsatellite. Only inserts with microsatellites with a
perfection of 295% were chosen using PHOBOS and considered for primer design. Insert
sequences outside the microsatellites were additionally screened for the presence of
duplications, inversions and higher-order repeat structures using DOTLET (Junier and Pagni, 2000)
and the newly developed software SEROLIS (Schulz et al. in prep) to avoid problems in
subsequent PCR amplification. Primer pairs for 22 adequate inserts were devised by PRIMER3.
The entire process was made highly automated due to the software pipeline.

For S. septemcarinata plasmid preparation of 161 colonies was conducted using the
Eppendorf Fast Plasmid Mini Kit. All 161 inserts were sequenced on an ABI 3130x| automated
sequencer using M13-forward and reverse primers. A total of 103 inserts (64%) were unique with
at least one microsatellite. Sequence analysis was conducted manuaily using the software
LASERGENE (DNAStar Inc.). PHOBOS and DOTLET were used to select 16 adequate microsatellites
from the 103 sequences. Primer pairs were designed using FASTPCR (Kalender, 2003).

For both species, the optimal annealing temperature for microsatellite PCR was determined
on a gradient from 48°C to 65°C. The PCR protocol for 15 p! or 20 i reactions was 2 min at 94°C
followed by 34 cycles of 20 sec at 94°C, 15 sec at annealing temperature (Table 1a/b), 30 sec at
65°C, plus a final extension step of 5 min at 65°C. PCR reagents consisted of 0.2mM dNTPs, 0.5
UM primer (unlabeled), 0.5M Betaine, 2.5 mM MgCl, 0.03U/ul Hotmaster Tag (Eppendorf), 2-40
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ng DNA.

’ For S. paradoxa, 21 of 22 and for S. septemcarinata, 14 of the 16 primer combinations
yielded distinct PCR products. Microsatellite variability for S. paradoxa was evaluated using
specimens from populations BL (n=35) and CE (n=32) and for S. septemcarinata using
specimens from SG (n=23) and BT (n=52). PCR reactions were repeated substituting one
unlabeled primer with a 5'-fluorescently labeled primer (Table 1alb), reducing the number of
cycles to 28-34 plus adding a final elongation step of 45 minutes at 65°C. The denatured PCR
products were analyzed on an ABI 3130x] sequencer using ROX GS500 size standard (ABI).
Genotyping implemented the software GENEMAPPER 4.0. The data sets were examined for
genotyping errors, allelic dropout and null alleles using MICROCHECKER 2.2.3 (van Oosterhout et
al., 2004). Tests for HWE and genotypic disequilibrium were performed using GENEPOP 4.0.6
(Rousset, 2007) and ARLEQUIN 3.11 (Excoffier et al., 2005). The unbiased probability of identity
was calculated using GIMLET 1.3.3 (Valiere, 2002).

Results and Discussion

For S. paradoxa, 15 loci could be reliably genotyped of which 13 were polymorphic with three to
31 alleles per locus. The observed heterozygosities ranged from 0.059 to 0.89. Loci Spa04 and
Spa41 (BL), Spa08, Spa10, Spa30 and Spa39 (BL and CE), and Spa34 (CE) were characterized
by a significant global heterozygosity deficiency (P<0.01). Although this might be an indication of
null alleles, it needs to be considered whether it could be a consequence of local inbreeding, a
Wahlund effect, a sampling bias or of recent population expansion in the Strait of Magellan
instead. A significant genotypic disequilibrium was reported for the loci Spa10/Spa41 (P<0.01).
The probability of identity (excluding locus Spa10) was high, P1=2.214x10"". Two microsatellites
were monomorphic for the populations investigated: Spa01 (EU127455) and Spa16 (EU127456).

For S. septemcarinata 13 loci could be reliably genotyped of which eight were polymorphic
with two to 18 alleles per locus. The observed heterozygosities ranged from 0.09 to 0.94.
Population SG displayed a highly significant homozygosity excess for locus Sse14 that is likely to
be due to null alleles. None of the other loci deviated from HWE. Significant genotypic
disequilibrium was reported for loci Sse14/Sse15 (P=0.025), which are located on the same
insert, 131 bp apart. The probability of identity (excluding locus Sse14) was high, P1=5.689x1 07,
Five additional microsateliites were monomorphic for the populations investigated: Sse01, Sse02,
Sse06, Sse12, Sse16 (EU056267, EU056268, EU056271, EU056275, EU056279).

The novel marker sets reported in this study are appropriate for studying microevolutionary
processes, especially gene flow, to quantify the species’ dispersal capabilities in the context of
their unique biology and habitat characteristics. In addition, the markers can provide insight into
the poorly understood reproductive strategies of these two benthic key species.
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Abstract

Benthic habitats on the Antarctic shelf are largely ice-free at present but were covered with
grounded ice that reached several times as far as the shelf break during the glacial maxima. The
strikingly high biodiversity on the Antarctic shelf has often been taken as indirect evidence that
not all benthic life may have been eradicated during the glacial maxima but there is a lack of hard
evidence supporting this view.

In this study, we investigate ten fast evolving microsateliite loci and a fragment of the
mitochondrial COI gene in the broadly distributed benthic isopod Ceratoserolis n. sp. 1 from the
Antarctic Peninsula (AP) and the Eastern Weddell Sea (EWS). The patterns of intraspecific
genetic variation in the two marker systems are concordant with a deep genetic divergence
between both regions on either side of the Weddell Sea indicating a lack of genetic exchange
since the late Pleistocene. There is also a signature of rapid and recent population expansion in
AP and EWS, which coincides with a recovery of populations after the last glacial maximum
(LGM). The molecular data demonstrate that glaciations had a pronounced impact on genetic

diversity but also suggest that continued survival in separate refuge areas in the EWS and
around the AP was possible.
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Abbreviations

AMOVA Analysis of Molecular Variance

AP Antarctic Peninsula

Cl Confidence Interval

Col Cytochrome oxidase subunit | gene
EWS Eastern Weddell Sea

FCA Factorial Component Analysis

He Expected heterozygosity

Ho Observed heterozygosity

HT Haplotype

IAM Infinite Allele Model

1BD Isolation by distance

LnPr Estimated logarithmic probability of the data
Na Number of alleles

No Effective population size

P1-13 Population 1-13

SMM Stepwise Mutation Model

TPM Two Phase Model
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Introduction

The fauna of the Southern Ocean is highly diverse and endemic (Clarke and Crame 198,
Dayton 1990, Arntz et al. 1994, Knox 1994, Crame 1997, Clarke and Johnston 2003, C{arke etal.
2004, Gutt et al. 2004). Brooding benthic macroinvertebrates of the taxon groups echinoderms,
molluscs, isopods and amphipods are particular diverse (Brandt 1988, De Broyer and Jazdzewski
1993, Amntz et al. 1994, Wagele 1994, Poulin and Feral 1996, Brandt et al. 1999, Clarke and
Johnston 2003, Gutt et al. 2004, Linse et al. 2006). Currently, approximately 4000 species are
known to coexist on the Antarctic shelf (Clarke and Johnston 2003), however, the true number of
species living on the shelf must be considered a magnitude higher than that (Gutt et al. 2004).
This estimate might be further augmented by the discovery of species complexes that consists of
cryptic species (Allcock 2002, Page and Linse 2002, Held 2003, Held and Wagele 2005, Linse et
al. 2007, Wilson et al. 2007, Leese and Held 2008).

Antarctic marine macroinvertebrate biodiversity is concentrated predominantly on the narrow
Antarctic shelf and to a lesser extend to the continental slope and the deep sea (but see Brandt
et al. 2007). However, during the recurrent glacial periods on Milankovitch timescales (Imbrie et
al. 1993) a massive ice shield that exceeded the extent of today’s ice sheet by far covered most
areas of the Antarctic continent and the shelf. Based on geophysiological evidence and
mathematical models it must be expected that grounded ice reached as far as to the outer shelf
break (Elverhoi 1981, Gingele et al. 1997, Anderson et al. 2002, Huybrechts 2002, Evans et al.
2004, Ingolfsson 2004). For the Antarctic benthic communities this must have imposed a major
disturbance as the grounded ice sheets expelled the benthic fauna from the shelf to a large
degree. In addition to this extensive ice disturbance, primary production was generally reduced at
glacial maxima due to thick and permanent multiannual sea ice (see Thatje et al. 2008). While
most studies on evolution of the Antarctic communities mainly focussed on phylogenetic aspects
to explain on evolutionary timescales how species evolved in an increasingly cold and hostile
habitat (e.g. Eastman 1991, Lecointre et al. 1997, Bargelloni et al. 2000, Held 2000, Near et al.
2003) we also have to ask the question how benthic species, in particular the less mobile
brooding species, survived periods of high disturbance on shorter, ecological time scales. Either
benthic communities went extinct during these glacial periods or they had to survive in ‘refuge
areas’ such as the deep sea, shelf areas of South America, the continental slope or in ice-free
refugia on the shelf. The eurybathy of many Antarctic taxa is regarded as an indication for
‘'vertical evasive actions’ (Brey et al. 1996). While the existence of refuge areas is often taken for
granted (Clarke and Crame 1992, Crame 1997), biological data providing evidence on where
those could have been located and whether populations of a species were really separated in
different refuge areas are scarce (e.g. Linse et al. 2007). Very few studies investigated the
intraspecific genetic variability in the context of historical processes (Janko et al. 2007). Often, the
availability of sufficient sample sizes and highly informative markers such as microsatellites also
limited the scope of the studies (see Held and Leese 2007).

. This study investigates the partitioning of genetic polymorphisms in one more broadly
distributed species of the Ceratoserolis trilobitoides (Eights, 1833) species complex (Wégele
éi?:;o:eerlsliszgm; L1(-)e(2(:oj1 “d1 Held 2008, see Fig. 1). Only one species of this complex,

- SPp. P 1in Held 2003), has a broad distribution and occurs around the
S;V‘cg S;e"a”f’ Islands at the tip of the Antarctic Peninsula (AP) and the eastern Weddell Sea
( ). If glaciations affected the present day population structure, i.e. the subdivision between
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Florian Leese — Population genetics of selected serolid isopods

flerent populations and their present-day genetic variability, we expect to find genomic
gnatures in particular in species with limited dispersal capabilities (Poulin et al. 2002, Thatje et
. 2005). Ceratoserolis n. sp. 1, like all members of the serolid isopods known so far, is strictly
snthic, broods their offspring and lives half buried in the soft-bottom sediments. For
eratoserolis the impact of glaciations must have been particularly severe due to its limited ability
 evade the ice. This, however, makes Ceratoserolis n. sp. 1 an appropriate model organism to
udy the effects of large-scale ice disturbances during Southern Ocean history on the genome of
characteristic key species. For this purpose we use a novel set of ten nuclear microsatellite
arkers (Held and Leese 2008) and a fragment of the cytochrome ¢ oxidase subunit | gene
>0l).
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Figure 1: Neighbor-Joining tree based on the 3'-terminus of the mitochondrial large subunit rRNA gene (16S) of
members of the genus Ceratoserolis Brandt 1988. The numbers correspond to the bootstrap support (1000
replicates) of the corresponding Maximum Parsimony tree. All OTUs in the grey box belong to the Ceratoserolis
trilobitoides sensu Wagele, 1986 group, which consist of at least three distinct groups: the type, Ceratoserolis
trilobitoides sensu strico (group 2 in Held, 2003), a widely distributed group Ceratoserolis n. sp. 1 (group 1 in Held,

2003, Leese and Held 2008), and a group found only around the South Sandwich Islands, Ceratoserolis n. sp. 2
(Held and Leese unpublished data).
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By focussing on assessing present-day and past population structure with this marker set we
address the following questions to make inferences about the evolutionary past of Ceratoserolis
n. sp. 1 on the Antarctic shelf.

Present genetic structure

- are populations of Ceratoserolis n. sp. 1 from the EWS and the AP genetically differentiated?
- what is the present-day level of gene flow?

Present genetic diversity

- do populations differ in their genetic diversity?
- what is the effective populations size (Ne) for the populations from different regions?

Historical genetic structure:

- do we find signatures of historical reduction or expansion in Ns?

- if yes — which populations suffered most from bottleneck events?

- is the timing in agreement with the glacial history of the Antarctic (LGM ~70 to 20 Kyr BP)?

The answers to these questions are essential to add data to a microevolutionary framework of
Antarctic biodiversity incorporating information on the effects of recurrent glaciations on
maintenance and generation of biodiversity in a habitat that is currently subject to extreme
climate change (Vaughan et al. 2003, Meredith and King 2005).
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Material and Methods

Taxon sampling

Specimens were collected by bottom trawling during the expeditions ANT-XIII/3, ANT-XIV/2,
ANT-XIX/3 and ANT-XXI/2 to the EWS and the tip of the AP with the German research vessel
“POLARSTERN’. Specimens were collected at 19 stations (Tab. 1). The animals were sorted
directly on deck, immediately preserved in pre-chilled 96% ethanol and kept at 4°C for the first
months to ensure adequate tissue preservation for maximum yield of high quality DNA from the
cells. Due to limited numbers of specimens available at some sampling locations, specimens from
neighbouring sites were pooled to increase sample size for some regions (Tab. 1). To avoid
biasing results by pooling specimens of distinct gene pools (Wahlund effect), we tested that
neither significant violations of Hardy-Weinberg equilibrium (HWE) nor significant linkage
disequilibrium (LD) were observed (spatial pooling). According to the same principle we also
pooled specimens from the same site sampled a different times (temporal pooling). In total, 13
independent populations, P1 to P13, with sample sizes of minimum n=14 (P11) and maximum
n=78 (P4) were analysed in this study (Tab. 1).
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Figure 1: Overview over the sampling sites around the tip of the Antarctic Peninsula (populations P1-P10) and
frpm the she_lf from the eastern Weddell Sea (P11-13). P5, P7, P11 and P13 consist of specimens sampled at
different stations at the same region (see Tab. 1).
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Table 1: Sampling sites (AF"=Antarctic Peninsula, El=Elephant Island, KG!=King George Island, EWS=Eastern Weddell
Sea) with precise geographical position (decimal longitude / latitude), depth and cruise information for the populations of
Ceratoserolis n. sp. 1 investigated in this study. Msat n=400, mtDNA n=224,

Lon/Lat depth

Population Label Region W/ °S] [m] Cruise / Station Nusar Nmtona
1 P1 AP (El) 2‘13:‘2‘32 403 ANTXIV-2 (42-022) 39 3
2 P2 AP (EI) g?:}ig 380 ANTXIV-2 (42-003) 31 28
3 P3 AP (EI) gf}gg 371 ANTXIV-2 (42-023) 18 -
4 P4 AP (EI) ggggg 415 ANTXIV-2 (42-027) 78 53
5a P5 AP (EI) ggggi 454 ANTXIX-3 (61-064) 6 -
5b P5 AP (El) ggggg 344 ANTXIV-2 (42-032) 26 16
6 P6 AP (El) 2‘1‘:322 503 ANTXIV-2 (42-040) 30 11
7a P7 AP (El) o 278 ANT-XIX-3 (61-048) 11 ;
7b P7 AP (EI) g‘::ggg 333 ANTXIV-2 (42-014) 8 -
8 P8 AP (EI) g?ggg 572 ANTXIV-2 (42-019) 19 5
9 P9 AP (KGI) g;:?gg 476 ANTXIV-2 (42-164) 19 18
10 P10 AP (KGI) gg:g;‘g 374 ANTXIV-2 (56-184) 47 47
11a P11 EWS (north) 092 28t ANT-XXI-2 (65-336) 5 5
11b P11 EWS(omh) oo 260 ANT-XXI-2(65-121) 9 10
12 P12 EWS (central) 7‘ 1267§58 227 ANT XIII-3 (38-005) 33 15
13a P13 EWS (south) 723131328 459 ANT XilI-3 (39-012) 3 3
13b P13 EWS (south) 72;31(?5 668 ANT XIII-3 (39-017) 12 6
13¢ P13 EWS (south) 723131§§ 338 ANT XiII-3 (39-011) 1 -
13d P13 EWS(south) e 446 ANT XIII-3 (39-015) 5 4
AP total 332 181
EWS total 68 43
Total 400 224

DNA extraction, PCR, sequencing and genotyping.
Total DNA was extracted from muscle tissue using the Qiagen DNeasy Mini Kit according to the
standard tissue protocol.

Microsatellites

Ten polymorphic microsatellite loci for Ceratoserolis n. sp. 1 developed by Leese and Held (2008)
were used to assess partitioning of intraspecific genetic polymorphisms for all 400 specimens
sampled. Standard 15 pl PCR reactions consisted of 1x PCR HotMaster Buffer, 0.2 mM dNTPs,
0.5-0.75 pM of each primer (one labeled, one unlabeled), 0.03 U/ul HotMaster Taq (Eppendorf, 5-
prime), 0.5 M Betaine (Sigma Aldrich) and 20 ng of genomic DNA (equilibrated). Cycling
conditions on an epgradient thermocycler (Eppendorf) were 2 min at 94°C followed by 28 to 32
cycles with 20 s at 94°C, 15 s at annealing temperature, 30 s at 65°C. A final extension step of 45
min at 65°C was performed to reduce stutter artefacts from incomplete adenylation of products.
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PCR products were controlled on a 2% TBE agarose gel, diluted 1-15 fold with molgrade water.
Of the diluted PCR product 1 pl was denatured in a mixture of 14.7 pl RI-DI formamide with 0.3 pl
GeneScan ROX 500 size standard (both Applied Biosystems). Fragment analyses were
performed on an ABI 3130xI automated sequencer. Allele length scoring was performed using the
software GENEMAPPER 4.0 (Applied Biosystems). To minimize errors due to in vitro artefacts, PCR
and fragment analysis was performed up to four times for a subset of samples. To minimize
genotyping errors, genotyping was objectified by two independent persons.

Cytochrome c oxidase subunit | (COl)

A 563 bp fragment of the mitochondrial COl was amplified for a subset of 224 specimens (Tab.
1). Primers HC02198 and LCO1490 (Folmer et al. 1994) were used for amplification. Reactions
were carried out in 25 pl volumes with 1x HotMaster reaction buffer, 0.2 mM dNTPs, 0.5 uM of
each primer, 0.025 U/ul Hotmaster Tag. Reaction conditions were initial denaturation for 2 min at
94°C followed by 36 cycles of 20 s at 94°, 15 s at 46°C and 80 s at 65°C plus a final elongation
step of 5 min at 65°C. PCR products were purified using Qiagen Qiaquick PCR purification kit or
the ExoSap-IT enzyme mix (GE Healthcare). Cycle-sequencing using 1 uM either of the
amplification primers was conducted in 10 pl reaction volumes using 1 pl of the purified template
DNA and the BigDye Termiator Kit 3.1 (Applied Biosystems) according to the manufacturer's
protocol. Reactions were purified according to the ‘modified protocol’ of the Qiagen DyEx Kit.
Sequencing was conducted on an ABI 3130xI sequencer or outsourced to Macrogen (Korea).

Data analysis

Microsatellites

Raw data were checked and corrected for genotyping errors using the software MICRO-CHECKER
(van Oosterhout et al. 2004) and DRoPoOUT (McKelvey and Schwartz 2005). In addition, MICRO-
CHECKER was used to test for the presence of null alleles in populations. Corrected genotype
tables were converted to specific software formats using the software MSTOOLKIT (Park 2001),
CONVERT (Glaubitz 2004), FORMATOMATIC (Manoukis 2007) and CREATE (Coombs et al. 2007).
Individual locus contribution to a strict SMM was calculated using Fcrr tests as implemented in
ANIMALFARM version 1.0 (Landry et al. 2007). This is necessary to avoid overestimation of
differentiation estimates that assume for mutations according to a strict stepwise mutation model
{SMM) such as Statkin's or Rousset’s Rgt estimates (Slatkin 1995, Rousset 1996).

Basic population genetic diversity parameters (Nei 1987) such as the observed and expected
heterozygosity (Ho, He) and number of alleles (N4) were calculated as implemented in ARLEQUIN
version 3.11 (Excoffier et al. 2005) and GENEPOP version 4.0.6 (Rousset 2007). To test for
population differentiation, four different approaches were followed:

First, we analysed the hierarchical distribution of genetic polymorphisms by analysis of
molecular variances (AMOVA, Excoffier et al. 1992, Cockerham and Weir 1973, Weir and
Cockerham 1984) as implemented in ARLEQUIN. This is a straightforward approach to partition
variances at different hierarchical levels (among individuals, subpopulations, subpopulation
groups or the total population). We defined as subpopulation groups (P1-P10) vs (P11-P13), i.e.
subpopulations from the AP versus the populations from the EWS and assessed the relative
contribution of molecular variance at the level of (i) subpopulations (®st) and (i) population
groups (®cr). The significance of the fixation indices was assessed using a non-parametric
permutation test with 10,000 random permutations (Excoffier et al. 1992).
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In @ second step, we performed a Factorial Correspondence Analysis (FCA) as implemented
in GENETIX, version 4.0.5 (Belkhir et al. 1996). FCA is a multidimensional statistical method
summarizing and visualizing large datasets into informative essential subsets that represent
trends in the original data without making assumptions on underlaying population structure (e.g.
idealized Fisher-Wright population) or mutational dynamics of the molecular markers applied (i.e.
different mutation models).

Third, we calculated pairwise differentiation estimates between populations based on Weir
and Cockerham's (1984) coancestry coefficient Theta (referred to as Fgr in this paper) and
Rousset's (1996) SMM-based differentiation estimate Rho (referred to as Rgr in this paper) using
the software GENEPOP. Both differentation measures are the most frequently applied estimates to
infer population structure based on microsateliite data and rely on an analysis of variance
(ANOVA) framework analysing allele frequency (Fsr) and allele size (Rst) distributions in
subpopulations compared to the total population. Fsr analyses rely on the assumptions of
Wright's n-Island model, most importantly the assumption that migration is much greater than
mutation (m >> p) and mutation dynamics is in accordance with an Infinite Allele Model (IAM,
Kimura and Crow 1964). For Rsr this is no prerequisite and mutation rate can be high (even py >>
m), as long as mutation occurs in a stepwise fashion, i.e. it is conform with the Stepwise Mutation
Model (SMM, Otha and Kimura 1973), which is, however, typical for many microsatellites (Valdes
et al. 1993).

Fst estimates were standardized according to the method outlined by Hedricks (2005) in an
ANOVA framework as outlined by Meirmans (2006) using the program RECODEDATA (Meirmans
2006) and subsequently GENEPOP to calculate the maximum value possible for Fsr. In the
following, the Fsr estimate calculated was divided by Fsr max to vield the standardized value F'gt
that has not only a theoretical range of 0 to 1. For the fourth approach we applied a Bayesian
cluster analysis to detect population structure and assign individuals based on their genotypes
probabilistically to one or several of the populations detected using the program STRUCTURE
version 2.2.2 (Pritchart et al. 2000, Falush et al. 2003). The advantage of this approach is that
STRUCTURE does not rely on calculating differentiation values on predefined populations but
estimates the most likely number of populations (K) without prior information on population origin,
assuming HWE and no or weak LD within populations. By calculating the log likelihood for the
data given a certain K over a predefined range (K; 150 In Pr(DIK))) the most likely number of
distinct populations under different underlying models can be computed. In addition, STRUCTURE
can use the information on population origin to calculate the log likelihood for this particular value
for K; for comparison. For the Ceratoserolis n. sp. 1 data set, the most likely number of
populations was inferred with and without prior information on population origin, with and without
assuming admixture. The number of MCMC steps needed to reach convergence during the burn-
in was determined by using the software AMTY (Wilgenbusch et al. 2004). Based on the resuits
of AWTY we used number of 5,000 MCMC burn-in steps and subsequently sampled 100,000
MCMC steps for K; 4 »13. Ten independent replicates were calculated, which were used to
compute a consensus population membership coefficient matrix with the program CLUMPP,
version 1.1.1. (Jakobsson and Rosenberg 2007). Both, the individual membership coefficient
matrix and averaged population membership matrix (Q-matrices) were visualized using the
program DISTRUCT, version 1.1 (Rosenberg 2004). As very strong genetic structure between
population groups can camouflage present but weaker differentiations among populations within
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regions (e.g. Craig et al. 2006) we ran STRUCTURE under the same conditions for populations
from the two different geographic regions, i.e. (AP: P1- P10) and (EWS: P11 - P13), separately.

The data set was tested for isolation by distance correlation using the program IBD (Bohonak
2002) This program applies a Mantel test to detect correlations between matrices of pairwise Fgr
values (normal and logarithmic) and geographical (Euclidean) distances (normal and logarithmic)
between populations. IBD analyses were also performed for the data from each region (AP and
EWS) separately.

Population demography

We estimated the present effective population size (Ne) using the linkage disequilibrium method
proposed by Hill (1981), modified by Waples (2006) to account for bias correction when only
small sample sizes are available (Waples 2006). This method is implemented in the LDNE,
version 1.3 (Waples and Do 2007). Calculations of N. and the confidence intervals were
estimated including alleles with a frequency of c 20.05 and ¢ 2 0.01, respectively.

Tests for historical population bottlenecks were performed using the program BOTTLENECK (Piry
et al. 1999, Cornuet and Luikart, 1996). Tests are based on the finding that populations that have
experienced recent reductions in their effective population size (Ne) show a reduction in allelic
richness and heterozygosity. Following a bottleneck, the number of alleles drops off more quickly
than heterozygosity. Vice versa, in expanding populations, the number of alleles increases faster
than heterozygosity until equilibrium is reached. From the correlation of both parameters from
microsatellite data, it is possible to make inferences on historical demography of a population.
The expected heterozygosity is computed from the observed number of alleles (Na) under the
assumption of a constant-size population (Luikart et al. 1998). Analyses were performed
assuming a strict 1AM, a strict SMM, and a so-called two-phase model (TPM, Di Rienzo, 1994)

allowing for varying proportions of both models (IAM and SMM). In our case, we performed
analyses with SMM proportions of 70 — 90%.

Data analysis COl:

Assembly of forward and reverse strands and editing was performed using the software
CODONCODE ALIGNER version 1.6 (CodonCode Corporation). Sequence alignment was performed
using the CLUSTALW program as implemented in BIOEDIT 7.0.9 (Hall 1999). Sequence data were
collapsed to a haplotype frequency file using COLLAPSE version 1.2 (Posada 2004,
http://darwin.uvigo.es/software/collapse.html). File conversion was done using FABOX version
1.32 (Villesen 2007). Sequence variation was analysed using MEGA 4.0 (Tamura et al. 2007).
Statistical parsimony networks were calculated using TCS 1.21 (Clement et al. 2000). PAUP
version 4b10 (Swafford 2000) was used to calculate neighbor joining distance trees and
bootstrap support (1,000 replicates) of clades. Population genetic parameters were inferred using

ARLEQUIN 3.11. Haplotype diversity (H) and pairwise differences (1) were calculated according to
Nei (1987).

Detecting demographic expansions from mtDNA

Traces of population expansions were examined by using three different approaches. First, we
calculated Tajima’'s D (Tajima 1989) which is based on the magnitude of difference between the
number of segregating sites (S) and the average pairwise nucleotide differences (1r). Population
expansions after bottleneck or founder events inflate S relative to T leading to negative values for
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D. The second statistics applied, Fu's Fs statistic (Fu 1997), is even more sensitive in detecting
populations expansions from smaller samples (Ramos-Onsins 2002). Fu's Fs statistic (Fu 1997)
is based on the probability of finding a number of alleles greater than or equal to the observed
number in a sample drawn from a stationary population. Significance of Fu's Fs and Tajima’s D
were estimated by coalescent simulation as implemented in ARLEQUIN 3.11 using 10,000
permutations. In the third test, pairwise mismatch distributions among individuals were plotted
and tested for goodness-of-fit to a model of sudden expansion using parametric bootstrapping
with 50,000 replicates (Schneider and Excoffier 1999). The parameter fau inferred by mismatch
analyses was used to infer the timing of population expansion events (Rogers and Harpending
1992). Because no calibrated clock for the COIl of Ceratoserolis exists (but see Held 2001 for
transversions only) a range substitution rates calibrated on other Crustacea (Knowlton et al.
1993: 2.2 — 2.6% Myr", Schubart et al. 1998: 1.66% - 2.3% Myr, Knowlton and Weigt 1998:
1.4% Myr'1) was applied to estimate the timing of population expansion.

Nested Clade Analysis (NCA)

Present day population structure is the result of limited gene flow, historical processes (habitat
fragmentation, range expansion, colonization), or a combination thereof (Avise 2000). To
statistically infer the processes that most likely led to the present-day partitioning of sequence
data, Nested Clade Analysis, NCA (Templeton et al. 1998), provides a powerful means to
disentangle historical and contemporary processes and tests several scenarios for the data
observed. NCA was performed with GEODIS version 2.5 (Posada et al. 2000, 2006) based on the
topology of a 95% connection limit parsimony network calculated by TCS. Alternative connections
of the network were tested. Inferences on the underlying processes structuring populations
variation we used the latest Inference Key for the results of the program GEoDis (Templeton and
Posada 2005, available at: Darwin.uvigo.es/download/geodisKey_11Nov05.pdf).
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Results

Microsatellites

Genetic diversity and marker characteristics

The 10 microsatellite loci had six to 42 alleles each for the n=400 specimens analysed (COMO3,
COMO5 respectively). Allele lengths of microsatellites COMO03, COMO7, COM12, C1Df14 and
C1H93 were always a multiple of the size of the repeat unit. For microsatellite loci COMOS,
COM11, C1D05, C1H55, C3D10 some rare alleles differed by only 1 bp from the frequent alleles
thus being incompatible with a strict SMM, indicating that a second process besides slip-strand
mispairing (SSM) causes variation at this locus. Significant overall evidence for null alleles was
indicated for locus C1Df14 only (P<0.01) and supported by high Fis values. Neither evidence for
global LD between locus pairs nor deviations from HWE were observed after sequential
Bonferroni corrections for multiple testing (Rice, 1989). Allelic diversity was significantly larger for
populations from the AP with Na mean = 11.29 than for EWS with Na mean = 7.77 (T-test, P=0.004).
However, sample size around the AP was around 5 times larger than for the EWS. Gene diversity
in terms of expected heterozygosity corrects for unequal sample sizes (Nei 1987) and there is no
conclusive evidence for significantly lower genetic diversity for populations from the EWS
(He=0.77410.012) than for populations from the AP (Hg=0.80510.009) (T-test, P=0.64).

Genetic diversity estimates based on the highly variable microsatellites thus indicate only a minor
difference in genetic diversity between AP and EWS populations.

Population differentiation

For calculations of AMOVA we defined an additional hierarchical level representing the regional
groups AP (P1-P10) and EWS (P11-P13). Results of the AMOVA (Tab. 3) indicated that most of
the variation was distributed within individuals (87.97%, ®1=0.12). A significant amount of
variation was also distributed among individuals within populations (5.44%, ®,5=0.058). Only a
very minor and non-significant fraction of the variation was partitioned among populations within
regions (-0.19%, ®sc=-0.002) but a large and significant amount between the two major
geographical regions AP and EWS (6.77%, ®¢r=0.068). The FCA plot clearly shows the split
between the two population groups along axis 1 (Fig. 3). Axes 2 and 3 had considerably lower

discriminating power and added no further discernable information concerning population
structure.
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Chapter 7 — Population genetics of Ceratoserolis n. sp. 1

The overall Fsr estimate averaged over all loci and populations was moderate, Fsr=0.021, but
highly significant, indicating population subdivision. Pairwise Fsr between populations within
either region (EWS and AP, respectively) were low and non-significant thus suggesting that there
is no further geographical structure (Tab. 4). As in the AMOVA, significant pairwise population
differentiation was only observed for comparisons between populations from the two different
regions. Comparing populations from either side of the Weddell Sea there is evidence for strong
differences; Weir and Cockerham’s pairwise Fsr estimates of 0.057-0.093 (Tab. 4). The
standardized estimates for significant pairwise Fsr were about five times higher with values of
0.274 to 0.440 (Tab. 5). This corroborates that without such a standardization approach the
magnitude population subdivision based on multilocus Fsr is severely underestimated (Balloux
and Lugon-Moulin 2002, Hedrick 2005, Meirmans 2006).

Tests for equal variances performed using ANIMALFARM prior to Rsr calculations indicated a
significantly disproportionate variance for locus COMO05 among populations (P=0.01, 10,000
permutations). In fact, 60.4% of the total Rsr interpopulation distance is contributed by locus
COMOS only. Consequently, this locus was excluded and Rst estimates were calculated based on
the other nine microsatellites that contributed equally to the SMM (Tab. 5). Results of Rgsr
estimates revealed differentiation patterns similar to those derived from the Fsr estimates (Tab. 4,
Tab. 5). For the absolute values of differentiation estimates we found that Rst > Fst but Rst < Fg7
(Tab. 4, 5). Between-region pairwise Rgt estimates ranged from 0.067 — 0.273 (Tab. 5).

Testing genetic differentiation across the Weddell Sea (P1-P10 vs P11-P13) was highly
significant (P<0.001). Fsr estimates were Fsr=0.068 for all loci, and Fs1=0.069 excluding locus
COMOS. Rsr estimates were Rs7=0.333 for all loci, and only Rst=0.132 excluding locus COMOS5.

The overall higher values for Rt estimates indicates that gene flow across the Weddell Sea
is very low and has been for extended periods of time making mutations according to a SMM
dominant over the effects of genetic drift alone.

Bayesian analyses performed using STRUCTURE reported the highest likelihood for the data
for K=2 predefined clusters, In Prya(D|K)k=2) (Tab. 6). All individual genotypes were correctly
assigned to the two major genotype groups (AP, EWS, Fig. 4). Two individuals in P5 had almost
similar assignment probabilities for the two clusters indicating possible ancestral admixture. No
additional substructure was observed from the Q-matrix calculated for K=3, which had the second
highest log likelihood (Fig. 4). Also, no additional substructure was observed when Q-matrices
were calculated for P1-10 and P11-13 separately, with K=1 being supported by highest log
likelihood values (Fig. 5). When changing the model (no admixture, alleles independent), the
results remained the same, however, admixture proportions were much less prominent. Again,
the results support that there is a very strong split between populations from the AP and the EWS
while no substructure is detectable among populations within the two regions.

Although isolation by distance analyses (IBD) revealed a significant and strong positive
correlation between genetic and geographic distances for the whole data set (n=400), this
correlation is spurious. When testing for IBD at regional scales, i.e. within the two geographic
regions (AP and EWS), there was no evidence for IBD (Fig. 6). The significance of IBD between
regions rests entirely on the two geographical extremes and is caused by the fact that we could
not sample geographically intermediate populations.
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Table 3: Hierarchical analysis of molecular variance (AMOVA) among Ceratoserolis n. sp. 1 populations within and

between the two major regions investigated (AP and EWS) using 10 microsatellite markers. P refers to the probability
of randomly getting a similar result based on 10,000 independent permutations.

Component of differentiation df variance [%] @ statistics P
Among regions 1 6.77 ®cr=0.068 0.003
Among populations within regions 9 -0.19 Pgc=-0.002 0.969
Among individuals within i
populations 387 544 ®5=0.058 0.000
Within individuals 400 87.97 ®7=0.120 0.000

Axis 2 (5.83%)

10

)

Figure 3: Three-dimensional Factorial Correspondence Analysis plot for n=400 specimens of Ceratoserolis n. sp. 1

Qef)obtiped at 10 micrpsatellite loci. The m'ajor proportion of the variation is distributed along axis 1, supporting a distinct
split between populations from the Antarctic Peninsula (yellow) and the eastern Weddell Sea (blue).

Axis 1
(37.74 %
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Figure 4: Results of Bayesian cluster analyses of STRUCTURE for all n=400 individuals. Antarctic Peninsula = P1-P10,
eastern Weddell Sea = P11-P13. The graphs display the consensus membership coefficients matrices (Q-matrices) for
400 individuals from 13 regions (P1-P13) of Ceratoserolis n. sp. 1 using 10 microsatellites. In a) and b) the individual Q-
matrix for K=2 and K=3 clusters, respectively, is visualized. The genotype of each individual is represented by a single
bar, where the proportion of the colour refers to the probability of assignment to a certain cluster. In c) and d) the average
membership coefficient for each of the 13 populations to a certain cluster is visualized for K=2 and K=3.
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Figure 5: Results of Bayesian cluster analyses of STRUCTURE for individuals within the two major geographical regions
separately. The log likelihood for the data given K=1 was maximum. The second highest probability was for K=2 but
revealed no indication for intraregional structure.

115



Chapter 7 — Population genetics of Ceratoserolis n. sp. 1

Table 6: Results of a cluster analysis of
microsatellite data from Ceratoserolis n. sp. 1
(400 individuals, 10 loci) without population
prior using STRUCTURE. The number of
clusters was computed from K=1 to K=13 with
10 replicates each. Only the best replicate (In
Pr (D|K)) is displayed.

Number of Ln Pr(D|K)
clusters, K
1 -16784.4
-16130.0
3 -16157.3
4 -16212.0
S -16458.0
6 -16435.0
T8 -16458.0
8 -16589.9
9 -16423.9
10 -16656.6
11 -16707.4
12 -16970.0
13 -16899.0

010 + 0.010

2
Rar =0.0001
0.008 + 2
N Rews=0.48
0006 + "« o o o
2= = 3
N o
£ & 0004 + e o .
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o 8 \ o 4
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Figure 6: Analysis of isolation by distance between all population pairs (1-13) of Ceratoserolis n. sp. 1 investigated
using 10 polymorphic microsatellite markers (left panel) and between populations within regions (right panel). Bright
circles represent pairwise Fsr estimates between populations from the AP (P1-P10). Dark circles represent the three
pairwise Fsr estimates between the three populations from the EWS (P11-P13).
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Present and past effective population sizes

Effective population sizes (Ne) were calculated for the two genetically homogenous regional
groups from the AP and the EWS [(P1-P10)(P11-P13)]. For region AP, a very large effective
population size must be assumed (Tab. 7). The inferred N, was also very large for the population
from the EWS (Tab. 7). The mean and the lower values for the 5% Cl indicate that N, tends to be
somewhat smaller for region EWS in comparison. The N, estimate was negative for EWS when
calculating r? with ¢ = 0.01, indicating that there is no evidence for any disequilibrium caused by
genetic drift due to a finite number of parents, see manual of LDNe (Waples and Do 2007).

Table 7: Estimates of effective population size (N.) using 10 microsatellite loci and
considering alleles with a minimum frequency of ¢ 2 0.05 and ¢ 2 0.01, respectively.
The 95% confidence intervals (Cl parametric bootstrap, Jackknife) for pooled

population groups from the Antarctic Peninsula (AP) and the Eastern Weddell Sea
(EWS) are listed.

AP EWS
0.05

r? (overall) 0.00324 0.01561
Ne 5816.5 -1934.8 (= =)*
Cl Bootstrap 1084.3 - « 290.8 - =
Cl Jackknife 918.2 - » 2225-w
0.01

r? (overall) 0.00318 0.01587
Ne 30431.5 3432.3
Cl Bootstrap 2642.8 - 351.2-
Cl Jackknife 22554 - 309.9 - »

*a negative N, is results from the estimation procedure if in a sample there is no
evidence for any disequilibrium caused by genetic drift due to a finite number of
parents, see manual of LDNe (Waples and Do 2007).

Historical demography

No consistent trends were derived from the correlatives between genetic diversity (Ho) and allelic
richness (Na) based on coalescent simulation performed using BOTTLENECK under different
mutation models (Tab. 8). Assuming an IAM, there is a significant excess of heterozygous
genotypes (P=0.001 for AP and EWS), however, this was not the case under a TPM (80% SMM)
and a strict SMM (Tab. 8). For population AP, even a significant heterozygosity deficit was
inferred under a SMM by the Wilcoxon test (Tab. 8). In conclusion, no consistent picture about
recent reductions or expansions in populations effective size can be detected based on the
coalescent simulation approach followed in BOTTLENECK. However, there is no evidence for a
recent bottleneck in the populations as inferred with the program.

117



Chapter 7 — Population genetics of Ceratoserolis n. sp. 1

Table 8: Statistical tests for significant heterozygosity (H) excess or deficiency in the two regional
groups of Ceratoserolis n. sp. 1 (AP, EWS) applying 10 microsatellite loci and assuming three
different mutation models (IAM, TPM, SMM) using the program BOTTLENECK. P-values of the Sign
Test and Standardized Differences Test and two-tailed probability for heterozygosity excess or
deficiency are based on a 1000 permutations. Significant P-values are printed in bold. The TPM
was adjusted to allow for 80% mutations according to a SMM and 20% to an IAM model. The
exponents d and e refer to the effect causing the significant P-value (d=significant heterozygosity
deficit, e=significant heterozygosity excess).

Sign Test Wilcoxon Test

Expected Observed observed

Population  Model P (two tailed for

b Twen e Heeos o
excess excess deficiency
IAM 5.91 10 0 0.005 0.001°
AP TPM 5.86 4 0.597 1.000
SMM 6.00 7 0.054 0.019°
IAM 5.91 10 0 0.005 0.001°
EWS TPM 5.92 4 0.612 0.322
SMM 5.84 7 0.066 0.105

Mitochondrial DNA

Genetic diversity

The average base pair frequencies for the 563 bp fragment of the COI for the 224 specimens
analysed were A=37.5%, C=22.5%, G=16.1% and T=23.9%. Sixty-six polymorphic sites were
detected in the alignment, accounting for 65 unique haplotypes (HT1-65, Tab. 8, GenBank
accession numbers EU597358-597422). Among the 66 polymorphic sites there were nine
replacement substitutions. Among the 66 variable sites, 34 were parsimony-informative, 32 were
singleton variable sites, of which 20 were derived from one of the two major haplotype groups
(HT1, HT2, HT53) contributing to a star-like shape of the networks. Remarkably, only four of all
66 variable sites were shared between regions (AP, EWS) yet no haplotype was shared between
them. This suggests a pattern that is also seen in more detailed analyses below that the division
among regions has a long history. Both population clusters are connected by a long branch from
which three intermediate clades with few haplotypes split (Fig. 7). The average number of
nucleotide differences among populations from the AP (P1-P10) was 2.37+1.30 and 1.06+0.72
for the populations from the EWS (P11-P13). The maximum uncorrected haplotype distance
within regions was 1.8% between HT5 and HT6, which occur in population 4 (Elephant Island)
and 10 (King George Island). This value is in the expected range of intraspecific COI distances
within other serolid isopods but is exceeded by an order of magnitude when comparing
Ceratoserolis n. sp. 1 to specimens assigned to C. trilobitoides sensu stricto even when they
occur in sympatry (Held, unpubl.; this study Fig. 1). The identification of a bimodal distribution of
pairwise genetic distances, their persistence in sympatry around KGI and the congruence
between groups delimited on the basis of molecular (COI and microsatellites) and morphological
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characters support the notion that we are comparing species as meaningful, evolutionary units
rather than arbitrarily defined entities.

Haplotype diversity (H) within populations ranged from 0.26 to 1.0, nucleotide diversity ()
from 0.0007-0.0095. Populations furthest south (P12 and P13) showed the lowest haplotype and
nucleotide diversities (Tab. 10) Population P11 was equal in the magnitude of H and m to
populations from the AP. The differences in the median values between the two groups were not
large enough to exclude the possibility that the differences are due to random sampling
variability.

In the EWS populations, divergence is shallow with a mean number of 1.06 pairwise
differences among haplotypes. The maximum intraregional p-distance is low (0.9%) and found
between haplotypes 58/59 and HT60 (0.9%), which occur in population 11 (northern most
population from the EWS).

The average number of nucleotide differences between the two groups is 11.03
corresponding to 1.96% uncorrected sequence divergence.

QR

O 35
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025
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56 62
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?59)“;: ;ef’::gd b s;:::;orﬁ of cytochrome oxidase 1 sequences of 224 specimens of Ceratoserolis n. sp. 1 (circles, 1-

ot T Antar)éﬁc Pen‘i::supl:rs:)Tony (TCS, 95% connection limit). Yellow haplotypes are derived from populations

unsampied, hypothetical hapiol ue '28910th6§ from the eastern Weddell Sea. Every black circle represents an
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= r of specimens that share the particular haplotype (see Tab. 9 for precise numbers).
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plotypes for the populations for Ceratoserolis n. sp. 1

Table 9: Distribution of the 224 COI sequences on 65 distinct ha

from the Antarctic Peninsula and from the eastern Weddell Sea

Eastern Weddell Sea
12

10

Antarctic Peninsula

00000000000000000000000000000000000000000000000000008300000000011

0000000000000000000000000000000000000000000000000000”101000000000

00000000000000000000000000000000000000000000000000005120111111100

ﬁ47|0114|10221002000011111000000010011000000000000000000000000000000

67010000000000100000000000001100000100000000000000000000000000000

21000100000000010000000000000000000000000000000000000000000000000

53000000000000000000000000000000000011100000000000000000000000000

25110100000000010000000000000000000000001011110000000000000000000

ﬂql32402210022000200000001111.0000100000000000001111000000000000000

77200011101000000200000100000001000000010100000000110000000000000

11000100000000000000000000000000000000000000000000000000000000000

Haplotype

HT1
HT2
HT3
HT4
HT5
HT6
HT7
HT8
HT9
HT10
HT11
HT12
HT13
HT14
HT15
HT16
HT17
HT18
HT19
HT20
HT21
HT22
HT23
HT24
HT25
HT26
HT27
HT28
HT29
HT30
HT31
HT32
HT33
HT34
HT35
HT36
HT37
HT38
HT39
HT40
HT41
HT42
HT43
HT44
HT45
HT46
HT47
HT48
HT49
HT50
HT51
HT52
HT53
HT54
HT55
HT56
HT57
HT58
HT59
HT60
HT61
HT62
HT63
HT64
HT65
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Genetic differentiation

Results of the hierarchical AMOVA based on either a matrix of pairwise nucleotide distance
between haplotypes or the unweighted haplotype frequencies, consistently revealed a high and
significant proportion of the variance being distributed within populations and between regions
(Tab. 11). No significant amount of variation was partitioned among populations within regions
(p>0,1).

The absence of any shared haplotypes between the two geographical regions results in very high
pairwise Fsr differentiation estimates (Tab. 12). Pairwise Fsr estimates based on the haplotype
frequencies and on the distance matrix were high and significant for population comparisons
between regions. All populations from the AP have significantly different nucleotide and haplotype
frequencies from any population from the EWS. Only P1 and P11 are an exception because the
null hypothesis of equal haplotype frequencies cannot be rejected (Fs7t=0.069), although
nucleotide differences are highly significant between the two populations (Tab. 12). Rather than
being a feature, this is the consequence of sample size of n=3 for P1. Conversely, the
populations are much less divergent within the same regions with Fsr values ranging from (Fst
0.76 - 0.911, P<0.01) (Tab. 12). Only populations P4 and P10 from the AP have a low but
nevertheless significant differentiation (Fsr=0.029, P<0.05). In this case, it must be regarded that
this is infact a true differentiation signal, as P4 and P10 are populations with largest sample sizes
(n=53, n=47, respectively). All distance-based calculations yielded high and significant Fsr values
for interregion population comparisons only. In summary, there is no widespread significant

structure within regions in the mitochondrial COI gene but a very strong differentiation across the
Weddell Sea.

Nested Clade Analysis

Patterns of intraspecific genetic diversity are the result of a complex interplay of historical and
contemporary processes (reviewed in Neigel 1997). Because single summary statistics such as
Fsr above ignores the relative contribution of either processes, a nested clade analysis was
performed based on a maximum parsimony network Templeton et al. (1995) (Fig. 6) in order to
disentangle these effects and gain a clearer picture about driving forces in the recent history of
the species.

The network consists of two higher-order clades, 4-1 and 4-2. Clade 4-1 consists of n=173
specimens from the total of n=181 from the AP only. Clade 4-2 encompasses the interior clade 3-
3 that is represented by n=8 specimens from AP only, and tip clade 4-4, which houses all
specimens from the EWS. According to coalescent theory and common usage of NCA (Castelloe
and Templeton 1994, Crandall et al. 1994) one would place the root of the network between the
two highest level clades, i.e. 4-2 and 4-1. Doing so creates a clade 4-2 that unites clades from the
EWS and AP although the strongest barrier to dispersal, the Weddell Sea itself that can be
identified a priori, lies between AP and the EWS. The correctness of this implicit mid-point
rooting, however, rests heavily on the assumption that sampling is complete or at least
geographically unbiased (Dahlgren et al. 2000). Given that the sample size from AP was almost
five times larger than from the EWS and large parts of potentially suitable shelf habitat in East
Antarctica and the western Weddell Sea were unavailable, rooting the network with an outgroup
is preferred because it is more robust against geographic sampling bias and missing haplotypes.
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Rooting the network with congeners places the root somewhere along the long branch
connecting clade 3-4 with the rest of the network, thus creating a binary split between haplotypes
occuring exclusively around the AP or the EWS, respectively.

The clade with the Ceratoserolis outgroup species splits from the branch connecting clade 3-3
and 3-4. This information was used to define 4-2 as interior and 4-1 as tip-clade in the network.
Ambiguous connections of the parsimony network (Fig. 7) had no influence on the results of the
NCA. The mtDNA clade variation at different geographical locations revealed a significant level of
phylogeographic structure for the total cladogram of Ceratoserolis n. sp. 1 haplotypes (Tab. 13,
Tab. 14) as suggested by significant chi-square analyses. According to the most recent inference
key for NCA the topology of clades observed structure is likely to be the result of allopatric
fragmentation. The large number of steps connecting [3-4, 3-3 and 4-1] and [4-2] provide
additional support for this scenario. However, due to the lack of samples from geographically
intermediate positions (i.e. Filchner Ice Shelf) the two regions it cannot be excluded that this
pattern is due isolation by distance from this data set alone.
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Figure 8: Nested clade network for cytochrome oxidase subunit | haplotypes of n=224 Ceratoserolis n. sp. 1 specimens
observed in 11 populations based on the topology of the strict parsimony network from Fig. 7. Haplotypes from the
Antarctic Peninsula are yellow (1-52), from the Eastern Weddell Sea blue (53-65). Haplotypes in the statistical
parsimony network are connected by one mutation. Missing haplotypes are indicated by black dots.
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Table 13: Nested clade contingency analysis of geographical
association for COl data from n=224 Ceratoserolis n. sp. 1
specimens based on 10,000 permutations. Clades that do not
contain either genetic or geographical variation are excluded.
_ Significant P-values are printed in bold.

Permutational chi- Probability

Clade square statistic

1-1 6.000 0.674
1-3 0.875 1.000
1-4 3.000 0.331
1-5 4.000 0.498
1-9 48.77 0.764
1-10 78.194 0.507
1-16 3.000 0.331
1-19 2.000 1.000
1-23 5.600 0.284
1-25 7.919 0.171
2-2 6.107 0.163
2-3 36.010 0.380
2-4 13.556 0.680
2-6 6.000 0.100
2-9 5.000 1.000
2-11 1.905 1.000
2-12 12.811 0.004
3-1 2.361 1.000
3-2 12.634 0.860
3-3 11.200 0.929
3-4 2426 0.824
4-1 6.415 0.468
4-2 51.000 0.000
Total Cladogram 183.204 0.000

Table 14: Significant results of the nested clade analysis. P-values refer to the probability of
observing getting a chi-square value of greater or equal to the observed one. The inference
chain and the biological interpretation according to the inference key are listed.

* refers to ambiguous results

Clades being tested X P-value Inference chain
2.12 12.8 0.0035 1N; 2N; 11N; 17N: inconclusive
results
4-2 ; 1Y; 19Y; 20Y/N: allopatric
A e s fragmentation / IBD*
total cladogram 183.2 <0.0001 1N; 2Y; 3N; 4Y; 9Y; 10 Y/N:

allopatric fragmentation / IBD*
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Historical demography

Historical demography was evaluated separately for the two population groups (AP, EWS).
Results for Tajima’s D and Fu's Fs statistics were significant and negative for both groups
indicating an excess of low frequency mutations among haplotypes in both regions (Tab. 14),
which is typical for a recent population expansion. The star-like shape with many singleton
mutations derived from the major haplotypes (HT1, HT2, HTS3) is also indicative of an
expanding population. Results of the mismatch distribution were in agreement with expectations
under a sudden expansion model (Rogers and Harpending 1992). Greater negative values for
both statistics were observed for the samples for the AP group (D=-2.23 and Fs=-23.87,
respectively) indicating that the genomic signatures of a population expansion are more
pronounced in this region. The mismatch analysis, revealed a strong unimodal distribuion of
pairwise genetic distances, which is typical for a non-equilibrium population under a sudden
expansion. Therefore, the expectation of an expanding population cannot be rejected (SSD P-
value >0.05, Tab. 14).

Estimates of the time t since the Population expansion for each of the two groups were
calculated according to Rogers and Harpending (1992) using the formula T=2p 71, where 1 was
inferred from the mismatch distribution and a range of values for the mutation rate pu were
applied. Values of T calculated from the mismatch distributions were 1 = 0.93 (95% CI: 0.29-4.15)
for the EWS and 1= 1.44 (95% Cl: 0.18-2.80) for the AP (Tab. 15). Using reported mutation rates
of 1.4% per Myr and 2.3% per Myr (average 1.9% Myr) (Knowlton and Weigt 1998, Schubart et
al. 1998, see Held 2001) the time t since expansion for population AP was calculated as t=43.5
Kyr (95% CI: 11.2 Kyr — 245.7 Kyr). For population EWS the time was calculated as t=67.3 Kyr
(95% CI: 6.9 Kyr — 165.8 Kyr).

The postulated expansion of population sizes in recent times in both regions is further
supported by the fact that all nine replacement substitutions occurred in both regions and along
terminal branches in the network. Silent subsitutions, i.e. substitutions on the DNA level that lead
to the incorporation of an unchanged amino acid in the gene product, are protected from effects
of natural selection and are thus expected to be nearly neutral. On the other hand, the conserved
nature of COl on an amino acid level shows that the protein is most likely under stabilising
selection. On theoretical grounds, expanding populations are expected to experience relaxed
selection and thus feature elevated rates of change in traits under selection. Finding all amino
acid substitutions restricted to terminal as opposed to internal branches is in line with the
prediction of a period of relaxed selection and, by extension, population expansion in both
regions in recent times because a comparison of external vs internal branches roughly means a
comparison of recent vs ancient events.

The signature of recent population expansion is stronger around AP than in the EWS, which
is in congruence with a more pronounced or a more recent population expansion. A population
expansion in recent times is in agreement with time estimates based on molecular clock
estimates and the placement of mutations in characters under selection on the network.
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Table 14: Tajima’s D, Fu's Fs, coresponding P-values, mismatch analysis parameter estimates.

Tajima's D Fu's Fs Mismatch analysis
Sample T P
D P Fs P b i 1 3 S SO B N (88D aen
AP 223 000 | 2687 000| 093 0294.15 124 0.00-1.62 w 7.34-=  0.00 0.52
EWS 498 001 | -1045 000| 144 0.18-280 0.01 0.00-004 287 1.93-= 0.00 0.86
400
Antarctic Peninsula 350 eastern Weddell Sea

frequency
~sBEBUBEREE

pairwise differences

2 3 4 5 6
pairwise differences

Figure 9: Mismatch distribution plots showing observed pairwise differences (bars), and the expected mismatch
distribution under the sudden expansion model (solid line) of the cytochrome oxidase c¢ subunit | haplotypes in
Ceratoserolis n. sp. 1 from the Antarctic Peninsula (n=181, left panel) and the eastern Weddell Sea (n=43, right panel).

Table 15: Estimates of the time since population expansion in the two population groups of
Ceratoserolis n. sp. 1 (AP and EWS) based on different molecular clocks from Crustacea
(Knowlton et al. 1993, Knowlton and Weigt 1998, Schubart et al. 1998, see also Held 2003).
Expansion times T are estimated for the average 1 (T=2p 1) and the upper (max) and the lower
_ (min) estimates 95% confidence interval estimates of 1. Mutation rate y is given per site per year.

Tmin Tavr Tmax
(v=2.6*10%y")  (u=2.0*10%y") (u=1.4*10%y")
AP n 029 9,906 y 12,877y 18,397 y
AP, 093 31,766 y 41,296 y 58,994 y
Wan RIS 141,754 y 184,280 y 263,257 y
EWS min  0.18 6,148 y 7,992y 11,418y
EWS ., 144 49,187y 63,943y 91,347y
EWS nax  2.80 95,641y 124,333y 177,619y
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Discussion

In this study, we directly estimated population structure, diversity and population demography for
400 specimens of Ceratoserolis n. sp. 1 using 10 hypervariable microsatellite loci and a fragment
of the mtDNA gene across several geographic scales. Although the investigation of population
subdivision, speciation and the underlying microevolutionary processes in general have been
identified as major topics in Antarctic research (e.g. Allcock et al. 1997, Gaffney 2000, Page and
Linse 2002, Rogers et al. 2007, Wilson et al. 2007) this is the first and most detailed study on
population genetic processes in the Antarctic benthos using nuclear microsatellite data.

Until recently, the requirements of fast evolving markers has greatly forced researchers to
infer conclusions regarding processes acting at population level indirectly, e.g. the unexpectedly
high species richness of the Antarctic benthos has been taken as evidence that at least some of
the Antarctic benthos survived periods of intense glaciations on the Antarctic shelf, however,
direct evidence is still lacking. Most studies on Antarctic bentic species applied more easily
obtainable molecular markers such as isozymes, 16S rDNA, 18S rDNA, Cyt b, COI or 28S rDNA
(Allcock et al. 1997, Page and Linse 2002, Held 2003, Held and Wagele 2005, Raupach and
Wégele 2006, Janko et al. 2007, Linse et al. 2007, Wilson et al. 2007), for which universal
primers are generally known. While these studies provided valuable information on species
structure, the resolution of these markers is limited and does not allow detecting events in the
recent population history. Such markers with high variability below species level, most
importantly, co-dominant and bi-parentally inherited microsatellite markers have only been
applied to few commercially important species and Antarctic vertebrates. Recent improvements in
marker isolation techniques and screening strategies (Zane et al. 2002, Glenn and Schable 2005,
Nolte et al. 2005, Held and Leese 2007, Leese et al. 2008, Beszteri et al. in prep.) have brought
the fast-evolving microsatellites encoded in the nuclear genome as an independent,
complementary class of informative markers within reach for studies on non-model organisms.

Marker characteristics

Due to their different mutation rates mitochondrial and microsatellite data resolve different time
windows but they complement each other well. For population genetic and phylogenetic
inferences on processes, research of two different markers systems are important in particular to
detect effects of incomplete lineage sorting and bias of shared ancestral polymorphisms
(Maddison and Knowles 2006).

All molecular markers lose some information over time as it gets overprinted several times,
making identity by descent and identity by state indistinguishable. This homoplasy expresses
itself in microsatellites in the form of overlappping size-ranges for the alleles under conditions of
large genetic differentiation (Nauta and Weissing 1996). In addition, extremely long alleles may
fail to amplify in vitro. This and the four times larger effective population size of the nuclear
microsatellites explain an overlap in allele length found in the microsateliite data between
populations on either side of the Weddell Sea that do not share a single haplotype of the more
slowly evolving COl gene. Nevertheless, despite the overlap in microsatellite allele sizes,
differentiation between AP and EWS is highly significant in both marker systems.
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Population structure of Ceratoserolis n. sp. 1

The overarching impression conveyed by the two marker systems is a deep divergence between
regions on either side of the Weddell Sea (AP and EWS) and surprisingly little differentiation
between regions. Microsatellites and mitochondrial data differ with respect to their evolutionary
dynamics. On the one hand, microsatellites have a much higher mutation rate (Levinson and
Gutman 1987, Weber and Wong 1993) on the other hand, genes encoded on the mitochondrial
genome have a four times smaller effective population size (Birkey et al. 1983) and are thus more
susceptible to the effects of random genetic drift (Wright 1943, Ballard and Whitlock 2004 for
review). This effect is expected to be particularly acute in species undergoing frequent population
bottlenecks. The recurrent large-scale glaciations of the habitat occupied by Ceratoserolis n. sp.
1 are likely to be a major force that affects genetic polymorphisms (Thatje et al. 2005). A practical
upshot is that lineage sorting of ancestral polymorphisms and increase in genetic distances
between groups are expected to happen faster under conditions encountered during a bottleneck
(Nei et al. 1975, Hedrick 1999). The reciprocal monophyly of haplotypes occurring exclusively
around the AP and the EWS, respectively, support this.

Despite the strong differentiation between the AP and EWS haplotypes, they are more similar
to any haplotype assigned to Ceratoserolis n. sp. 1 than they are to the closest relative,
Ceratoserolis trilobitoides sensu stricto (group 2 in Held 2003).

The time estimates derived from the mitochondrial data imply that effective gene flow is and
has been interrupted or extremely low for a time far exceeding the last glaciations on the
Antarctic shelf. In more recent times, however, there is evidence for significant and rapid
population expansion in both regions in the mitochondrial data. These time estimates agree well
with dates for the LGM estimated primarily by calibrated radiocarbon dating (Anderson et al.
2002, Ingolfsson et al. 2004 for review), especially if the elevated observed mutation rates
following population bottlenecks are taken into account. The position of the replacement
substitutions exclusively along terminal branches which tend to stand for recent events is
consistent with elevated observed mutation rates under conditions of population expansion
(effects of drift negligible). The excess of low-frequency haplotypes connected to few very
frequent, internal haplotypes is another finding supporting that populations are recovering from
severe reduction in size around the LGM.

Due to the fact that populations were sampled in two major geographic regions only and no
intermediate samples are incorporated in the study design, e.g. from the Western Antarctic
Peninsula or the Filchner shelf, it cannot be excluded that results are due to a simple isolation by
distance scenario. Three points, however, suggest that allopatric fragmentation is a much more
plausible scenario: (1) specimens that were found on the Western part of the Antarctic Peninsula
do not belong to the Ceratoserolis n. sp. 1 group, but to Ceratoserolis trilobitoides sensu stricto
(Held, unpubl. data), (2) there is morphological evidence that members of the genus
Ceratoserolis sampled from the Filchner shelf by J.-Wolfgang Wégele, are morphologyically
distinct from Ceratoserolis n. sp. 1. What remains unclear is whether they are part of C.
trilobitoides s. str. or yet another species (Held, in prep.). No DNA-based analysis were possible
due to the preservation in formaldehyde, however, (3) the lack of any detectable trend of IBD
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within regions, even over several hundreds of kKilometres, makes it unlikely that IBD without
additional major barriers to dispersal is the cause of the observed partitioning of genetic
polymorphisms.

The rare haplotypes branching off of the long branch connecting the AP and EWS terminal
subnetworks (clade 3-3) are not part of the recent, expanding populations. Instead, they connect
to the oldest part of the network as evidenced by the outgroup rooting. They can be interpreted
as descendants from haplotypes that were present around the Antarctic Peninsula before the
LGM. The low frequency of these ancient haplotypes (clade 3-3) today cannot be taken as
evidence that the populations were less diverse before the LGM. The population bottleneck that
we assume the LGM has imposed on the population has purged haplotypes from the population
randomly so that the clade 3-3 are merely the haplotypes that survived the genetic drift
associated with the bottleneck. The fact that pre-LGM haplotypes (clade 3-3) are today found
only around the AP but not in the EWS may be interpreted as a consequence that the AP is
structurally more diverse and has the mildest climatic conditions (Palma et al. 2007).

Mobility of Ceratoserolis n. sp.1-a comparison

In view of the strictly benthic life strategy of Ceratoserolis n. sp. 1, the lack of any detectable
population substructure within the two geographical regions is unexpected (Wégele 1986, Held
2003). In particular for populations from the EWS (P11 ~ P13), which are separated by up to 500
kilometres along the High Antarctic shelf. The high resolving power of the markers used makes it
unlikely that the absence of a proof of differentiation resulted from too low resolution (see Held
and Leese 2007). It must rather be asked how these specimens are capable of maintaining gene
flow. One possibility is that the strong currents occasionally carry specimens over distances they
may not be capable of dispersing actively on the shelf. As maturation takes several years in these
species (Luxmoore 1982, Wigele 1987) the distance an individual may cover during its life span
may be unexpectedly large. It must be stated, however, that even migration of very few
specimens per generation may suffice to counteract differentiation in two very large populations,
e.g. with very large effective population sizes, as are likely for Ceratoserolis n. sp. 1 (simulation
results Leese, unpublished, Robin Waples pers. comm.).

Implications for speciation events on the Antarctic shelf

Recurrent glaciations are regarded as a key element in structuring population diversity. Their
impact on the zoogeographic distribution of species and their respective genetic structure is well
researched for the Northern Hemisphere (Dynesius and Jansson 2000, Hewitt 2000). There,
disjunct refuge areas during the glacial maxima have given rise to several genetically distinct
lineages which co-exist in what is a continuous habitat today, making recolonization pathways
traceable in extant genomes (Bernatchez et al. 1999, Avise 2000, Hewitt 2000, Liebers et al.
2004). For the Southern Ocean, the scarcity of population genetic studies on benthic Southern
Ocean organisms greatly limits our understanding of the influences of recurrent glaciations on
species structure. The first study using two fast evolving genes to compare genomic patterns of
population demography was conducted by Janko et al. (2007), who found striking differences in
population demography between pelagic and benthic nothotenioid species, which they causally
linked to Pleistocene glaciations. However, also from a palaeogeologists view, the debate about
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the extension of grounded shelf ice during the Pleistocene ice ages and the timing is
controversial (see Denton et al. 1991, Ingolfsson 2002, Anderson et al. 2002, Huybrechts 2002,
Evans et al. 2004, Heroy and Anderson 2005). Most studies deal with the extents of the LGM, as
earlier ice ages are much more difficult to estimate precisely, because the LGM has left the most
pronounced imprint on the geosphere. Several studies document and simulations suggest that
the peripheral domes of the Antarctic Ice Sheet were 500-1000 m thicker than at present and
provide evidence that grounded ice extended to the continental shelf break around most of
Antarctica (Denton et al. 1991, Huybrechts 2002). However, other studies state that ice extent
was less severe (see Ingolfsson 2004 and references therein). Several recent studies
investigating the extent of grounded shelf ice at LGM provide strong evidence that at several sites
the grounding ice did not exceed as far as to the continental edge (see Anderson 2002 for
review). These regions include parts of the outer Ross Ice shelf, King George V Land, Prydz Bay
and the shelf off Queen Maud Land (Andersen 2002, Fig. 10). The western Antarctic Penisula
was almost covered by grounded ice to the continental shelf (Heroy and Anderson 2005). Little
data is available from the South Shetland Islands and Elephant Island. However, based on the
data available, Anderson (pers. comm.) suspects that to the north of the South Shetland Islands
and the platform off Elephant Islands were ice-free during glacial maxima. These regions could
have acted as potential refuge areas. It must be stated, however, that the absence of grounded
ice is just an essential, however not sufficient condition (Thatje et al. 2008). Huge multiannual ice
layers covered the open sea, limiting primary production and thus bentho-pelagic energy
coupling. These effects are increased further to the south while the tip of the Antarctic Peninsula
at approximately 60°S was less affected by the seasonality. For the shelf region off Queen
Maude Land, there is evidence from ice core analyses that even during glacial maxima a stable
and large Polynya was present and might have promoted a primary production in the surface
waters and energy coupling to the benthos. The data of this study is in accordance with such a
scenario.

In summary, the data in this study provide, for the first time, empirical evidence for a common
benthic macroinvertebrate species that despite the large-scale severe glaciations survival on the
shelf was possible over evolutionary times.
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Figure 10: Maximum extent of grounding shelf ice around the Antarctic continent during the last glacial maximum
(black line) according to Anderson et al. (2002), Evans et al. (2004), Heroy and Anderson (2005). Dashed parts of the
line refer to estimates of the extent of grounded ice. White numbers are estimates of the minimum age (in 1,000
years) of ice-sheet retreat from the Antarctic shelf during deglaciation based on radiocarbon dating (Anderson et al.
2002). Bathymetry data: Ocean Data View.

Conclusions

We provide for the first time data from fast evolving microsatellite markers and a mtDNA marker
to link population structure and demography of an Antarctic model species with a highly immobile
life strategy to the recurrent glacial events. Our data support strong divergence of Ceratoserolis
n. sp. 1 from either side of the Weddell Sea, but prove populations within regions to be
genetically relatively homogenous. Both populations reveal very large present effective
population sizes. The dating of the split between the two population groups predates the LGM
and supports that populations of Ceratoserolis n. sp. 1 survived the LGM in independent refugia
on the Antarctic shelf. The slower evolving mtDNA marker shows significant signatures of a
recent population expansion after the LGM. The data presented strongly support the glacial
refugia theory, indicating that Antarctic species richness for benthic taxa may largely be explained
by lineage sorting of populations in small, independent refugia on the shelf during glacial maxima.
Results are in accordance with geophysical data that suggest one putative ice-free refuge area
for the shelf of the eastern Weddell Sea or off Queen Maude Land and another putative refuge
area to the north of the South Shetlands and Elephant Island (J. Anderson pers. comm.).
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Abstract

Background: The Antarctic benthos differs from all known marine benthic communities in that a
great number of species brood and are highly immobile during all life stages. Recent molecular
genetic studies revealed an unexpectedly high number of cryptic species on the High Antarctic
shelf and also the Antarctic islands, supporting that limited capability of long-distance dispersal is
the rule rather than the exception. In this context, zoogeographic reports of the brooding shallow
water isopod Septemserolis septemcarinata from most remote Antarctic and Subantarctic Islands
must be regarded as doubtful, since shallow water habitats are separated by several hundreds to
several thousands of kilometres of uninhabitable deep sea. This study applied one mitochondrial
DNA marker and seven nuclear microsatellite markers to analyse the structure of S.
septemcarinata populations from the highly remote Antarctic and Subantarctic islands South
Georgia, Bouvet and Marion Island.

Results: Summary statistics and Bayesian inferences of population structure reveal that genetic
variation is strongly partitioned geographically with very distinct gene pools for each of the three
islands. However, haplotype and allele sharing patterns and the lack of a typical bimodal
distribution of intraspecific variation do not support that populations from the different islands
belong to different, yet unrecognized cryptic species. Unexpectedly, genetic diversity is increased
in the populations from the two very young and small volcanic islands Bouvet and Marion to the
east compared to the population around rather old and large South Georgia in the west. In
addition, the population from South Georgia also reveals signs of a recent reduction in effective
population size, while in particular the population from Bouvet resembles a large and stable
population.

Conclusions: The maintenance of a partly shared gene pool relies on effective gene flow and
consequently dispersal of specimens between the highly remote islands. Accordingly, our results
imply that S. septemcarinata is much more mobile than expected from its strict benthic life cycle,
its restriction to shallow water habitats and its reproduction mode (brooding). Based on own
observations we suppose passive eastward drift on large floating macro algae mats or other
organic substrata with the Antarctic Circumpolar Current (ACC) as a plausible mechanism for
long-distance dispersal. The asymmetry of the ACC provides one explanation for inflated genetic
diversity in the small islands Bouvet and Marion further to the east: We conclude that Bouvet and
Marion Islands receive allelic diversity by passive drift with the ACC of specimens from source
populations do not reach South Georgia. In addition, less severe effects of ice disturbance and
interspecific niche-competition further explain the patterns observed.
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Background

The Southern Ocean is different from most other marine environments on this planet in that it is
geographically and thermally isolated due to the strong eastward flowing Antarctic Circumpolar
Current (ACC). The permanently very cold waters (-1.86°C to 2.0°C) are characterized by strong
vertical mixing and extreme seasonality (Dayton 1990, Knox 1994). Recurrent advancing sea and
shelf ice greatly affect pelagic and benthic communities on ecological and evolutionary time
scales (Gutt et al. 2001, Poulin et al. 2002, Thatje et al. 2005, Barnes and Convey 2007). These
extreme abiotic conditions have led to striking adaptations by the organism inhabiting this
ecosystem, e.g. the development of antifreeze proteins and the loss of red blood cells in icefish
(Di Prisco 1997, 1998, 2000, Battaglia et al. 1997). They have also structured the benthic
communities on the whole: there are many more brooding species present in the Antarctic
benthos than on other benthic communities (Dell 1972, Clarke 1979, Picken 1980, Atz et al.
1994, 1897, Poulin and Feral 1996, Poulin et al. 2002, Thatje et al. 2005). Even though, species
with pelagic larvae can become very abundant (Pearse et al. 1991, Poulin et al. 2002) in shallow
water habitats, highly disturbed by iceberg scouring (Gutt et al. 2001, Barnes and Conlan 2007).
This is, however, restricted to few species and mainly shallow water habitats, predominantly due
to the fact that they are better colonizers on an ecological time scale (Poulin et al. 2002).

The high incidence of brooding species in the Antarctic benthos leads to the expectation that
genetic variation within brooding species is highly structured geographically, in particular in
species with limited mobility in the adult stage (Palumbi 1994, Bohonak 1999). This has indirectly
been supported by the recent findings that many species that were previously believed to have a
broad, even circumpolar distribution in the Antarctic in fact consists of a series of cryptic species
(Alicock et al. 1997, Page and Linse 2002, Held 2003, Held and Wégele 2005, Raupach and
Wdgele 2006, Linse et al. 2007). The serolid isopods are a particularly well-investigated taxon in
this regard: they are strictly benthic, live often half-buried in the sediment and thus have only a
limited mobility (Luxmoore 1982, 1984 Wigele 1987, Brandt 1991, Held 2000). Several cryptic
species with mainly allopatric distribution and only small geographical overlap have already been
discovered (Held 2003, Held and Wagele 2005, Leese and Held 2008) but these must be
considered to represent just the first examples of a much greater, yet unidentified species
diversity (Gutt et al. 2004, Held in prep.).

In this paper we investigate the genetic structure of different populations of Septemserolis
septemcarinata (Miers, 1875), a brooding benthic serolid isopod that is widely distributed in
shallow waters around Antarctic and Subantarctic islands (Brandt 1991, Wégele 1994). We focus
on populations from three remote islands: South Georgia, Bouvet (Bouvetgya) and Marion Island
(Fig. 1). All three islands are separated by several thousand kilometres of deep sea, which we
expect to be a strong barrier for species with poor dispersal capabilities (Bohonak 1998). Despite
their unifying feature of being remote, the islands strongly differ in their age, their size and their
location within the ACC. South Georgia is a rather large and old Antarctic island (approximately
3750 km? landmass and >100 Myr) and located in the north-eastern Scotia Sea (54°12'S,
36°36'W). Bouvet Island is a very small and young volcanic island (approximately 50 km?,
approximately 1 Myr, Linse (2006) and citations therein) on the Mid-Atlantic Ridge (54°24'S,
3°21'E) just south of the Antarctic Polar Front (PF in Fig. 1) Marion Island is a small and
geologically very young island of the Prince Edwards archipelago (approximately 290 km? and
0.25 Myr, Branch et al. 1991) south of Africa (see Fig. 1).
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This study focuses on microevolutionary key aspects of genetic structuring between populations
(1) and on analyses of intrapopulation variability (2) and demography (3).

1. In view of the poor dispersal of serolid isopods and strong genetic structure of related
species on the High Antarctic shelf (Held 2003, Leese and Held 2008, Leese and Held in
prep.) we expect a very strong geographical structuring of genetic variability for S.
septemcarinata between the different islands and even predict that the separate islands
may be inhabited by cryptic species. We thus test the null-hypothesis
Ho: Populations of S. Septemcarinata from highly isolate Antarctic and Subantarctic
islands belong to one species and maintain a shared gene pool.

2. The prevailing differences in geological age, isolation and size of the three islands are
expected to have imposed differences in the magnitude of genetic diversity. In particular
we expect that genetic diversity is highest in populations from the rather old and large
island South Georgia, lower around the relatively small and young island Bouvet and
lowest around the very young and small Marion Island due to increased effects of genetic
drift and founder events. We test the null hypothesis
Ho: Genetic diversity is independent of the islands size, age and geological history.

3. We expect that the old age and the great availability of shallow water habitats around
South Georgia has allowed the continuous maintenance of large populations at mutation-
drift equilibrium, thus without traces of recent bottlenecks. On the contrary, the very young
and much more remote islands Bouvet and Marion are expected to house much smaller
populations that are much more affected by genetic drift and thus reveal genomic traces
of recent reductions in effective populations size. We test the null hypothesis
Ho: Present population size and past population oscillations are independent of the
respective island characteristics.

Methods

Taxon sampling

Specimens were collected by bottom trawling during the ICEFISH 2004 expedition from shallow
waters around South Georgia and Bouvet Island. Specimens from Marion Island were sampled
on the MIOS-IV expedition by Christoph Held using a 1.5 m Agassiz’ trawl and a metal stone
dredge (Tab. 1). Animals were immediately sorted on deck and preserved in pre-chilled 96%
ethanol. Specimens were kept at 4°C for the first months to guarantee adequate tissue
preservation and maximum yield for subsequent DNA extraction.

Microsatellite analyses were performed for n=56 specimens from Bouvet Island and n=34
specimens from South Georgia and n=5 from Marion Island. Mitochondrial diversity was
assessed for a subset of n=21 specimens from Bouvet, n=33 specimens from South Georgia and
all n=5 specimens from Marion Island (Tab. 1). See Fig. 1 for location of islands.
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Table 1: Sampling site details and Cruise information for the populations of Septemserolis

septemcarinata.
Island (age, size) Lat/Lon D[en;:]th Cruise Nwsar  Nmioona
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Figure 1: Sampling sites of Septemserolis septemcarinata in the Southern Ocean (South Georgia, circle;
Bouvet Island, star) and the southern Indian Ocean (Marion Island, rhombus). Polar front systems
according to Orsi et al. (1995) and Stewart (2007). STF=Subtropical Front, ACC=Antarctic Circumpolar
Current, PF=Polar Front, SAF=Subantarctic Front. Arrowheads indicate the direction of the current.
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DNA extraction, PCR, sequencing/genotyping
Total DNA from specimens from Bouvet and South Georgia was extracted from muscle tissue
using the Qiagen DNeasy Mini Kit according to the standard tissue protocol using only 50 ul of

from one leg using the DNeasy Micro Kit (Qiagen).

Microsatellites: Eight polymorphic microsatellite loci for S. septemcarinata developed by
Leese et al. (2008) were applied to assess intraspecific genetic polymorphisms for all specimens
from Bouvet and South Georgia. Standard 15 Hl reactions consisted of 1x PCR HotMaster Buffer,
0.2 mM dNTPs, 0.5-0.75 MM of each primer (one labeled, one unlabeled), 0.03 U/ul HotMaster
Taq (Eppendorf, S-prime), 0.5 M Betaine (Sigma Aldrich) and 5-20 ng of genomic DNA. Cycling
conditions on an epgradient thermocycler (Eppendorf) were 2 minutes at 94°C followed by 30 to
34 cycles with 20 s at 94°C, 15 s at annealing temperature, 30 seconds at 65°C. A final extension
step of 45 minutes at 65°C was performed to reduce stutter artefacts from incomplete adenylation
of products. PCR products were controlled on 2% TBE agarose gels, diluted 1-15 fold with
molgrade water (Carl Roth) and 1 pl of the diluted product was denatured in a mixture of 14.7 ul
HI-DI formamide with 0.3 ul GeneScan ROX 500 size standard (both Applied Biosystems). Aliele
length scoring was performed using the software GENEMAPPER 4.0 (Applied Biosystems). To
minimize in vitro artefacts and scoring errors (Pompanon et al. 2005, Hoffmann and Amos, 2005),
up to four independent reactions were performed for a subset of samples to confirm genotypes.

Cytochrome ¢ oxidase Subunit | (COI): The universal primers HCO02198 and LCO1490
(Folmer 1994) were used to ampilify a fragment of the COI for 59 specimens. Reactions were
carried out in 25 pl volumes with 1x HotMaster reaction buffer, 0.2 mm dNTPs, 0.5 uM of each
primer, 0.025 U/l HotMaster Taq. Reaction conditions were: initial denaturation for 2 minutes at
94°C followed by 36 cycles of 20 sec at 94°, 15 sec at 46°C and 80 sec at 65°C plus a final
elongation step of 5 minutes at 65°C. PCR products were purified using Qiagen QlAquick PCR
purification or Mini Elute kit. Cycle-sequencing using 1 pM HCO/LCO primers was conducted in
10 pl reaction volumes using 1 pi of the purified template DNA and the BigDye Termiator Kit 3.1
(Applied Biosystems) according to the protocol. Reactions were purified according to the
‘modified protocol’ of the Qiagen DyEx Kit, Sequencing was conducted on an ABI 3130x|
Séquencer or outsourced to Macrogen (Korea).

Data analysis
Microsatellites

MSTOOLKIT version 3.1 (Park 2001), CONVERT version 1.3.1 (Glaubitz 2004) and FABOX version
1.3 (Villesen 2007). Bonferroni corrected significane was assessed using a permutation test with
10,000 permutations. Tests for Hardy Weinberg equilibrium (HWE) and linkage disequilibrium
(LD) were performed using GENEPOP version 4.0.6 (Rousset 2007).
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batches with 10,000 MCMC steps each). In general, Fsr measures the relatedness of pairs of
alleles within a subpopulation (S) relative to the total population (T), therefore, the estimators
have the suffix ST. Fst estimates (e.g. Weir and Cockerham 1984, Weir 2002) are based on the
assumptions of the infinite allele model (IAM, Kimura and Crow 1964). This mutation model
assumes that each mutation gives rise to a new, unique allele with no relation to the ancestral
allelic state. The derived Fsr estimates the probability of identity in state among alleles within
subpopulations compared to the probability of identity in the total populations. These estimates
can handle multiple alleles and are in general calculated according to an Analysis of Variance
(ANOVA) framework:

Qr-Qs (1)

Fsr =
1-Qr

Where Q stands for the probability of identity among alleles within subpopulations (Qs) or the
total population (Qr). GENEPOP calculates the estimate for Fgr for multiple loci according to the
formula

Ei [ncsg] (2)

i

FST = 2 2 2
S,[n.s?+ns?+ nsg| -

where n.is a function of the sample size of the genotyped specimens for each locus to give more
weight to more intensively genotyped loci. The index letter for the estimators of the variance
components g, G, I, and P, refer to there the variance components for Gametes, Individuals, and
Populations. This estimation method by Rousset (2007) is regarded to provide a less biased
estimate of Fsr than the traditional methods suggested by Weir and Cockerham (1984). Fsr
estimates were standardized according to the method outlined by Hedrick (2005) in an ANOVA
framework as outlined by Meirmans (2006) using the program RECODEDATA (Meirmans 2006)
and subsequently GENEPOP to calculate the maximum value possible for Fgr. In the following, the
Fsr estimate calculated was divided by Fsr max to yield the standardized value F'st that has not
only a theoretical range of 0 to 1.

In addition to these summary statistics based estimates we applied a Bayesian multilocus-
based clustering method implemented in the program STRUCTURE (Pritchard et al. 2000, Falush
et al. 2003), of which version 2.2.2 was used to simultaneously infer population structure and
assign individuals to populations. The advantage of the Bayesian clustering algorithm of
STRUCTURE is that no classification of populations has to be done a priori. This algorithm of
STRUCTURE assumes that there are K populations. Assuming Hardy-Weinberg equilibrium and no
or only weak linkage disequilibrium within subpopulations, STRUCTURE assigns individuals in the
data set probabilistically to populations, or jointly to two or more populations if genotypic data of
individuals indicates that they are admixed. STRUCTURE calculates the likelihoods of the data (D)
for the number for a given number of population (K), i.e. In Pr(D|K) using a Markov Chain Monte
Carlo algorithm. For the S. septemcarinata data set, the most likely number of populations was
inferred without prior information on geographic origin of individuals using STRUCTURE. The
number of MCMC steps needed to reach convergence was first estimated by comparing run
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lengths between 10,000 and 2,000,000 steps. Convergence was reached in general with 10,000
steps. Therefore, for the parameter sets 5 independent runs with a burn-in of 10,000 and
subsequent 50,000 MCMC steps were performed with and without assuming population
admixture, with and without allele frequencies correlated The number of clusters (K) to infer was
set from K=1 to K=4 to allow detecting potential cryptic subpopulations. Alpha was inferred from
the data for each population separately in the admixture mode. All 5 independent runs were
analysed in CLUMPP, version 1.1.1 (Jakobsson and Rosenberg 2007) in order to compute a
consensus matrices from all 5 matrices. Both, the individual membership coefficient matrix and
averaged population membership matrix (Q-matrices) were visualized using DISTRUCT, version
1.1 (Rosenberg, 2004).

To assess estimates of the present effective population size (Ne), we applied the linkage
disequilibrium method proposed by Hill (1981), modified by Waples (2006) to account for bias
correction. This method is implemented in the program LDNE, version 1.3 (Waples and Do 2007).
Calculations of N, and the confidence intervals were estimated considering alleles with a
frequency of ¢ 20.05 and ¢ 20.02, respectively.

Tests for historical population bottlenecks were performed using the program BOTTLENECK
(Piry et al. 1999). Tests are based on the finding that populations that have experienced recent
reductions in their effective population size (N,) show a reduction in both, allelic richness and
heterozygosity (Nei et al. 1975, Maruyama and Fuerst 1985). Following a bottieneck, the number
of alleles are faster reduced than heterozygosity (Nei et al. 1975). Vice versa, in expanding
populations, the number of alleles increases faster than heterozygosity until equilibrium is
reached. From the correlation of both parameters from microsatellite data, it is possible to make
inferences on historical demography of a population. We tested for patterns of heterozygosity
excess or deficiency using three different microsatellite mutation models: the Infinite Allele Model
(IAM, Kimura and Crow 1964), the Stepwise Mutation Model (SMM, Otha and Kimura 1973) and
the a model that combines features of both, the Two Phase Model (TPM, DiRienzo et al. 1994)
with 90% of the mutations according to a SSM according to the recommendations of Piry et al.
1999. Statistical significance of the sign test and a Wilcoxon rank test were assessed by 1,000
permutations (Cornuet and Luikart 1996, Luikart et al. 1998).

Data analysis COJ

Assembly of forward and reverse strands and editing was performed using the software SEQMAN
(DNAstar, Lasergene). Sequence alignment was performed using the CLUSTALW program as
implemented in BIOEDIT 7.09 (Hall 1999). Sequence variation was analysed using MEGA 4.0
(Tamura et al. 2007). A statistical parsimony network based on COI haplotype data was
calculated using TCS 1.21 (Clement et al. 2000). Population differentiation was estimated by
conventional F-statistics based on haplotype frequencies using ARLEQUIN 3.11 (Excoffier et al.
2005). Significance of differentation estimates was assessed by an exact test (Raymond and
Rousset 1995) as implemented in ARLEQUIN. Parameter settings were: burnin 10,000, MCMC
steps 100,000. Several demographic parameters were also inferred from the COI data using
ARLEQUIN 3.11. First, we calculated Tajima’s D (Tajima 1989) that is based on the magnitude of
differences between the number of differences between the number of segregating sites (S)and
the average pairwise nucleotide differences (). Population expansions after bottleneck or
founder events inflate S relative to 1. Consequently, this statistic tends to be negative when there
is an excess of recent mutations (or rare alleles). Fu's Fs statistic (Fu 1997) is based on the
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probability of finding a number of alleles greater or equal to the observed number in a sample
drawn from a stationary population and is even more sensitive in detecting population expansions
from smaller samples (Ramos-Onsins 2002). Significance of Fu's Fs and Tajima's D are
estimated using a coalescent simulation approach as implemented in ARLEQUIN 3.11 using
10,000 permutations. In the third test, pairwise mismatch distributions among individuals were
plotted and tested for goodness-of-fit to a mode! of sudden expansion using parametric
bootstrapping with 50,000 replicates (Schneider and Excoffier 1999).

Results

{(Remark: Tables 2-9 and Figure 2 are at the end of the manuscript in the appendix)

Both markers were highly informative with respect to the scientific questions addressed in this
study (Hypotheses 1-3, introduction).

Microsatellites

Microsatellites were highly polymorphic in all three both populations. Allele sizes and variability
estimates for the eight microsatellites are given in Tab. 2. Frequency distributions are displayed in
figure 2. The number of alleles per microsatellite locus for all specimens screened ranged from
Na=2 (Sse05) to Ny=25 (Sse10). Observed heterozygosity (H,) ranged from 0.059 (Sse05, South
Georgia population) to 0.911 (Sse10, Bouvet population). No significant deviations from HWE
were found for the population from Bouvet and Marion Island (Tab. 2). A significant
heterozygosity deficiency was reported for locus Sse14 for the population from South Georgia.
Analyses with MICRO-CHECKER indicate that this may be best explained due to the presence of
null alleles (non-amplifying alleles) at this locus, which artificially inflate homozygosity. When
removing locus Sse14, global tests for deviations from HWE fail to detect a significant
heterozygosity deficiency (Tab. 2). Global linkage disequilibrium (LD) was observed for locus pair
Sse14 and Sse15 and remained significant (P<0.01) after sequential Bonferroni correction for
multiple testing (Rice, 1989). As locus Sse14 also shows a significantly inflated homozygosity
and could not be genotyped for the n=5 specimens from Marion island, this locus was excluded
from population genetic parameter inference in this study. The microsatellite data provide unique
resolution to test hypotheses 1-3:

Genetic structure

Genetic polymorphisms show a strong geographical association, with strong differences in allele
types and allele frequencies between the different islands (Fig. 2). Population differentiation
estimates based on Weir and Cockerham’s Fst estimate (theta, Weir and Cockerham 1984, as
implemented according to Rousset 2007) reveal significant population differentiation between all
pairs of population (Tab. 3). Non-standardized Fs; estimates are similarly high between
population pairs South Georgia/Bouvet and South Georgia/Marion but lower for Bouvet/Marion,
indicating that gene flow between Bouvet and Marion island is higher. Calculations of
standardized Fsr (= F'sy) according to Meirmans (2006), which present the degree of allele
sharing on a scale of 0 to 1 (Wright 1978), show that non-standardized Fst estimates tend to
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underestimate differentiation. The magnitudes of pairwise F'st reveal that gene flow between
populations is very limited but, however, present.

Results of the Bayesian cluster analyses of STRUCTURE report the highest probability of the
data when using information on population origin as a prior: Ln Pr (D|K)k=3 = -2322.5. All
individuals are assigned correctly to their population and reveal only very minor genotypic
admixture proportions. When searching for the K with the highest likelihood without the
information on population origin of individuals, results depend on the model assumtions. Under
an admixture model, STRUTURE reports the highest likelihood for K=3: Ln Pr (D|K)k=3 = -2350.8
(standard deviation +11.27). The three clusters inferred correspond to the three islands sampled
(Fig. 3). However, in particular populations from Bouvet and Marion Island also contain
specimens with shared genotype proportions that indicate genetic admixture. However, one
individual from Bouvet shows a genotype very similar to the dominant genotype of South Georgia
population, and also one individual with almost equal proportions of a typical Bouvet and a typical
Marion Island genotype. If no admixture is assumed in the model, structure reports the highest
probability for K=2. Ln Pr (D|K)k-2 = -2369.38 (standard deviation £1.62). The individuals from
South Georgia had high proportions for cluster 1 and individuals from Bouvet and Marion for
cluster two. Interestingly, two of the n=5 specimens from Marion Island head high admixture
proportions g, of cluster 1 (South Georgia): q1=0.32 and 0.45, respectively. No individual with a
higher admixture proportion than 0.1 was found in the Bouvet Island population.

“Taal™ " I "1

Figure 3: Results of cluster analyses performed with STRUCTURE with the highest log likelihood without prior information
on population origin. The graphs display the consensus membership coefficients matrices (Q-matrices) for 95 individuals
from three populations of Septemserolis septemcarinata (South Georgia = orange, Bouvet = blue, Marion Island =
yellow) using seven microsatellite markers. The genotype of each individual is represented by a single bar, where the
proportion of the colour refers to the probability of assignment to one of the three populations.
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Genetic diversity

Intrapopulation gene diversity in terms of expected heterozygosity (Hg, Nei 1987) was higher for
populations from the small and young islands Bouvet and Marion (Hg=0.712 and 0.717,
respectively) compared to the population from South Georgia (0.630). As this measure is not
sensitive to sample size and only the loci without evidence for null alleles were included, this
must be regarded a distinguishing feature of the three different populations (South Georgia vs.
Marion and Bouvet).

Demography

Estimates of N, revealed the presence of large populations around South Georgia and Bouvet
(Tab. 4). For Marion Island, sample size was too small to obtain reliable results. The upper
confidence interval was infinite for both inference methods. However, mean values for N. were
consistently larger for Bouvet than for South Georgia (Tab. 4). Results of BOTTLENECK provide no
consistent evidence for a significant heterozygosity excess or deficiency for the population from
Bouvet or Marion Island (Tab. 5). However, there was a significant heterozygosity deficiency
reported from both, the Sign and the Wilcoxon test for the South Georgia populations when
assuming an underlying TPM and a SMM (P<0.05, Tab. 5).

Mitochondrial DNA

Base pair frequencies of the 551 bp fragment of the partial COI gene, were A=22.9%, C=18.9%,
G=21.9%, and T=36.3%, respectively. Eight positions were variable, four being parsimony-
informative and four singleton sites. All substitutions were silent mutations. The n=33 specimens
from South Georgia contribute to one single haplotype only (HT1). Haplotype 2 (HT2) is shared
among specimens from Bouvet (n=7) and Marion Island (n=4). Haplotype 3 (HT3) is only reported
for specimens from Bouvet. Haplotypes 4-6 (HT4-6) are reported from single specimens from
Bouvet, and haplotype 7 (HT7) from one specimen from Marion Island (Tab. 6). Haplotype
sequences were deposited to GenBank [EU597351-EU597357].

Genetic structure

The average pairwise distances between groups were low (Tab. 7). The maximum uncorrected
pairwise genetic distance was between HT1 and HT6 and comprises 1.1%. This is within a range
typically observed for other species of isopods (Held 2003, Held and Wagele 2005, Raupach and
Waégele 2006, Leese et al. submitted). Haplotypes from specimens sampled around Bouvet and
Marion Island reveal partly overlapping haplotypes. No bimodal distribution of genetic distances
was observed, i.e. no barcoding gap (Hebert et al. 2003) was detected. As a consequence based
on the COI data of the different populations we must regarded populations to belong to one
species rather than to several cryptic species.

Genetic diversity

Nucleotide diversity and pairwise differences () were (0 / 0) for the populations of South Georgia
(no variation), comparatively high for Marion Island (0.0007 / 0.400) and highest for the
population from the smallest island Bouvet (0.0023 / 1.248). This is unexpected in terms of the
expectations due to age and size of the islands.
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. South Georgia
u Bouvet Island
[:l Marion Island

Figure 4: Statistical parsimony network of n=59 cytochrome oxidase | sequences in seven
haplotypes (HT1-HT7) from Septemserolis septemcarinata (TCS, 95% parsimony connection
limit). The diameter of circles corresponds to the number of specimens that share a particular
haplotype. Black dots represent hypothetical, unsampled haplotypes.

Present and historical demography

To test the hypothesis of recent population decline or growth from a low-diversity founder
population, we only applied the three demographic tests to the population from Bouvet, as all
specimens from South Georgia are genetically identical for the COI, thus representing a typical
low-diversity founder population, and from Marion Island, only 5 samples were available.

Neither Tajima's D, nor Fu's Fs support the hypothesis of an expanding population for
populations from Bouvet and Marion Island (Tab. 9). The mismatch distribution for the data
observed differs strongly from the distribution of a simulated population under a sudden
expansion model (Fig. 5). However, the null hypothesis of population expansion could not be

rejected based on the mismatch distribution, although the probability is nearly significant
(P=0.073).

frequency [absolute counts]

pairwise differences [bp]

Figure 5: Observed (solid line) and expected (dotted line) mismatch
distribytion under the assumption of a sudden population expansion based on

the mitochondrial cytochrome oxidase | sequence data from n=21 specimens
of Septemserolis Septemcarinata from Bouvet Island.
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Taken evidence from both marker systems together, all three null hypotheses (1: genetic
homogeneity among populations, 2: no differences in genetic diversity, 3: no differences in the
genomic signatures of bottlenecks) can be rejected.

Discussion

Mobility of the species’ genome

Data on genetic differentiation based on eight microsatellites and the mitochondrial partial COI
gene unambiguously indicate that genetic variation within S. septemcarinata is significantly
partitioned geographically. The magnitudes of the subdivision prove that populations from the
three different islands maintain distinct gene pools with limited gene flow between the
populations. However, the partial overlap in microsatellite alleles and COI haplotypes (for Bouvet
and Marion Island), the lack of a typical bimodal distribution of genetic variation, i.e. the absence
of a ‘barcoding gap’ (Hebert et al. 2004), and finally the overall low magnitude of genetic
differences in the COI gene, provide strong evidence that populations belong to one species that
is capable of exchanging alleles over long distances, at low frequencies though. Additional
support for these findings stem from geological evidence: phylogenetic analyses, based on
molecular clock estimates that utilize the opening of the Drake Passage (Barker and Burrell 1977,
Livermore et al. 2005) as a calibration point (Held 2001), calculate the age of the taxon S.
Septemcarinata to approximately 6 Myr. Thus, the taxon itself is older than the young volcanic
islands Bouvet (1-2 Myr) and Marion Island (0.25 Myr). As the islands have never been in close
contact to the Antarctic Islands or other continents, the present-day population must have arrived
on the islands by migration via the sea late in its history.

The finding of long-distance dispersal (LDD) in S. septemcarinata is unexpected given the
enormous isolation of the three island populations, in particular of Bouvet Island, and the recent
finding that brooding isopods from the Antarctic shelf (Held 2003, Held and Waégele 2005, Leese
and Held in prep.), the shelf of Patagonia (Leese et al. under review) and from temperate subtidal
waters (Wares et al. 2007) often consist of complexes of cryptic species with generally much
smaller distribution ranges. Studies on other brooding Antarctic animals, e.g. molluscs (Page and
Linse 2002, Linse et al. 2007), echinoderms (Lee et al. 2004), octopods (Allcock et al. 1997) and
even some Antarctic species with pelagic larvae (Wilson et al. 2007) revealed the presence of
cryptic species and thus provide additional support that limited dispersal is the rule rather than
the exception.

In conclusion it must be accepted that specimens of S. septemcarinata are much more
mobile than one would predict based on the strictly benthic life cycle. In the absence of active
means for dispersal, i.e., no free-swimming life stages, other means of genome transport across
large distances must be present in this taxon. Highsmith (1985) proposed that passive floating on
the water surface and rafting on algal mats may provide a means for brooding species to greatly
increase their capability to disperse. Other than most serolid isopods, which normally live benthic
and not on substrata that is likely to become detached, S. septemcarinata is an exception as it
has enlarged pereiopods 5-7, which it uses to climb on e.g. large Antarctic rossellid sponges
(pers. observ. CH and FL during ICEFISH 2004 expedition). While the possibility of passive drift
on sponge fragments or even entire sponges with detached anchor ice (Dayton et al. 1969) may
provide a means for dispersal, this is likely to be of minor importance for LDD (McClintock et al.
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2005), in particular in the Subantarctic islands. Drift on large algal mats, in particular those of
Macrocystis species, are very likely to provide a much more reasonable means for long-term
dispersal (Helmuth et al. 1994, Thiel and Gutow 2004, Hobday 2000a,b). After detachment these
algae can remain alive and even still grow in the water for several month (Hobday 2000b) and
therefore provide a unique means for LDD over hundreds to several thousands of kilometres —~
unidirectional — with the ACC. With an average speed of approximately 40 cm s in the ACC
(Whitworth et al. 1982, Hofmann 1985), transportation over 1000 km would take about 30 days.
However, net drift speed depends highly on other factors such as large-scale eddies which can
easily decrease the net transportation speed. The linear distance between South Georgia and
Bouvet is about 2500 km. The same holds true for the distance between Bouvet and Marion
Island. Transportation with the ACC for 2500 km would at least last 70 days, which can certainly
be realized by drifting macro algae.

Small, remote AND diverse?

When comparing gene diversity estimates (Hg) based on microsatellite data it must always be
questioned whether the estimates are valid or suffer from artificial biases (Bonin et al. 2004,
Pompanon et al. 2005). For the present study it must be assured in particular that inflated
homozygosity around South Georgia is not the result of artificial biases of the analysis method or
the marker characteristics. To avoid errors of the analysis method (amplification problems,
scoring errors), microsatellite amplifications and fragment analysis were performed up to four
times independently for a subset of specimens. Allele scoring was performed independently by
SA and FL in order to maximize inter-rater reliability of the data. To test for potential biases
related to the microsatellite markers used the allele tables were analysed for biases applying
DROPOUT and MICRO-CHECKER in the data set. The potentially most severe bias might be due to
non-amplifying alleles, so called null alleles, which can lead to artificial heterozygosity
deficiencies (Callen et al. 1993, Paetkau and Strobeck 1995). In general, point mutations in the
primer-binding site are the cause of null alleles. Allelic dropout can occur due to preferential
amplification of a particular allele (e.g. shorter ones) and may also inflate homozygosity
(Gagneux et al. 1997). However, as there was significant evidence for null alleles only for locus
Sse14, which was excluded for parameter inference, and no evidence for allelic dropout, these
artificial biases are expected to have only a minor impact on the data. In addition, the consistent
depauperate genetic diversity as inferred from microsatellites and the COI supports that
differences in genetic diversity are a consistent population feature and not artificially caused by a
bias.

In the absence of selection three major microevolutionary forces shape genetic diversity at
neutral loci in an idealized population: random genetic drift, migration and mutations. While the
latter two increase the genetic diversity, random genetic drift, i.e. the random loss of alieles due
to finite population size, decreases diversity. The effects of genetic drift are antiproportional to Ne
(Nei et al. 1975, Maruyama and Fuerst 1985). As a consequence, the partitioning of
intrapopulation genetic diversity among the islands is unexpected, while the geographical
subdivision of genetic variation can for the most part be explained with the isolation of the islands
with little gene flow in between. Based on the island characteristics (age and size), the largest
populations and highest intrapopulation diversity were expected around South Georgia.
Interestingly, our results indicate that it is the smallest island, Bouvet Island, that has the highest
genetic diversity and vice versa the oldest and largest island, South Georgia, that has the lowest

154



Florian Leese - Population genetics of selected serolid isopods

genetic diversity. While the high genetic diversity around Bouvet and Marion lIsland can in
principle be explained by migration of specimens from islands other than South Georgia, most
likely from the South Sandwich Islands or the South Orkney lIslands, historical demographic
processes might also pose a major factor affecting genetic diversity of populations from the
islands in different ways.

Population demography
The finding of a single mitochondrial haplotype in the populations from South Georgia only
(nucleotide diversity = 0) and significantly lower heterozygosities than expected under mutation-
drift equilibrium lead to the conclusion that the population around South Georgia has recently
experienced a severe reduction in effective population size from which it is currently recovering. A
recent (re)colonization by a small founder population is another possible scenario that would
explain the genomic signatures inferred.

While at first glance it is counterintuitive that South Georgia has been affected by reduction in
Ne more than both other, much smaller islands, two processes with high explanatory power must
be taken into account: (1) at both, evolutionary and ecological time scales, major glaciations with
grounded ice eradicating shallow water habitats had a much more severe impact on the shallow
water shelf fauna around South Georgia than at Bouvet or Marion Island (Clapperton 1989, but
see also Rongvist et al. 1999), (2) since South Georgia is much older and was in close contact
with the Antarctic Peninsula it houses a very rich and old benthic fauna (Winkler 1994 and
references therein) including several larger serolid isopods, which occur in great abundances in
the same habitat, e.g. Serolella pagenstecheri. Consequently, niche competition must be
discussed as another possible mechanism limiting present population size around South Georgia.
On both the other islands, Bouvet and Marion, S. septemcarinata is the only serolid isopod and
might benefit from less niche competition.

Conclusions

Our results support that specimens of the brooding shallow water isopod S. septemcarinata from
the three highly remote Southern Ocean islands, South Georgia, Bouvet and Marion Island,
belong to one species. Genetic variation is significantly partitioned geographically indicating very
little gene flow between islands. In the absence of pelagic dispersal stages of this brooding
isopod, long-distance dispersal on floating macro algal mats or other substrata with the Antarctic
Circumpolar Current seems most likely.

The population from the largest and oldest island South Georgia is genetically less diverse
than populations from the young and small islands Bouvet and Marion and reveals genomic
signatures of a recent bottleneck. This evidence supports that the population from South Georgia
might be more affected by processes reducing effective population size (and therefore diversity).
We argue that more severe glaciations and increased niche competition due to the presence of
other serolid species around South Georgia compared to the smaller volcanic islands Bovuet and
Marion are two key aspects that can explain the patterns observed. The great allelic diversity
around the young and remote islands Bouvet and Marion strongly suggests that both populations
are recipients of gene flow from other source populations to the west in the Antarctic Circumpolar
Current, which do not disperse to South Georgia.
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Appendix

Table 2: Total number of specimens scored for
each population and locus (Ns), number of different
alleles (N4), inbreeding coefficient (Fis), observed
heterozygosity (Ho), expected heterozygosity, and
probability (unbiased estimate of type-| error) for
Hardy-Weinberg departure proportions (Prw). The
mean Hp and He for all microsatellites and the data
set and their respective overall Py are listed at the
end of the table. Due to very limited amount of DNA,
locus Sse14 was not amplified for population from

Marion Island.
South Marion

Georgia Bouvet Island
Sse04
Ns 34 56 5
Na 10 13 2
Fis 0.113 0.077 -0.333
H, 0.588 0.750 0.600
He 0662 0812 0467
Puw 0.105 0.353 1.000
Sse05
Ns 34 53 5
Na 2 2 3
Fis -0.015 0.000 -0.067
H, 0.059 0.245 0.400
He 0.058 0.245 0.378
Puw 1.000 1.000 1.000
Sse07
Ns 34 56 5
Na 2 4 2
Fis -0.060 0.036 -0.600
H, 0.471 0.429 0.800
H. 0.444 0.444 0.533
Puw 1.000 0.613 0.428
Sse08
Ns 30 54 5
Na 7 13 6
Fis -0.072 0.093 0.314
H, 0.767 0.815 0.600
He 0.716 0.857 0.844
Puw 0.114 0.990 0.162
Sse10
Ns 34 56 5
Na 15 18 7
Fis 0.186 0.018 0.135
H, 0.706 0.911 0.911
He 0.864 0.927 0.800
Puw 0.045 0.553 0.491
Sse13
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Nsg 34 55 5
Na 13 11 7
Fis -0.046 -0.007 -0.081
H, 0.882 0.836 1.000
H, 0.844 0.831 0.933
Prw 0.969 0.719 1.000
Sse14

Ns 23 56 0
Na 8 13 -
Fis 0.734 0.064 -
H, 0.192 0.804 -
H, 0.713 0.858 -
Prw 0.000 0.272 -
Sse15

Ng 34 56 5
Na 13 15 8
Fis 0.1429 0.055 -0.056
H, 0.706 0.821 1.000
H, 0.822 0.869 0.956
Puw 0.057 0.202 1.000
Total

Mean Hg 0.640 0.730 -
Mean Hgp 0.546 0.701 -
Puw 0.000 0.064 -

Mean H:  0.630 0.712 0.717
Mean Ho  0.597 0.687 0.742
Puw 0.103 0.870 0.943

Table 3: Upper diagonal: Pairwise Fsr estimates and maximum possible Fsr estimates
between island populations of Septemserolis septemcarinata. Lower diagonal:
Standardized pairwise F'sr. All pairwise differenatiation estimates are significant at
P<0.001.

South Georgia  Bouvet Island Marion Island

South Georgia - 0.139 (0.325) 0.141 (0.339)
Bouvet Island 0.427 - 0.088 (0.285)
Marion Island 0.420 0.311 -
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Table 4: Estimates of effective population size using seven
microsatellite loci and considering alleles with a minimum frequency
of ¢20.05 and ¢20.02. The 95% confidence intervals (Cl) based on
parametric bootstrap and Jackknife testing are listed. *Sample size
for the Marion Island population was too low (n=5) to perform
reliable tests.

South Bouvet Marion
Georgia Island*
c 20.05
2 (overall) 0.03710 0.02043 0.33331
117.7 302.9 -12.7

e
Cl Bootstrap 291- 78.8 - 8.7 -
Cl Jackknife 219-= 84.7 - -27.5-

¢ 20.02
r (overall) 0.03528 0.01946 0.33331
Ne 190.4 2109.9 -12.7

Cl Bootstrap 53.7 - 173.0 -« 8.7 -
Cl Jackknife 429 -« 163.0 - » -27.6 -

Table 5: Statistical tests for significant heterozygosity (H) excess or deficiency in populations of
Septemserolis septemcarinata from Bouvet and South Georgia assuming three different mutation
models (IAM, TPM, SMM) using BOTTLENECK. P-values of the Sign Test and for one-tailed probability
of heterozygosity deficit (Po) or excess (Pg) of the Wilcoxon Test are based on 1000 independent
permutations. Significant P-values are printed in bold. The TPM was adjusted to allow for 90%
mutations according to a SMM and 10% to an IAM model.

Sign Test W'.'I?eos):on
Population Model Expected Observed Observed P (one

noofloci no.ofloci no of loci p tailed for H
withH  with H with H dofei egg )
excess excess  deficiency y
IAM 3.83 4 3 0.604 Pp=0.594

South _
Georgia TPM 3.85 1 6 0.034 Pp=0.027
SMM 3.88 1 6 0.032 Pp=0.020
IAM 4.03 7 0 0.020 Pp=1.000

Bouvet -
Island TPM 3.97 2 5 0.131 Pp=0.188
SMM 3.91 2 5 0.141 Pp=0.020
IAM 3.46 5 1 0.199 Pe=0.031

Marion

Island TPM 3.55 5 1 0.212 Pe=0.039
SMM 3.23 5 1 0.147 Pe=0.055
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Table 6: Frequency and geographic origin of the mitochondrial cytochrome ¢

oxidase subunit | haplotypes for the populations of Septemserolis septemcarinata
from South Georgia, Bouvet and Marion Island.

HIPIONPS Goorgia Ioang. fmn  sosein K
HT1 33 0 0 EUS597351
HT2 0 7 4 EU597352
HT3 0 11 0 EU597353
HT4 0 1 0 EU597354
HT5 0 1 0 EU597355
HT6 0 1 0 EUS597356
HT7 0 0 1 EU597357

Table 7: Average pairwise genetic distances between (lower diagonal) and
within populations of Septemserolis septemcarinata (mean diagonal) for a
551 bp fragment of the mitochondrial cytochrome c oxidase subunit | gene.

South Georgia Bouvet Marion
(n=33) (n=21) Island (n=5)
South 0.000
Georgia
Bouvet 0.006 0.002
Marion 0.003 0.004 0.001

Table 8: Pairwise Fsr estimates for populations of Septemserolis Septemcarinata
based on mitochondrial cytochrome ¢ oxidase subunit | gene data (lower diagonal)
and their respective P values (upper diagonal).

South Georgia Bouvetisland Marion Island

South Georgia - 0.000 0.000
Bouvet Island 0.854 - 0.078
Marion Island 0.980 0.400 -
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Table 9: Cytochrome oxidase | nucleotide diversity.
i i ‘sudden-expansi
specimens). Samples from
Island (n=5) were inadequate for mismatch analyses.

South Georgia revealed no polymoi

ity, pairwise differences, goodness-of-fit test (raggedness
ion’ population model and Tajima’'s and Fu's tests for

NU‘:";‘?I““ Goodrtn::ts-of-ﬂt Fu's Fs test Tajima’s D test
Population pairwise Rab R
diff. index P Fs P | TaimasD P
South 0 % 5 A ¥ v i
Georgia
Bouvet | 0.0023/1.248 0.278 0.076 | -0485 0.376 | -0.308 0.418
Marion
felend 0.0007/0.400 - - 009 0299 | -0817 0.306
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Figure 2: Allele length frequencies of eight microsatellite loci [GenBank: EU597351-EU597357] genotyped for the

populations of Septemserolis septemcarinata from South Georgia (blue), Bouvet Island (red) and Marion Island (green,
no data for Sse14).
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Abstract

Background

The Falkland Islands and Patagonia are traditionally assigned to the Magellan Biogeographic
Province. Most marine species in Falkland waters are also reported from Patagonia, however, it
remains unclear whether and how relatively immobile marine benthic, shallow-water species
maintain gene flow. Past fluctuations in sea level during glacial maxima are regarded as a
possible mechanism that might have recurrently allowed genetic exchange between both regions.
The genetic exchange between Falkland Islands and Patagonia has never been estimated.

Results

This study analyses the genetic structure of populations of the marine shallow water isopod
Serolis paradoxa (Fabricius, 1775) from the Falkland Islands and the Strait of Magellan and
assesses genetic differentiation among populations based on seven nuclear microsatellites and a
fragment of the mitochondrial 16S rRNA gene. Both marker systems report very strong
differentiation among populations from the Strait of Magellan and the Falkland Islands with on
average 2.0% uncorrected p-distance for the 16S and a standardized differentiation coefficient for
the microsatellite data of F'sy > 0.86. The magnitude of inferred differences leads to the
conclusion that effective gene flow is absent between regions for this species today and has been
for an amount of time far in excess of the age of the last glacial maximum (LGM). Genomic
signatures of recent population expansion suggest that the LGM greatly shaped present-day
population structure on a regional scale in the central Strait of Magellan. We argue that
specimens from the Strait of Magellan and the Falkiand Islands very likely represent two distinct
species that separated in the late Pliocene or early Pleistocene (2.7-1.4 myr BP).

Conclusions

The results of this study advise caution concerning the untested assignation of the Falkland
Islands to the Magellan zoogeographic province. The distance to the Falkland Islands may be
insurmountable in particular for shallow water species as demonstrated for S. paradoxa, yet
almost no pairs of potential sister species have been scrutinized for cryptic species.
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Introduction

Present-day distribution of a species is the result of a complex interplay between (1) extrinsic
factors such as isolation of landmasses, climatic conditions and availability of niches and (2)
intrinsic factors such as dispersal ability and physiological tolerance. Extrinsic factors typically
influence the distribution of many species in the same way because they act on an ecosystem
scale. Over time, this leads to a characteristic assemblage of species with similar distribution
patterns within larger geographical areas, so called biogeographic provinces, and distinct gaps
between them. On the southern hemisphere, the Magellan Biogeographic Province has obvious
close ties to the whole of South America to which it is connected today, but some of its species
inventory stems from times before the Gondwana breakup [1, 2 and references therein). The
Falkiand Islands are connected to the South American shelf and located approximately 500 km to
the east of Patagonia (Fig. 1) and are commonly assigned to the Magellan Biogeographic
Province [3 for review] based on current knowledge of their species inventory. However,
originally the Falkland Islands drifted to their current position on a microplate that formed part of
the African continental plate. Their current position was reached approximately 130 Myr BP [4-6].
Close biogeographic ties between the Falkland Islands and Patagonia are widely accepted and
even more plausible in the marine realm because here biotic exchange does not depend on the
existence of land bridges [7-10]. Furthermore, major ocean current systems facilitate dispersal of
specimens. There are few reports of species endemic to the Falkland Islands [2, 11-13]. On the
whole, marine evidence supports that the Falkland Islands form a part of the Magellan
Biogeographic Province and that migration of species between the continental South America
and the Falkland Island is occurring repeatedly. However, recent molecular studies have shown
that unrecognized cryptic species may be more common than previously assumed [10, 14-23).
They indicate that morphological and ecological similarity may be an unreliable token on which to
base taxonomic identifications and, by extension, the definition of biogeographic provinces
derived from them.

In this study we investigate spatial partitioning of intraspecific molecular polymorphism in
nominal Serolis paradoxa (Fabricius, 1775), a marine benthic isopod, using two independent
genetic marker systems. S. paradoxa was originally described from the Falkland lIslands but is
also frequently reported from the Strait of Magellan, the Patagonian coastal shelf (Atlantic and
Pacific side), and also from regions further to the equator [11, 24]. For the current taxonomic
status and synonyms of S. paradoxa see [25]. In the Magellan region, S. paradoxa can be locally
very abundant [26, Held pers. obs.]. Like nearly all isopods, S. paradoxa lacks free-swimming
distribution stages and broods its offspring in a ventral brood pouch, the marsupium, and is thus
expected to be limited in its dispersal capabilities. Direct measurements of dispersal and
migration over large geographical distances are impractical in most marine systems and do not
provide a means of directly assessing effective gene flow. Indirect genetic estimates use tools
that analyse the genetic structure and its underlying microevolutionary forces and thus represent
a more reliable and easier method [27].

However, when estimating present-day population structure, historical extrinsic factors must
be considered that might have exerted a structuring force on present-day distribution of a
species. One extrinsic factor that is known to have had a major impact on genetic structure and
distribution of species are glaciation events [28]. Their influence on the marine fauna is two-fold:
large-scale glaciations may directly render entire coastal habitats unavailable during glacial
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maxima [29-31] and lead to a decrease in sea level of up to 130 m [30]. The latter may have
disrupted inshore habitats on either side of an emerging barrier (e.g. appearance of the Panama
land bridge (7], or connected shallow water habitats that are disjunct during periods of high sea
level.

In this study we investigate the genetic structure of S. paradoxa from the Falkland Islands
and the Patagonian shelf. The present-day situation suggests that the deeper waters on the
South American shelf may present an insurmountable barrier to S. paradoxa inhabiting shallow
waters around Patagonia and the Falkland Islands. Historically, the lower sea level during glacial
maxima may have brought both regions closer together and facilitated migration between habitats
thus counteracting independent lineage sorting in the two regions.

By investigating the coherence between gene pools and construction of an approximate
timeline we test whether the disruptive or unifying forces predominated in the case of S. paradoxa
and if the influence of the last glaciations, exerted a major influence on the evolutionary history of
the species. Furthermore, we test whether the relatively young age of the marine habitats in the
central Strait of Magellan (maximum 14 Kyr BP, [32-38]) left signatures in the populations’
genome that differ from those of populations from shallow water habitats around the Falkland
Islands, which were little affected by glaciations [39]. In particular, we test for patterns of recent
population expansions. We hypothesize that populations in the central Strait of Magellan are
genetically less diverse than populations from the coast or the Falkland Islands due to recent
range expansion into the Magellan Strait subsequent to the retreat of the glaciers after the LGM.

Material and Methods

Taxon sampling

Specimens from the Falkland Islands (F1) were collected by bottom trawling during the ICEFISH
2004 expedition, specimens from the Strait of Magellan near Punta Arenas (PA) were collected
by CH SCUBA diving and specimens from the Atlantic opening of the Strait of Magellan (AO)
were provided from the 2" Cruce estrecho, 2003, by Carlos Rios and Erika Mutschke,
Universidad de Magallanes, Punta Arenas (see Fig. 1 and Tab. 1). Animals were immediately
preserved in 96% ethanol. Microsatellite analyses were performed for 35 specimens from PA, 33
from AO and 23 from FI. A subset of 19 specimens from PA and 22 samples from Fl were
analysed for variation of the 3'-terminus of the mitochondrial 16S rRNA gene.

Table 1: Sampling sites (PA=Strait of Magellan near Punta Arenas, AO=Atlantic opening of the
Strait of Magellan, Fl=Falkland Islands) and numbers of specimens studied using nuclear
microsatellite markers (Nusat) and mitochondrial markers (Nmtona) of the populations of S. paradoxa
investigated in this study.

Region depth [m] Cruise Nusar Nmiona
Strait of Magellan near Punta Arenas 8m SCUBA diving by CH 35 19
Opening of the Strait of Magellan to the 2nd Cruce estrecho
Atlantic Ocean <20m 2003 3 9
West Falkland Islands 15m ICEFISH 2004 23 22
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Figure 1: Sampling sites of Serolis paradoxa in the Strait of Magellan near Punta Arenas (PA)
the opening to the Atlantic Ocean (AQ) and the Falkland Islands (F1).

DNA extraction, PCR, sequencing/genotyping
Total DNA was extracted from muscle tissue using the Qiagen DNeasy Mini Kit according to the
standard tissue protocol. Only 100 pl of elution buffer were used to increase DNA concentration.

Microsatellites

Microsatellite markers Spa04, Spa12, Spa34, Spa35, Spa39, Spa42 and Spa43 [23] were applied
to assess intraspecific genetic polymorphisms for all specimens from the three sampling sites.
Standard 15 l reactions consisted of 1x PCR HotMaster Buffer, 0.2 mM dNTPs, 0.5-0.75 uM of
each primer (one labelled, one unlabelled), 0.03 U/ul HotMaster Taq (Eppendorf, 5-prime), 0.5 M
Betaine (Sigma Aldrich) and 5-20 ng of genomic DNA. Cycling conditions on an epgradient
thermocycler (Eppendorf) were 2 min at 94°C followed by 30 to 34 cycles with 20 s at 94°C, 15 s
at annealing temperature, 30 s at 65°C. A final extension step of 45 minutes at 65°C was
performed to reduce in vitro artefacts due to incomplete adenylation of products [see 23 for
details]. PCR products were visualized on 2% TBE agarose gels, diluted 1-15 fold with molgrade
water (Carl Roth) and 1 pl of the diluted product was denatured in a mixture of 14.7 pl HI-DI
formamide with 0.3 ul GeneScan ROX 500 size standard (both Applied Biosystems). Allele length
scoring was performed using the software GENEMAPPER 4.0 (Applied Biosystems). To minimize
genotyping errors [40, 41], up to four independent reactions were performed on a subset of
samples to estimate allele calling errors.

16S rDNA

The universal primers 16Sar and 16Sbr [42] were used for amplification. Reactions were carried
out in 25 pl volumes with 1x HotMaster reaction buffer, 0.2 mM dNTPs, 0.5 MM of each primer,
0.025 U/pl HotMaster Taq (Eppendorf, 5-Prime). Reaction conditions were initial denaturation for
2 min at 94°C followed by 36 cycles of 20 s at 94°, 15 s at 46°C and 80 s at 65°C plus a final
elongation step of 5 min at 65°C. PCR products were purified using Qiagen QIAquick and
Eppendorf Perfectprep Gel cleanup kits. Cycle-sequencing was performed in 10 pl reaction
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volumes using 1 pM of either 16Sar or 16Sbr primer, 1 pl of the purified template DNA a'nd the
BigDye Termiator Kit 3.1 chemistry (Applied Biosystems) according to the recommendatlo.ns of
the manufacturer. Reactions were purified according to the ‘modified protocol’ of the Qiagen
DyEx Kit. Sequencing was conducted on an ABI 3130x| sequencer.

Data analysis

Microsatellites

Raw data were checked and corrected for genotyping errors using the software MICRO-CHECKER
version 2.2.3 [43] and DROPOUT version 1.3 [44]. In addition, MICRO-CHECKER was used to test
for the presence of null alleles in populations, i.e. alleles that fail to amplify due to substitutions in
the primer binding regions. Corrected genotype tables were converted to specific software
formats using the software MSTOOLKIT version 3.1 [45] and CONVERT version 1.3.1 [46]. The
program ANIMALFARM version 1.0 [47] was used to test for loci with significantly disproportionate
variances that may bias allele-size based distance estimates such as Slatkin’s or Rousset's Rsr
estimates [48, 49] Tests for Hardy Weinberg equilibrium (HWE) and linkage disequilibrium (LD)
were performed using GENEPOP version 4.0.6 [50]. Parameter settings: 10,000 dememorization
steps, 50 batches, 20,000 MCMC sampling steps. HWE tests aim at testing whether there is a
statistically significant deviation of genotype frequencies from those expected according to
Mendelian inheritance. Linkage disequilibrium occurs when two genomic loci are not inherited
independently, e.g. due to physical linkage or other processes at population level hindering
independent recombination of loci.

To assess partitioning of genetic variability witin individuals, subpopulations and regions, we
performed hierarchical analyses of molecular variance (AMOVA) using ARLEQUIN version 3.11
[51]. Therefore, populations PA and AO were assigned to one group, while Fi constituted the
other group. In addition, single and multilocus inbreeding coefficients (Fis) and pairwise
population coancestry coefficients (Fsr, similar to Weir and Cockerham’s Theta) were estimated
asin [52] using GENEPOP. We also calculated pairwise allele-size based differentiation estimates,
Rst, according to [49] using GENEPOP. Significance was assessed by exact G tests as
implemented in GENEPOP. Since the interpretation of the Fsr values from multiallelic data is
problematic because their maximum values depend on the amount of within-population variation
and can, even in the absence of any shared allele, often not reach the theoretical maximum of 1
(53-55]. We therefore applied a standardization approach suggested by Hedrick (2005) for
calculcations of Gsr [55] and derived by Meirmans (2006) for Analysis of Variance frameworks
(ANQOVA) [56].

The main principle of this standardization approach is to consider the maximum possible
value for Fgr as follows: Fstmaxy Was calculated using GENepop applying the sampling bias
correction suggested by Meirmans (2006) using the Software RECODEDATA [56] to reformat the
data set. F'st was subsequently individually calculated by dividing Fsr by this inferred maximum
value.

The standardized Fsr measure calculated range from O (populations equifrequent for all
alleles) to 1 (populations fixed for different alleles) and therefore makes interpretation of the
degree of subdivision much easier and results comparable among studies.

In addition to these ANOVA based coancestry estimates we performed Bayesian individual
assignment tests on the data using the program STRUCTURE, version 2.2.2 [57] to investigate
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population subdivision. The advantage of the Bayesian clustering algorithm of STRUCTURE is that
no classification of populations has to be done a priori. Assuming HWE and no or only weak LD
within subpopulations, STRUCTURE assigns individual genotypes probabilistically to populations
and calculates the log probability of the genotype dataset for a given number of populations (K),
i.e. In Pr (DIK) for K=1 to K=n, using a Markov Chain Monte Carlo algorithm [57, 58). For the S.
paradoxa data set, the most likely number of populations was inferred without prior information on
geographic origin of individuals. The number of MCMC steps needed to reach convergence was
first estimated by comparing run lengths between 10,000 and 2,000,000 steps. Convergence was
generally reached with <5,000 steps. Therefore, for the parameter sets 10 independent runs with
a burn-in of 5,000 and subsequent 100,000 MCMC steps were performed with and without
assuming recent admixture in the prior model, and considering alleles as correlated and
uncorrelated. The number of clusters (K) to infer was defined from K=1 to K=4 to allow detection
of potential cryptic subpopulations. Alpha was inferred from the data for each population
separately. Results from 10 independent runs were analysed in CLUMPP, version 1.1.1 [59] to
compute a consensus membership coefficient Q-matrix from all 10 independent Q-matrices. Both,
the individual Q-matrix and averaged population Q-matrix were visualized using DISTRuUCT,
version 1.1 [60].

To assess estimates of the present effective population size (N¢), we applied the linkage
disequilibrium method proposed by Hill (1981) [61], modified by Waples (2006) [62] to account
for a bias correction when sample size is much smaller than effective population size. This
method is implemented in the program LDNE, version 1.3 [63]. Calculations of N, and the
confidence intervals were estimated considering alleles with a frequency of ¢ 20.05 and ¢ 20.02
and 20.01, respectively.

Tests for historical population bottlenecks were performed using the program BOTTLENECK
[64]. Tests implemented in this program are based on the hypothesis that populations that have
experienced recent reductions in their effective population size (N,) show a reduction in both
allelic richness and heterozygosity. In populations decreasing in size, the number of alleles (Na)
drops faster than heterozygosity [65] and therefore the observed heterozygosity is larger than
the expected heterozygosity (Ho>Hp). Conversely, in expanding populations often the number of
alleles increases faster than heterozygosity until equilibrium is reached. From the correlation of
both parameters, allelic diversity and heterozygosity, it is possible to make inferences on
historical demography of a population. For each locus and population BOTTLENECK computes
distribution of He expected from the observed N, given the sample size (n) under the assumption
of mutation-drift equilibrium. This distribution is obtained through simulating the coalescent
process of n genes under the three possible mutation models, i.e. a) the Infinite Allele Model
(IAM), b) the Two-Phase Model (TPM), c) the Stepwise-Mutation Model (SMM). As recommended
by Cornuet and Luikart (1996) we tested several proportions of the SMM for the TPM (70-90%)
[66]. Statistical significance of the parameters were inferred applying a Sign-test and a Wilcoxon-
rank-test [64, 66, 67].

16S rDNA

Assembly of forward and reverse strands and editing was performed using the software SEQMAN
(Dnastar, Lasergene). Sequence alignment was performed using the CLUSTALW program with its
default parameter settings as implemented in BIOEDIT v.7.09 [68]. The alignment required only
littte manual correction, which was based on secondary structure information [69]. Sequence
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variation was analyzed using MEGA 4.0 [70)]. Gene diversity and nucleotide diversity according to
Nei (1987) [71] and Theta based on the number of segregating sites, Theta (S), were calculated
with ARLEQUIN version 3.11. Assuming neutrality, evidence of a population expansion was tested
applying Tajima's D [72] and Fu's Fs statistic [73] as implemented in ARLEQUIN 3.11 applying a
coalescent simulation approach generating 10,000 selectively neutral samples for assessment of
significance of results. A test for sudden population expansion based on the distribution of
pairwise difference (mismatch distribution) was calculated using ARLEQUIN and significance was
assessed by 50,000 pseudo replicates.

A neighbor joining tree [74] with bootstrap support (1000 replicates) was calculated using
PAUP* version 4b10 [75] and edited using DENDROSCOPE version 1.0.5 [76]. Sequences of the
serolid isopods Cuspidoserolis luethjei and Cuspidoserolis johnstoni (GenBank accession
numbers AJ269802, AJ269803; see [15]) were used as outgroups based on their close
relationship to S. paradoxa [15). A statistical parsimony network of the sequence data was
created using TCS version 1.21 [77].

Results

(Tables 2, 3 and 6 in Appendix)

Microsatellites

Seven microsatellite loci were analysed for three populations. All loci were highly polymorphic for
all three populations (Tab. 2). Based on allele frequencies, the geographically intermediate
population AO is clearly more similar to PA than FI (Tab. 3). The allele distribution of all
microsatellite loci reveal strongly differing frequency spectra with several private and almost fixed
different allele patterns between regions (e.g. locus Spa04, Spa12, Spa35, Spa43). Aliele length
spectra differ between populations but overlap (Tab. 3). The number of alleles per microsatellite
locus ranged from 6 to 23 (Tab. 3). The observed heterozygosity ranged from 0.0 (locus 39, all
specimens homozygous for populations FI) to 0.886. Significant deviations from HWE were
detected for loci Spa04 and Spa39. Analyses with MICRO-CHECKER indicate that null alleles are
likely to be the cause for inflated homozygosity. No significant global linkage disequilibrium was
observed after sequential Bonferroni correction [78].

Results of ANIMALFARM confirmed that none of the loci contributed disproportionally to
distance-based differentiation estimates after Bonferroni or Sidak adjusting of the significance
level.

Results of the AMOVA indicate that most variation is distributed among individuals. ®;s and
multilocus Fis were significantly positive for all populations (Tab. 2, Tab. 4) indicating within-
population structure. However, a large proportion of variation is distributed among major
geographical regions [(PA + AQ) vs. FI] and only a minor but nevertheless significant proportion
between populations (Tab. 4). Strong differences between the populations from the two regions
can be observed when comparing allele frequency patterns at all loci. In particular at loci Spa04,
Spa12 and Spa43, populations from the two major regions [(PA, AO vs. FI)] are nearly fixed for
different alleles (Tab. 3). PA and AO reveal very similar allele frequency patterns for most loci.

174



Florian Leese — Population genetics of selected serolig isopods

These differences are expressed by the high and significant pairwise Fsr and Rsr estimates
between population PA and FI and populations AO and FI (Tab. 5). Differentiation estimates were
even higher between populations AO and FI (Tab. 5). In contrast, Fsr estimates among
populations PA and AO are low albeit significant (P=0.0005). Rst do not support significance
differentiation between PA and AO (Tab. 7).

Table 4: Hierarchical analyses of molecular variance (AMOVA) among Serolis paradoxa populations
within and between two regions (2 populations from the Strait of Magellan, one population from the
Falkland Islands) using 7 microsateliite markers.

Component of differentiation df variation [%] @ statistics P
Among groups 1 30.99 ®cr=0.310 0.329
Among populations within 1 1.64 Psc=-0.024 0
regions
Among individuals within 88 8.02 D5=0.119 0
populations
Within individuals 91 59.35 ®1=0.407 0

Table 5: Genetic differentiation among populations of Serolis paradoxa from
three stations as assessed by F-statistics (Fst, lower diagonal) and R-statistics
(Rst, upper diagenal), based on seven polymorphic microsatellite loci. * refers to
P<0.001 (exact G test). Fsr values in parentheses are differentiation estimates
standardized according to Meirmans (2006).

PA AO Fl
PA - -0.006 0.217*
AO 0.023* (0.065) - 0.258*
FI 0.322*(0.863) 0.376*(0.901) -

Rsr estimates were lower than Fsr estimates in this study. In general, Rgy is hypothesized to
be larger if an appreciable amount of differentiation between populations is not only caused by
drift but by independent mutations in the different populations according to a stepwise mutation
model (SMM). Consequently, Rer distance measures are considered a ‘memory’ of past
mutations [48]. Fsr is superior to Rst when populations have diverged mostly by means of
random genetic drift and migration m (i.e. mutation rate << migration).

Applying Hedrick's standardization approach for pairwise Fsr calculates in this study [56],
differentiation between PA and Fi is 0.86, between AO and Fl 0.91, and among the Magellan
Strait populations PA and AO 0.063. These values demonstrate that both regions are almost
fixed for different alleles at the seven loci investigated. When removing locus 39, which is biased
due to the presence of null-alleles in population Fl, the standardized values do not change,
however, the non-standardized Fsr values are almost twice as high.

Inferring the most likely number of populations without making assumptions concerning their
delimitation, STRUCTURE identifies only two very distinct clusters, which correspond to the two
major regions (AP+AQ vs. FI: Fig. 6). When using the no-admixture model, all individuals are
correctly assigned to the two regions with admixture proportions of 1.000 and 0.000, respectively.
There was no additional substructure within populations (PA, AO, FI), i.e. when analysing the
populations separately In Pr (D|K) was highest for K=1. No significant differentiation between
population PA and AO was detected (compare Fsr estimates, Tab. 5).

Estimating effective population sizes using linkage disequilibrium as outlined by Waples
(2006) we find evidence for very large effective population sizes in both regions as indicated by
negative N, estimates and an upper limit of its confidence interval reaching infinity.
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We tested for recent demographic contractions or expansions by looking for deviations from
mutation-drift equilibrium under different mutation models using BOTTLENECK. We found a
significant heterozygosity deficiency under particular mutation models: For population AO there is
a significant heterozygosity deficit under both SMM and TPM models (Tab. 8), which provides
strong evidence for recent population expansion. For FI the evidence for recent population
expansion is somewhat weaker: a significant heterozygosity deficit is detected only using the
SMM and the Wilcoxon test (P=0.0195, Tab. 8). Thus results of BOTTLENECK do not provide
evidence of a similarly drastic decline and subsequent recovery in population size for Fl. For
population AO the under a TPM and a strict SMM, the significant excess of heterozygosity may
indicate that this population is expanding presently. Although the evolutionary dynamics of
microsatellites are not fully understood [79, 80] it is commonly accepted that the IAM model is not
an appropriate descriptor of the dynamics of microsatellite markers and hence that its application
often leads to unrealistic conclusions.

16S rDNA
We sequenced a 490 bp fragment of the 16S rRNA gene for a subset of 19 specimens from
population PA and 22 specimens from population Fl (Tab. 1) to test whether the strong pattern of
differentation inferred using fast evolving microsateliites is also traceable with a slower evolving
gene. The amplified fragment was AT-rich as typical for this gene (A 39.0%, C 13.5%, G 14.1%, T
33.4% [81]. Of the sixteen polymorphic positions, ten were parsimony informative and six
represented singletons. Substitutions were located only in loop regions of the rRNA gene
fragment (folding model: Drosophila melanogaster 16S rRNA, [69]. Ten haplotypes were
characterized (HT1-HT10, Tab. 7). The statistical parsimony network constructed is characterized
by two shallow subnetworks (< 3 segregating sites) representing PA and Fl, which are connected
by a long internal branch (8 segregating sites, Fig. 2). None of the haplotypes was shared among
specimens from different regions. Phylogenetic analyses revealed that specimens from both
regions form two reciprocally monophyletic clades each supported by high bootstrap values (Fig.
3). The average uncorrected genetic pairwise distance between both groups was 2.0% for
transitions (1.6%) and transversions (0.4%). Variation within groups was an order of magnitude
lower (0.2% among Fl and 0.1% among PA and AO; Fig. 4). These values are amongst the lower
values observed between reproductively isolated species of serolid isopods and other
Crustaceans [15, 17-19, 22]. The existence of distinct gene pools and the barcoding gap is
further corroborated by the bimodal distribution of pairwise distance values (Fig. 4)

Table 7: Distribution of the n=41 16S rDNA sequences on the two sampling
locations and GenBank accession number.

Haplotype PA Fl Accession no.
HT1 0 1 EU419766
HT2 0 9 EU419767
HT3 0 9 EU419768
HT4 0 1 EU419769
HT5 0 1 EU419770
HT6 0 1 EU419771
HT7 16 0 EU419772
HT8 1 0 EU419773
HT9 1 0 EU419774

HT10 1 0 EU419775
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HT8

8 substitutions

HT10
Figure 2: Statistical parsimony network of 16S rDNA haplotypes of Serolis paradoxa from the Strait of

Magellan (grey) and the Falkland Islands (white). Branches in subnetwork represent one substitution except
for the branch connecting HT4 and HT7, which differ by eight mutations.

Table 8: Genetic diversity and neutrality indices for the 16S rDNA data sets.

parameter Magellan Strait (PA)  Falkland Islands (FI)
nucleotide diversity 0.0006 + 0.001 0.002 £ 0.001
gene diversity 0.298 £ 0.133 0.688 + 0.066
Theta (S) 0.858 + 0.550 1.372+0.733
Tajima’'s D -1.719 (P=0.022) -1.058 (P=0.165)
Fu's Fs -2.677 (P=0.001) -2.489 (P=0.017)

Nucleotide diversity and gene diversity were on average one order of magnitude lower for PA
compared to Fl (Tab. 8). Estimates of Theta (S) were also higher for Fl than for PA (Tab. 8).
Tajima’s D and Fu's Fs were negative and significantly different from zero for PA, but only for
Fu's Fsin Fl (Tab. 3). D and Fs are measures of the relation of segregating sites and number of
haplotypes. Recent population expansions are frequently associated with negative values of D
and Fs because under these circumstances mutation generates more and closely related
haplotypes than are eliminated by genetic drift. It should be considered that according to Fu [73]
a significance level of 5% corresponds to P=0.02 thus Fu's Fs for population Fl is only marginally
significant. The mismatch analyses cannot the reject the assumptions of sudden population
expansion for both, PA and FI (Tab. 9, Fig. 5) but the significance of the distribution of the
mismatch analysis is only approaching a significance level of 5% for FI (raggedness P=0.0577,
Tab. 9) whereas the situation is clearer for PA. In summary, there is a stronger signature for
population expansion in PA than in Fl based on the 16S rDNA data.
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Figure 3: Neighbor joining tree based on uncorrected p-distances of 3'-terminus of the mitochondrial 16S
rRNA gene with sequences of n=19 specimens from the Strait of Magellan (SpaPA) and n=22 specimens
from the Falkland Islands (SpaFl). Sequences of Cuspidoserolis luethjei, AJ269802 and C. Johnstoni,
AJ269803 [15] were used as outgroup. Numbers on branches represent bootstrap support (1000
replicates).
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Figure 4: Frequency distribution of uncorrected pairwise genetic distances of the
mitochondrial 16S rRNA gene among 41 specimens of Serolis paradoxa from the Strait
of Magellan (SpaPA, n=19) and the Falkland Islands (SpaFl, n=22). Between population
distances were an order of magnitude larger (1.6 — 2.4%) than within population
distances (0.0 — 0.6%).
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Table 9: Mismatch analysis based on the 16S rDNA data sets. Confidence intervals

(Cl give the 5% and 95% values, respectively for the parameters estimated by 50,000
bootstrap replicates.

Parameter Magellan Strait (PA) Falkland Islands (F1)
Tau 3.000 1.049
Cl (Tau) 0.359-3.000 0.486-1.850
Theta 0 0.000 0.000
Cl (Theta 0) 0.000-0.002 0.000-0.062
Theta 1 0.445 inf.
Cl (Theta 1) 0.000-inf. 4.100-inf.
SSD 0.007 (P=0.455) 0.024 (P=0.120)
Raggedness 0.618 (P=0.618) 0.176 (P=0.058)
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Figure 5: Mismatch analysis based on the 16S rRNA gene for population PA (left) and population FI (right). Columns
represent the number of mismatches (x-axis) between haplotypes observed and the line the number of mismatches
expected under a model of sudden population expansion.

Figure 6: Results of cluster analyses performed with STRUCTURE (admixture model, allele frequencies
correlated) with the highest log likelihood probability. The graphs display the consensus membership coefficients
matrices (Q-matrices) for 91 individuals from three populations of Serolis paradoxa using seven microsatellite loci.
The genotype of each individual is represented by a single bar, where the proportion of the colour refers to the
probability of assignment to a certain cluster.
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Discussion

The genetic variability within the nominal species Serolis paradoxa turned out to be extremely
structured. The genetic differences exceed one order of magnitude in each marker system and
reveal geographic structure. The differences in mutation rates and coalescent dynamics of the
two marker systems help describe present-day population structure and reconstruct historical
demographic processes.

Two genetically distinct lineages

There is a deep divergence between populations from both regions supported by microsatellite
and mitochondrial data. The dominant feature of the intraspecific variability of mitochondrial DNA
data for PA and FI is that populations form two shallow subnetworks that correspond to the two
geographic regions. The nuclear microsateliite markers support the geographic partitioning of
variation with high and significant Fsr, Rgr differentiation values and strong support from
Bayesian cluster analyses (Fig. 6). They failed to detect a consistent differentiation between the
two populations from Patagonia in this study (PA and AO).

The geographic positions of our sampling locations along an East-West axis might suggest
testing for isolation by distance effects (IBD). However, in this context of the study carried out
here, the IBD is an inappropriate method and it is unlikely that this would become more
meaningful even if more intermediate sampling locations were available. This is because the
central Strait of Magellan became available for (re)colonization only very recently (approximately
9-14 Kyr BP [35, 36]. This rapid range expansion is typically accompanied by loss of alleles and
an excess of homozygosity [82] which violates a mutation-drift equilibrium assumed by the IBD
model. Investigating distance effects on the distribution of intraspecific variance inside the
Magellan Strait offers a means to trace the recolonization of this young habitat and would be
appropriate for IBD but this requires more fine-scaled sampling and is outside the scope of this
paper.

Absence of effective gene flow between the Falkland Islands and Patagonia is strongly
suggested by nearly fixed population specific differences in fast evolving microsatellites and the
perfect congruence of haplotype identity and geography for the 16S rDNA data. The long branch
connecting the two groups of haplotypes (Fig. 2) and their reciprocal monophyly (Fig. 3) indicates
complete lineage sorting in both groups. The magnitude of genetic differentiation between 16S
genotypes is on the order of magnitude known for reproductively isolated species [17-19, 83].
Speciation ultimately involves the irreversible disruption of a once contiguous gene pool in two
[84]. The recognition of species thus centers around direct or indirect evidence for gene flow
between them. Our data from two independent molecular markers are in line with the
expectations of two independently evolving lineages. The patterns and magnitude of the
remaining differences do not suggest the presence of additional cryptic species inside (PA and
AO) vs. (F1) and thus justify the use of methods geared towards analysis of intraspecific variability
within the newly recognized species (see below).

The congruence between both marker systems supports that the 16S rRNA gene tree
reflects the species tree rather than being a result of shared ancestral polymorphisms [85] or
other processes affecting mitochondrial genes (see [86] for review).
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Evolutionary history of nominal S. paradoxa

Genetic diversity estimates for Fi (Tab. 8) indicate that population FI is relatively close to
assumptions of a large and genetically diverse stationary population although there is also a
weak signal for recent population expansion. In comparison, populations from Patagonia are less
diverse for the 16S rDNA with one dominant haplotype only (HT7) and reveal strong evidence for
recent population expansion in the Strait of Magellan. In summary, our data are in agreement
with the following scenario: Populations of an ancestral species were separated geographically
and evolved in allopatry (Falkiand Islands vs. Patagonia). Applying a rate for the accumulation of
substitutions in 16S rDNA estimated by Held (2001) [87] for the serolid isopod Ceratoserolis
trilobitoides (Eights, 1833) with a rate of transversions of 0.14% per Myr and about 0.37% per Myr
for transitions and transversions, the time of divergence can be estimated based on the distance
estimates based on transversions (0.4%) as Ty 1, = (0.4%/0.14% per Myr)*0.5 = 1.4 Myr. When
considering transitions (1.6%) and transversions (0.4%) the divergence time is estimated to be
almost twice as long with T, Tty = (2.0%/0.37% per Myr) *0.5 = 2.7 Myr. It must be stated,
however, that genetic distances between two lineages increases much faster than predicted by
molecular clocks if populations experience population bottlenecks [53] Thus, the coalescent time
might be shorter than calculated based on the molecular clocks. In addition, it is not entirely
certain if the molecular clock can be applied to S. paradoxa. The time estimates are based on
168 rRNA substitution rates commonly used for other Crustacea [83]. Our data, however, clearly
indicate that initial separation of lineages predates the last glaciations and took place in the late
Pliocene or the early Pleistocene (2.7-1.4 Myr BP). We must therefore reject the hypothesis that
low sea levels during glacial periods led to significantly elevated levels of gene flow between
populations of S. paradoxa due to greater proximity of shallow-water habitats as demonstrated by
the strong genomic signatures of differentiation. A similar argument applies to potential migration
between Patagonia and the Falkland Islands via passive rafting on drifting substrates. Although
there are major directional ocean currents that frequently transport substrates suitable for
transportation of even rather immobile species [88, 89] this apparently played no role in the
evolutionary history of S. paradoxa. This species exclusively inhabits soft-bottom shallow waters
and is frequently half-buried in the sediment (Held pers. observ.). Its capability to colonize new
island habitats and maintain genetic continuity across barriers to dispersal and over evolutionary
times is therefore small. Further sampling effort should focus on sampling specimens from the
West Falkland Islands. It cannot be excluded that members of both lineages live in sympatry
today.

Southern hemisphere glaciations affected both regions in a different way: The Falkland
Islands were little affected by glacial advances, S. paradoxa had the opportunity to survive by
simple following the rising and falling sea level changes. In Patagonia, however, major parts of
today’s distribution of nominal S. paradoxa became unavailable due to ice coverage and/or low
sea levels. Western Patagonia was covered by a contiguous ice shield similar to the Antarctic
Peninsula today and the central Strait of Magelian was inundated only after the LGM,
approximately 14-9 Kyr BP (Fig. 7) [35]. S. paradoxa was thus forced to immigrate into the Strait
of Magellan. The character of a founder population that recolonized this region is still preserved in
the depauperate 16S rDNA which is characterized by one dominant haplotype and few low
frequency haplotypes that are derived from this dominant haplotype, contributing to a star-like
topology of the network which is typical for population in mutation-drift disequilibrium.
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Elacialzi rBP | | ||intergiacial 0 kyr P

Figure 7: Terrestrial (black) and marine habitats (grey, 50 m contours) available at |ast glacial maximum (approximately
21 kyr BP, left panel) and at the present interglacial (right panel). During last glacial maximum the sea level was
considerably lower thus bringing shallow water habitats of the Patagonian Coast and the Falkland Islands in close
proximity. Adapted from [37].

evolutionarily furthest from PA. In contrast, 16S rDNA is not similarly affected and shows the
expected pattern of genetically depauperate populations in regions of recent population
expansion (only PA sampled).

Reliability and systematic bias in differentiation estimates

The equilibrium Fgr estimate for totally isolated populations based on microsatellites can reach
the maximum value of Fst=1 only theoretically. Due to the high mutation rate of microsatellites
[79, 91, 92] and often a restricted allelic spectrum [93- but see 95], the intrapopulation variability
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even for highly variable markers. Applying Meirman’s standardization approach for pairwise Fst
calculates in this study, differentiation between PA and Fl is 0.8, between AO and F| 0.91 and

alleles at the seven loci investigated. When removing locus 39, which is biased for population Fl,
the standardized values do not change, however, the not-standardized Fg, values are almost
twice as high. The results of this study point out the importance of the recently introduced
standardization approach [55, 56] in order to allow easier comparison and interpretation of the

Taxonomic and conservation status of the newly delimited species

The genetic data strongly suggest that nominal Serolis paradoxa (Fabricius, 1775) consists of two
reproductively isolated species one of which occurs in Patagonia while the other is presumably
confined to shallow waters around the Falkland Islands. As the type was originally described by
Fabricius as Oniscus paradoxum Fabricius, 1775 from the Falkland Island the species from
Patagonia is in need of formal description and a scientific name.

The occurrence of cryptic species has important implications for the conservation of
biodiversity in general [96]. If a cryptic species is not recognized, unique and endangered local
faunas cannot be efficiently protected. However, the estimates of effective population size for
both species contained inside nominal Seroli
and neither needs to be considered endangered.

Conclusions

In summary, our data proves low differentiation among populations within the Strait of Magellan
but the absence of effective gene flow among populations from the Strait of Magellan and the
Falkland Islands. In fact, specimens from both regions belong to two cryptic lineages that

reveals a genetically rich population, the Strait of Magellan population is genetically depauperate
and may represent the offspring of founder Populations that recolonized the Strait of Magellan
after the last glacial maximum approximately 9-14 Kyr after deglaciation of the habitat and sea
level rise.

While the fauna of the Falkland Islands has often been accepted to reveal most marine
species generally also present in Patagonia our results indicate that shallow water species with
low mobility may in fact turn out to be strongly differentiated populations of one species or even
reproductively isolated species.
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Appendix

Table 2: Total number of g
alleles (Ny), inbreeding coe
heterozygosity for the seven microsatelli

pecimens scored for each |
fficient (Fis),

ocus (Ns), number of different
observed heterozygosity

(Ho) and expected

tes and three populations of Serolis paradoxa.

PA AO Fi Mean Ny/locus
Spa04
Ns 32 33 23
N, 5 5 4 4.667
Fis 0.316** -0.075 0.539*
Ho 0.769 0.485 0.130
He 0.682 0.452 0.279
Spai2
Ns 35 33 23
N4 6 4 3 4.333
Fis 0.172 -0.028 -0.012
Ho 0.257 0.121 0.087
He 0.310 0.118 0.086
Spa34
Ns 35 33 23
N, 20 12 13 15.000
Fis 0.040 0.102 0.206
Ho 0.886 0.667 0.696
He 0.922 0.741 0.872
Spa35s
Ns 34 30 17
N, 7 9 5 7.000
Fis -0.015 0.138 0.286
Ho 0.676 0.633 0.353
He 0.667 0.733 0.490
Spa39
Ns 35 27 13
N, 17 16 6 13.000
Fis 0.322** 0.299* 1.000**
Ho 0.629 0.630 0.000
He 0.923 0.893 0.788
Spa42
Ns 35 33 23
N, 14 14 11 13.000
Fis 0.034 0.119 0.069
Ho 0.886 0.788 0.826
He 0.907 0.892 0.886
Spa43
Ns 35 33 22
N, 2 4 5 3.667
Fis -0.033 0.230 -0.085
Ho 0.40 0.364 0.636
He 0.388 0.470 0.588
Mean N, per location 10.14 9.14 6.71 8.667
Mean H, 0.600 0.527 0.390
Mean Hg 0.686 0.614 0.570
Fis 0.110** 0.094** 0.181*
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Table 3: Allele frequencies at seven micros
populations (PA=Punta Arenas,
Fi=Falkland Islands). Private allele

S are shown in bold.

atellite loci for three Serolis paradoxa
AO=Atlantic opening of the Strait of Magelian,

Location
Locus Allele PA AO Fl
Spal4
126 0.219 - -
128 - - 0.063
130 0.203 0.157 0.854
132 0.063 0.057 0.042
134 0.484 0.714 -
136 - 0.057 0.042
138 - 0.014 -
140 0.031 - -
Spai12
186 - - 0.021
188 - 0.015 0.958
190 0.014 0.030 0.021
192 0.071 - -
194 0.829 0.939 -
196 0.043 0.015 -
198 0.029 - -
202 0.014 - -
Spa34
145 0.043 0.076 -
147 - - 0.042
149 0.043 - -
151 0.014 - -
153 0.014 - 0.021
165 - - 0.021
157 0.029 0.061 0.063
159 0.057 0.030 0.292
161 0.071 0.030 0.104
163 0.043 0.015 0.042
165 0.086 0.030 0.042
167 0.014 0.015 0.083
169 0.043 - -
171 0.157 0.061 0.042
173 0.186 0.485 -
175 0.057 0.121 -
177 0.029 0.061 0.063
179 0.014 - 0.146
181 0.029 - -
183 - 0.015 0.021
185 0.043 - -
187 0.014 - 0.021
189 0.014 - -
Spa35
227 - 0.017 -
231 - 0.033 -
235 0.485 0.467 -
237 0.074 0.117 -
239 0.015 0.050 0.118
241 0.309 0.183 -
243 0.074 0.100 0.029
245 0.029 - 0.706
247 - 0.017 0.088
249 0.015 - -
251 - - 0.059
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255 - 0.017 -
Spa3g
172 0.071 - -
180 0.014 0.018 -
184 - 0.018 -
188 0.157 0.232 -
192 0.043 0.161 0.077
196 0.114 0.054 -
200 0.071 0.089 -
202 - - 0.231
204 0.071 0.071 0.154
206 - 0.054 0.385
208 0.071 - -
210 0.014 - -
212 - 0.018 0.077
216 0.129 0.036 -
220 0.043 0.107 -
224 0.057 0.054 -
228 0.086 0.018 -
232 0.014 - -
234 - - 0.077
236 0.014 0.036 -
240 0.014 0.018 -
244 0.014 - -
256 - 0.018 -
Spad2
150 - - 0.044
164 - - 0.022
158 - - 0.065
160 - - 0.109
162 0.014 0.014 0.065
164 - - 0.087
166 0.057 0.071 0.152
168 0.086 0.086 0.217
169 - - 0.022
170 0.143 0.143 0.174
172 0.157 0.143 0.044
174 0.114 0.214 -
176 0.114 0.114 -
178 0.129 0.043 -
180 0.057 0.071 -
182 0.014 0.029 -
184 0.043 - -
186 - 0.014 -
188 0.029 0.014 -
190 - 0.014 -
192 0.014 0.029 -
206 0.029 - -
Spa43
176 - 0.014 -
177 0.257 0.300 0.022
178 0.743 0.671 0.239
182 - 0.014 0.109
183 - - 0.609
184 - - 0.022
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Table 6: Statistical tests for significant heterozygosity (H) excess or deficiency in three
populations of Servlis paradoxa (PA, AO, FI) assuming three different mutation models (IAM,

probability for heterozygosity deficiency is based on a 1000 permutations. Significant P-values
are printed in bold. The TPM was adjusted to allow for 80% mutations according to a SMM and
20% to an IAM model.

Sian T Wilcoxon
n Test
g Test
Expected Observed
Population Mode! *P serv observed no P (one tailed
no of loci no. of loci
of loci with P for H
with H with H .
H deficiency deficiency)
excess excess
IAM 4.00 6 1 0.1212 0.9453
PA TPM 4.04 4 3 0.6306 0.7109
SMM 4.03 3 4 0.3360 0.2891
1AM 4.17 3 4 0.2979 0.2343
AO TPM 4.10 1 6 0.0226 0.0117
SMM 4.09 0 7 0.0021 0.0039
IAM 4.06 4 3 0.6244 0.3438
Fi TPM 4.14 2 5 0.1049 0.1484
SMM 4.16 2 5 0.1024 0.0195
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The results of this thesis provide significant advances and insights in two fields of research. First,
a laboratory and software-based workflow is introduced to facilitate the isolation of sufficiently
many and appropriate microsatellite markers from unknown genomes. Second, data obtained
using these fast evolving microsatellite markers and a mitochondrial DNA marker are analysed
for three serolid isopods from the Antarctic, the Subantarctic and the Magellan Region and
discussed in the context of the species’ recent evolutionary history. Some of the key aspects of
our results are highlighted in this concluding chapter.

Isolation of microsatellites from unknown genomes

The great information content of microsatellite markers for population genetic studies is
indisputable (Jarne and Lagoda 1996, Goldstein and Pollock 1997, Sunnucks 2000, Oliveira et al.
2006, Selkoe and Toonen 2006). Their usefulness for more exploratory studies, i.e. for studies
investigating genetic structure and diversity in non-model organisms, is still restricted by an often
unpredictably difficult isolation procedure. The laboratory strategies outlined in this thesis, using
the novel Reporter Genome Protocol (Nolte et al. 2005) and the software pipeline based on the
the STADEN package (Staden 1996) with the microsatellite search tool PHOBOS, were shown to
allow the isolation and setup of a highly informative set of microsatellite markers within a short
period of time. Other protocols, namely the radioactive screening of enriched and non-enriched
libraries and the PIMA protocol did not succeed in isolating a sufficient number of appropriate
microsatellites. The Reporter Genome Protocol was also proven to be successful for taxa other
than Antarctic isopods. Altogether, the fast and economical workflow is expected to greatly
facilitate marker isolation and design in subsequent studies on Antarctic and non-Antarctic taxa
likewise.

Utility of the different molecular markers

While microsatellites provide a very detailed insight to study the recent evolutionary history, their
resolution decreases with increasing coalescent time as a result of their high mutation rates (Fig.
1). The mitochondrial DNA allowed investigating these processes. One other marker system
often used to address microevolutionary questions are AFLPs (Amplified Fragment Length
Polymorphisms, Vos et al. 1995). Although the AFLP method is based on restriction fragment
patterns of the total genome (“whole genome approach”), it has two major drawbacks: itis a
dominant marker system and the results highly depend on the quality of DNA (Bensch and
Akesson 2005). This limits its potential to address questions when working with Antarctic samples
since samples from different cruises are generally of different age and preserved in different
ways. Thus consistent differences are likely to be caused by preservation biases rather than by
genomic similarity. Therefore, microsatellite loci, which can still be amplified from degraded
material (but see Pompanon et al. 2005 for other biases), are the marker system of choice for
studying Antarctic Population genetics. To resolve events in the late Pleistocene between
populations that have been isolated for more than 20 Kyr BP, the application of a nuclear, co-
dominant allozymes might provide further resolution as mutation rates are one to several orders
of magnitude lower.

Concerning the statistical analysis of the data, the results of this thesis show the importance of
using standardized differentiation measures since standardized and non-standardized Fgr values
may differ by more than one order of magnitude simply due to marker characteristics (Hedrick
2005, Meirmans 2006, Fig. 1). Without standardization, one may incorrectly infer low levels of
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population differentiation, e.g. indicated by Fsr < 0.05 (Wright 1978), although in reality no alleles
are shared between the populations investigated.
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Figure 1: Equilibrium values of Fsr (Weir and Cockerham 1984) and period of time needed to
approach equilibrium for a simulated data set (EASYPOP version 2.01, Balloux 2001) of two
large populations (effective size Ne=2000) exchanging no migrants (m=0). Data points
represent the average of 5 independent simulation runs of a microsatellite data set of n=10
loci with a limited number of possible allelic states (Na=30) with different mutation rates
(4=1x10" to 1x10°®) applying a two-phase mutation model (0.9 SMM, 0.1 IAM). The data set
with the average mutation rate of 10 reaches equilibrium latest (>10,000 generations) and
has highest differentiation values. The locus with mutation rate of 102 reaches equilibrium fast
(400 generations) and maximum differentiation value for Fsr is low (0.013).

In this thesis we applied highly variable microsatellites and a mitochondrial DNA marker in three
population genetic studies on three brooding serolid isopods from different regions. A common
feature of the studied species is the strong and significant geographical partitioning of genetic
variation. However, the degree of this partitioning was found to deviate significantly from
expectations: a strong differentiation between two population groups of Ceratoserolis n. sp. 1
from the tip of the Antarctic Peninsula and the eastern Weddell Sea was detected. However,
within the two geographical regions no genetic subdivision of populations was observed even
over distances of more than 500 km on the shelf. Even more unexpected came the result that the
degree of subdivision between populations of Septemserolis septemcarinata is less prominent
than expected based on their highly disjunct habitats. The most plausible explanation for this
genetic similarity is a very low but ongoing gene flow, which could for instance be maintained by
passive drift of specimens on macroalgal mats with the Antarctic Circumpolar Current. For
populations of the third species, Serolis paradoxa, populations from the Strait of Magellan and the
Falkland Islands turned out to maintain distinct gene pools and must be regarded as different
species. In view of the strong ocean currents between the regions and the comparatively shallow
water depths on the South American shelf, this result is unexpected.
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Speciation on the Antarctic shelf

Several species concepts exist and they describe, depending on their perspective, different
assemblages of related organisms (see Wéagele 2001, Coyne and Orr 2004, Wiens 2004 for
review). Independent of their underlying and often highly theoretical principles, different
mechanisms for the process of speciation are widely accepted today. They can be categorized
into two major classes, namely allopatric and non-allopatric speciation (Fig. 2). In allopatric
speciation scenarios, different species evolve by gradually accumulating differences (adaptive or
non-adaptive) in geographically separated habitats that finally prevent successful reproduction
when members of the two new species come into secondary contact (see Mayr 1942, 1963,
Coyne and Orr 2004). In non-allopatric scenarios, the geographical separation plays no or only a
lesser role for the development of reproductive isolation. Reproductive isolation due to fast
evolving pre- and postzygotic isolation mechanisms (e.g. Barluenga et al. 2006) is the driving
force of irreversible lineage isolation and not a consequence of isolation.
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Figure 2: Overview over the explicit and implicit assumption of different species concepts under allopatric and non-
allopatric speciation scenarios. Independently of their detailed assumptions the two different speciation scenarios differ
in their assumptions on the ultimate cause of speciation: geographic lineage isolation for the allopatric and the evolution
of reproductive isolation for the non-allopatric speciation model (Wiens 2004).

Models of allopatric speciation for the Antarctic benthos gained support with growing
information on the influence of glacial advances on lineage sorting in the Northern Hemisphere
during the Pleistocene epoch (2 Myr BP to 10 Kyr BP), during which peridocially advancing,

198



Florian Leese — Population genetics of selected serolid isopods

large-scale glaciers shaped the genetic structure of many species (Roberts 1998, Hewitt 2000)
(Fig. 3). First indications that glaciations could have imposed a major mechanism leading to an
allopatric speciations in the Antarctic emerged in recent studies: For the benthic isopod
Glyptonotus antarcticus Eights, 1852 the existence of geographically separated cryptic species
was revealed by Held and Wagele (2005) and discussed in the context of allopatric speciation.
The same holds true for species of the genus Ceratoserolis trilobitoides (Eights, 1833) (Held
2003, Held in prep.), which motivated this study initially. Research on other benthic species
further supports the hypothesis that allopatric fragmentation of populations may be the rule rather
than the exception in Antarctic speciation (Allcock et a. 1997, Linse et al. 2007). Results of Janko
et al. (2007) studying benthic fish species support a similar scenario for geographical separation
of populations with the occurrence of bottlenecks during glacial maxima. Also from the Antarctic
terrestrial record there is well-supported evidence for the influence of the recurrent glaciations on
lineage diversification in allopatry from Adelie Penguins (Ritchie et al. 2004). In this example,
lineage separation agrees well with the occurrence of the last glacial maximum, and population
expansion is in accordance with the retreat of the glaciers.

time
interglacial glacial interglacial

glacial

interglacial

. Species 1 Species 2 Species 3 Species 4

4

Figure 3: Schematic overview over population genetic differentiation
processes in the context of the glacial refugia theory. A once contiguous
gene pool of a broadly distributed species (top) is being distrupted during
glacial maxima. Four small populations with their random genetic equipment
are subject to random genetic drift (reciprocal to population size) during
glacial maxima. This process may (after one, 2 as above, or n glacial
maxima) lead to allopatric speciation.
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Population genetic data from this thesis on the brooding benthic isopod Ceratoserolis n. sp. 1
from the High Antarctic shelf now provide for the first time highly resolved information on
microevolutionary processes. The data support an allopatric speciation with lineage sorting in
different refuge areas on the Antarctic shelf or the upper slope during glacial maxima (see Fig. 3
for schematic overview over processes). In addition, they provide evidence that two such glacial
refuge areas have been located around the tip of the Antarctic Peninsula and on the partly ice-
free shelf of the eastern Weddell Sea. These data are in best agreement with geophysical
information (e.g. Andersen et al. 2002, Andersen pers. comm.).

The occurrence of a cryptic sister species of Ceratoserolis n. sp. 1 living in sympatry around
the Antarctic Peninsula could be the result of earlier allopatric separation processes with
overlapping habitats today (Held 2003).

Gene flow among highly disjunct Southern Ocean islands

The unexpected finding of shared gene pools among populations of Septemserolis
Septemcarinata from the highly disjunct islands supports that even for immobile brooding species
a gene flow over long distances can be maintained at a low but significant level. In the context of
increasing human impact in the Antarctic it can be expected that for several species, gene flow
can artificially increase (Barnes et al. 2005). The central role, however, for maintaining gene flow
must be seen in the strong Antarctic Circumpolar Current that allows asymmetric migration
between highly remote islands on passive floating substrata within a reasonable period of time
(Helmuth et al. 1994, Hobday 2000, Thiel and Gutow 2004).

Future research

The high information content of the marker sets developed in this thesis for Ceratoserolis n. sp. 1,
Septemserolis septemcarinata and Serolis paradoxa open the field for further, more detailed
population genetic studies. An interesting topic would be to sample intermediate shelf areas
between the eastern Weddell Sea and the Antarctic Peninsula to test a still possible isolation-by-
distance scenario for Ceratoserolis n. sp. 1. For Septemserolis Septemcarinata a major point of
interest would be to sample islands further to the west and to the east in the Antarctic
Circumpolar Current to clearly distinguish between patterns of autonomous evolution and
migration from other source populations. For Serolis paradoxa, a formal revision of the species is
needed. Sampling of the West Falkiand Islands would be of interest to see whether specimens of
both lineages colonize these intermediate areas.

The new markers developed in this study do not only allow to tackle population genetic
questions but also enable addressing questions concerning the success of ecological strategies
of benthic species (Poulin and Feral 1 996). Of interest are, €.g. reproductive strategies of the
three brooding serolid isopods. For members of Ceratoserolis n. sp. 1itis documented that they
make large investments in producing their offspring: they grow several years before first
reproduction, the eggs hatch and remain inside a brood pouch on the ventral side of the females
(Luxmoore 1982, Wiégele 1987). After reaching maturity, females reproduce at most every
second year, and the fecundity is very low. Under these circumstances, females can be expected
to be subject to intense selection to mate only with the best males, whereas males are less
restricted and can mate with larger numbers of females. Due to the inaccessibility of the habitat
and their extremely long life cycles, there are no direct observations of reproductive strategies of
serolid isopods. The markers allow genotyping eggs or juvenile specimens in the marsupium to
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test whether they are offspring of a single male or whether the €ggs of one female were fertilized
by more than one male. First results indicate that single clutches are fertilizeq by at least two
males (Leese, Held, Frickenhaus, Spanier unpubl. results). It can be expected that Antarctic
brooding taxa with long developmental times with high investments in terms of energy, apply
different reproductive strategies compared to their relatives from warmer regions with shorter life
cycles.
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Summary

Recent molecular phylogenetic and phylogeographic studies revealed that the traditionai concept
of circumpolar distribution of most Antarctic benthic invertebrate species might be the exception

major mechanism for partitioning population genetic variation. For the fauna of the highly remote
Antarctic and Subantarctic islands, the lack of free-swimming distributiona| stages in brooding
species is seen as the major process driving genetic divergence and allopatric speciation. So far,
however, no study has utilized highly informative, independent, nuclear microsateliite markers to
study the genetic structure of brooding invertebrates in the context of recurrent glaciations or
realized dispersal capacity between remote islands.

microsatellites and mitochondrial DNA markers.

Three traditional radioactive and nhon-radioactive microsatellite isolation protocols did not
yield any or any appropriate microsatellite. As a consequence, a novel approach to isolate and
establish microsatellite markers from largely unknown genomes is outlined in the first part of the
thesis. The strategy to obtain microsatellite markers with little effort in a relatively short time
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(>2500 km). Based on own
observations and reports in literature from other isopods, it is most likely that rafting on
macroalgae is responsible for the species capability of long-distance dispersal in the absence of
free-swimming larval stages. The pattern of population diversity with lowest values found in
Populations around the old and large islands South Georgia to the West and much higher
differentiation for the populations from Bouvet and Marion Island support the conclusion that
asymmetric gene flow is maintained by passive drift of specimens with the eastward-flowing

and advises caution regarding the mobility of brooding species. In view of this long-distance
dispersal, even to Marion Island that lies north of the Polar Front today, supports that smail and
remote islands such as Bouvet might in fact represent most important stepping-stones for
dispersal to and from the Antarctic.

The only serolid isopod investigated from non-Antarctic regions, Serolis paradoxa, was
sampled from the Strait of Magellan and from the East Falkland Islands. Both regions are situated

promote faunal exchange. In addition, the recurrent glacial maxima are expected to have
facilitated dispersal between the two habitats as a result of lower sea levels at glacial maxima.
For S. pardaoxa, however, populations from both regions differed substantially in microsatellite
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data and a fragment of the 16S rRNA gene. The magnitude of differences supports the
assumption that both populations belong to different reproductively isolated species rather than
populations of one species. This was unexpected, as the distance between both habitats is much
smaller than e.g. between the Antarctic Peninsula and the eastern Weddell Sea.

In conclusion, the results of this study provide evidence based on several independent
nuclear microsatellites and a mitochondrial DNA marker that different processes in recent
evolutionary history shaped the genetic structure of serolid isopod species on the High Antarctic
shelf, the remote Southern Ocean islands and in the Magellan Region. They claim a major
influence of the glacial advances on population structure and provide direct evidence that
speciation towed to geographical separation is common in the Antarctic. However, results also
show that brooding, low-mobile species can be capable to disperse over much greater distances
than expected based on their lifestyle alone. The results of this dissertation hopefully encourage
future studies on other benthic Antarctic taxa applying both marker systems of this study: a
mitochondrial marker that is more susceptible to random genetic drift and several independent,
fast-evolving microsatellite loci. Data from both marker systems allow to establish a
comprehensive, evidence-based microevolutionary framework of speciation in the marine
Antarctic benthos.
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Zusammenfassung

Rezente molekulare Studien zur Phylogenie und Phylogeographie benthischer Invertebraten aus
dem Stdpolarmeer belegen, dass das traditionelle Konzept der zirkumpolaren Verbreitung von
Arten eher die Ausnahme als die Regel darstellt. For zahlreiche Arten mit postulierter

Hochantarktis mit Szenarien der glazialen Refugien Theorie verglichen haben, Des Weiteren gibt

Familie Serolidae Dana 1852 (Crustacea: Peracarida) untersucht.
Zwei Themen stehen im Zentrum der Dissertation. Erstens wird eine Labor- und
Softwareroutine entwickelt, die es erméglicht,  den schwierigen  Prozess der

und mitochondrialen DNA Marker analysiert.

Zur Etablierung von informativen Mikrosatelliten wurden zuerst drei traditionelle radioaktive
und  nicht-radioaktive Mikrosatelliten-lsolationsprotokolle herangezogen, die zwar das
Vorhandensein von Mikrosateliiten im Genom einer Art bestatigten, deren Erfolg aber in keinem
Verhdltnis zum geleisteten Aufwand stand. Ein neues, innovatives und bis dahin kaum
ausgearbeitetes und getestetes Verfahren zur Isolation und Etablierung hochinformativer
Mikrosatelliten-Marker aus bislang unbekannten Genomen hat sich schlieBlich als sehr
erfolgreich herausgestellt. Die Strategie, Mikrosatelliten mit vertretbarem Kosten- und
Zeitaufwand zy finden, basiert auf einer neuartigen Methode, dem Reporter Genom Protokoll
(RGP), welches DNA taxonomisch entfernt verwandter Organismen als Anreicherungssonden
nutzt und keine spezifischen Repeat-Sonden benétigt. Es wird am Beispiel von sieben Arten
gezeigt, dass mit dem RGP in kurzer Zeit eine groRe Anzahl unterschiedlicher Mikrosatelliten mit
geringen Kosten gefunden werden kénnen. In der Arbeit werden auRerdem Strategien zur
Erkennung ungeeigneter Mikrosatelliten diskutiert. Beim Auffinden von hochvariablen
Mikrosatelliten kommt dabei die neue und in Kooperation entwickelte Software-Pipeline STAMP
zum Einsatz.

Mit dem RGP werden drei hochvariable Mikrosatelliten Sets fiir (i) Ceratoserolis n. sp. 1 vom
Schelf der Hochantarktis, (i) fur Septemserolis septemcarinata von unterschiedlichen
antarktischen und subantarktischen Inseln und (iii) fur Serolis paradoxa aus der Magellan Region
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entwickelt. Die Anzahl der Allele je Locus umfasst ein grofles Spektrum und erméglicht dadurch
die Erkennung geringster Unterschiede zwischen Populationen.

Fir Ceratoserolis n. sp. 1 wurden Populationen von der Spitze der Antarktischen Halbinsel
(AP) und vom Schelf des G&stlichen Weddelimeers (EWS) auf ihre Variabilitat in zehn
Mikrosatelliten und einem Fragment des Cytochromoxidase | Gens (COI) analysiert. Varianz-
basierte und Bayes'sche Analysen der Populationsstruktur zeigen eine deutliche geographische
Struktur in der Verteilung genetischer Polymorphismen. Eine um die AP herum verbreitete
Gruppe von Genotypen ist klar abgesetzt von einer anderen, ausschiielllich im EWS verbreiteten.
Die Héhe der genetischen Unterschiede belegt das Fehlen eines effektiven rezenten Genflusses
zwischen den beiden Regionen. Innerhalb der 2wei Regionen findet sich keine weitere
konsistente Strukturierung genetischer Variabilitit, selbst nicht bei Distanzen von Uber 500 km.
Innerhalb der Regionen ist Genfluss zwischen Populationen also relativ uneingeschrankt méglich.
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mit empirischen Daten die Hypothese, dass Artbildung auf dem heutzutage relativ homogenen
antarktischen Schelf durch wiederkehrende groRflachige Vereisungen unter Allopatrie méglich
war. Sie verdeutlichen zudem, dass die Mobilitat Brutpflege  betreibender Arten in

Die Kombination mehrerer unabhéngiger, hochvariabler Mikrosatelliten-Loci mjt einem
mitochondrialen Gen, welches erheblich sensitiver in Bezug auf genetische Drift ist, erwies sich
als besonders geeignet, um unterschiedliche Zeitskalen in der jiingeren Vergangenheit der Arten
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