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Taxonomists have proposed numerous hybrid species in plants, but to gain a better understanding of the role that
hybridization may play in plant diversification, such taxonomic hypotheses must be tested using genomic data. In
this study, we employ ddRAD sequence data to test taxonomic hypotheses of hybrid origins in Carex salina and
C. ramenskii (Carex section Phacocystis). Sequence data from multiple Norwegian and Icelandic populations of the
putative hybrid and parental species were generated for hundreds of ddRAD loci. These data were used to estimate
geographical structuring of genetic diversity and admixture and to explicitly test for hybrid origins using several
analytical approaches. Our results indicate recurrent hybrid origins for the populations of C. salina and C. ramenskii
sampled in our study and show that these populations are characterized by high interspecific heterozygosity. Our
results support the idea that hybridization may indeed play an important role in the diversification of lineages
of Carex and highlight the important role that clonal propagation might play in maintaining hybrid populations.
Future studies focusing on a broader geographical sampling would be needed to assess if the genetic structuring in
these Nordic populations reflects range-wide patterns in these hybrid lineages.

ADDITIONAL KEYWORDS: Carex — clonal propagation — Cyperaceae — ddRAD genotyping — genetic diversity
— hybridization.

INTRODUCTION (Harrison & Larson, 2014), a process thought to be
particularly important in hybrid zones (Lexer et al.,
2010). A second potential outcome of interspecific
hybridization in plants is the establishment of
a polyploid lineage (i.e. allopolyploidy) resulting
from meiotic dysfunction in the F1 hybrid (e.g. the
production of unreduced gametes; Mason & Pires,
2015). A third possible outcome of interspecific
hybridization is the generation of a new homoploid
hybrid species, which is reproductively isolated from
the parental species due to ecological niche shifts or
the evolution of other pre- or post-zygotic isolating
mechanisms (Rieseberg, 1997; Buerkle et al., 2000;
Gross & Rieseberg, 2005; Abbott et al., 2010).

The earliest stages of homoploid hybrid speciation
are most likely to occur in close geographical proximity
to one or both of the parental species (i.e. in sympatry;
Buerkle et al., 2000), and a newly formed hybrid
lineage may be transient if gene flow with parental

The formation of hybrids resulting from reproduction
between two species is a relatively common
phenomenon in plants (Stebbins, 1950; Abbott,
Barton & Good, 2016), and estimates of the frequency
of interspecific hybridization suggest that 25% or
more of all plant species routinely produce hybrid
offspring with other species of varying degrees
of relatedness (Rieseberg, Wood & Baack, 2006;
Mallet, 2005, 2007). Despite the relatively high rate
of interspecific hybridization, there is considerable
debate regarding the evolutionary importance of
this phenomenon because the ultimate outcomes
of hybridization are known to vary considerably
(Abbott et al.,2013). In some cases, hybridization may
primarily result in the introgression of presumably
advantageous alleles between parental species

*Corresponding author. E-mail: michaeldnowak@gmail.com populations is persistent. Therefore, pre- and/or post-
*These authors contributed equally zygotic reproductive barriers must evolve rapidly for
© 2020 The Linnean Society of London, Botanical Journal of the Linnean Society, 2020, 194, 100-117 100

This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

120Z Aienige4 €0 U0 Jasn S8oUaI0S YljeaH pue auiIpsyy 10 Aleiqi "Ateiqi] osQ 10 Ausieaiun Ag S60958S5/00L/L/v6 | /81911e/ueauulodq/woo dnooiwepese//:sdiy woll papeojumod


mailto:michaeldnowak@gmail.com?subject=
http://creativecommons.org/licenses/by/4.0/

HYBRID ORIGINS OF CAREX SPECIES 101

the hybrid lineage to have any chance of founding a
lineage with an evolutionary trajectory independent of
its parents (Rieseberg, 1997). A first-generation hybrid
(F'1) between two species is characterized by genome-
wide patterns of interspecific heterozygosity, but if
sufficient reproductive barriers to the parental species
exist, and an F1 hybrid predominantly engages in self-
fertilization or mating with other hybrid individuals,
alleles from both parental species will become fixed
throughout the genome of the hybrid lineage. This
process has been referred to as ‘genomic stabilization’
(Buerkle & Rieseberg, 2008), and the outcome of such
stabilization (e.g. which parental alleles become fixed)
is expected to vary throughout the genome, leading to
a mosaic of hybrid ancestry that can be shaped both
by the random process of genetic drift and by the
more deterministic process of natural selection and
genetic linkage (Payseur & Rieseberg, 2016; Elgvin
et al.,2017).

Numeroushomoploidhybrid specieshavebeen proposed
by plant taxonomists (Nieto Feliner et al., 2017), but such
taxonomic hypotheses must be tested using a sufficiently
large number of nuclear loci to evaluate patterns of
genomic stabilization and variation in hybrid ancestry
in several different populations (Schumer, Rosenthal &
Andolfatto, 2014; Schumer et al., 2016). Here, we apply
genome-scale reduced representation library sequencing
(ddRAD) to test taxonomic hypotheses of hybrid origins
in two species of the cosmopolitan monocot plant genus
Carex L. (Cyperaceae).

Carex is one of the most species-rich groups of vascular
plants, consisting of perennial, rhizomatous herbs that
form tussocks or mats, with representatives found in
nearly all biomes, but with the greatest species diversity
in Arctic and boreal wetlands (Reznicek, 1990; Ball &
Reznicek, 2002). The importance of sexual vs. asexual
(e.g. clonal) reproduction probably varies significantly
among the different sections of the genus, but, to our
knowledge, a systematic analysis of this trait has yet
to be conducted. In the Arctic, species of Carex section
Phacocystis Dumort. propagate extensively via clonal
rhizomatous growth (Standley, 1990; Volkova et al.,
2008), often forming large mats that become fragmented
over time, whereas species of Carex section Ceratocystis
Dumort. tend to produce short rhizomes and thus
probably colonize habitats primarily through sexual
reproduction and seed dispersal. Carex spp. are also
known as classic examples of intraspecific karyotypic
diversity, and several species exhibit long aneuploid
series of haploid chromosome numbers (e.g. base
chromosome numbers ranging from N = 6 to N = 56;
Hipp 2007; Roalson, 2008; Hipp, Rothrock & Roalson,
2009). This karyotypic diversity is probably caused
by unlocalized centromeric activity of the holocentric
chromosomes that are a key characteristic of the genus

(Cayouette & Morriset, 1986; Kukkonen & Toivonen,
1988).

Taxonomists have proposed many putative hybrid
species in Carex based on intermediate morphology.
For example, in the North American sedge flora, which
contains c¢. 420 named taxa, Cayouette & Catling
(1992) reported 300 putative hybrid taxa of Carex
and found that the vast majority of these hybrids
occur in recently glaciated areas. Recent empirical
studies of putative hybrid lineages in Carex suggest
that hypotheses of hybrid origin may be supported
in some lineages, but refuted in others. For example,
by analysing data from 15 microsatellite loci and
pollen fertility measurements, Pedersen et al. (2016)
confirmed taxonomic hypotheses of the hybrid origins
in C. rostrata Stokes var. borealis (Hartm.) Kiik. and
C. stenolepis Less. in Carex section Vesicariae (Heuff.)
J.Carey. In contrast, Escudero et al. (2014) employed
genotyping-by-sequencing data to reject a taxonomic
hypothesis of hybrid origin for C. waponahkikensis
Lovit & A.Haines. These two case studies highlight the
important role that genetic and genomic studies can
play in testing hypotheses of hybrid origins in Carex,
which is a fundamental component in understanding
the evolutionary history and diversification of this
taxonomically complicated group of plants.

Taxonomic hypotheses of hybridization in Carex
appear to be most common in certain sections of
the genus (Kukkonen & Toivonen, 1988; Cayouette
& Catling, 1992), and there is some evidence that
hybridization may have been especially frequent in
Arctic lineages (Toivonen, 1974) and among estuarine
and palustrine species of the large Carex section
Phacocystis Dumort. (Cayouette, 1987; Standley, 1990).
One clade supported by ITS, ETS and matK sequence
data in Carex section Phacocystis (Jiménez-Mejias
et al.,2016) contains five taxa known to play a dominant
and ecologically important role in circumpolar Arctic
and subarctic coastal ecosystems (Volkova et al.,
2008): Carex lyngbyei Hornem., C. paleacea Schreb. ex
Wahlenb., C. subspathacea Wormsk. and two putative
hybrid taxa, C. salina Wahlenb. and C. ramenskii Kom.
(Kristinsson, 2010; Elven et al., 2011); C. ramenskii
has been previously referred to as C. salina (Mossberg
& Stenberg, 2003). Carex paleacea and C. salina
have distributions along the North Atlantic coasts of
Scandinavia, north-western Russia and Canada. Carex
subspathacea, C. lyngbyei and C. ramenskii are more
widely distributed in the North Atlantic (including
Iceland) and throughout the northern Pacific coasts of
North America and Russia (see Supporting Information,
Fig. S1 for range maps). Several taxonomists have
suggested hybrid origins for C. salina and C. ramenskii
because C. salina appears to be both morphologically
and ecologically intermediate between C. paleacea
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and C. subspathacea, and C. ramenskii appears to be
morphologically and ecologically intermediate between
C. lyngbyei and C. subspathacea (Cayouette & Morriset,
1985, 1986; Standley, Cayouette & Bruederle, 2002;
Kristinsson, 2010; Elven et al., 2011). In the current
study, we use genomic data from Norwegian and
Icelandic populations of C. salina and C. ramenskii
to test if these species exhibit genetic compositions
consistent with origins via interspecific hybridization.
If these two species appear to have hybrid origins,
they could represent examples of homoploid hybrid
speciation given that previous cytological work shows
no evidence of polyploidy (see Elven et al., 2011, for a
review). In the current study, we specifically aim to test
taxonomic hypotheses of the hybrid origins of C. salina
and C. ramenskii.

Two previous empirical studies have attempted to
test the hypothesis of a hybrid origin of C. salina using
isozymes (Standley, 1990) and AFLPs (Volkova et al.,
2008). In a study examining isozyme polymorphism
in Canadian populations of C. salina, Standley (1990)
hypothesized a hybrid origin of C. salina from the
parental species C. paleacea and C. subspathacea.
Volkova et al. (2008) employed dominant molecular
markers (AFLPs in Volkova et al., 2008), which make
it impossible to identify loci exhibiting interspecific
heterozygosity. Current approaches in high-throughput
reduced representation library sequencing allow the
genotyping of thousands of loci randomly distributed
throughout the genome in non-model species (Andrews
et al., 2016). Such data sets are well suited for studies
of hybridization and introgression when analysed using
modern analytical approaches capable of distinguishing
between introgression and incomplete sorting of
ancestral polymorphism (Eaton & Ree, 2013; Escudero
et al., 2014; Rheindt et al., 2014; Streicher et al., 2014;
Zinenko et al., 2016). In this study, we apply high-
throughput genotyping data (ddRAD sequencing) from
populations representing a subset of the geographical
range of each species to show that the putative
hybrid species C. salina and C. ramenskii indeed
originated through interspecific hybridization between
C. subspathacea and either C. paleacea (C. salina) or
C. lyngbyei (C. ramenskii). Moreover, we use these data
to investigate whether the hybrids appear to have
formed once or multiple times and whether their hybrid
origins appear to be relatively recent or ancient (e.g.
followed by genomic stabilization) thereby clarifying the
evolutionary history of this clade.

MATERIAL AND METHODS

TAXON SAMPLING

We sampled 44 (12 C. paleacea, nine C. salina,
seven C. subspathacea, nine C. ramenskii and seven

C. lyngbyei) individuals for genetic analysis. Sampling
was conducted in the summer of 2013 in Norwegian
and Icelandic populations of the five target species
(Fig. 1, Supporting Information, Table S1). We were
unable to sample populations representing the entire
distributions of the five target species (e.g. see Fig. S1).
Only a single individual was sampled per population
because our field observations indicated that there is a
high probability that a single genet that has propagated
itself clonally dominates each population (A.T.M.
Pedersen, C.S. Bjora & R. Elven, pers. obs.), similarly
to our previous observations in species of Carex section
Vesicariae (Pedersen et al., 2016). Consistent with this
assumption, we found that genotypes from individuals
of the same population were always identical in a
small pilot experiment using microsatellites (Pedersen
and Bjora, unpublished data). Small amounts of fresh
leaf material from each shoot were dried in silica gel
and used for molecular analyses and the shoot was
pressed and used as the voucher specimen. Leaf tissue
samples and associated vouchers are deposited in the
herbarium of the Natural History Museum, University
of Oslo (O; Supporting Information, Table S1).

DNA EXTRACTION, DDRAD LIBRARY PREPARATION
AND SEQUENCING

DNA was extracted from 10—20 mg of dry leaf tissue
using the Qiagen DNeasy Plant mini kit following
the manufacturer’s protocol. Genomic DNA was
quantified using a Qubit 2.0 fluorometer. Double digest
restriction site associated DNA (ddRAD) sequencing
was performed using modifications to the protocol
described in Pukk et al. (2015) and Vivian-Smith &
Sgnstebg (2017). Genomic DNA digestion and ligation
of 150-300 ng gDNA per sample was performed in
40 pl total volume consisting additionally of 1x NEB
buffer 4, 10 U Pstl, 10 U Ndel, 250 pM rATP, 0.5 tM
P1 adapter, 0.5 pM barcoded A adapter and 400 U T4
ligase in a thermal cycler set to 1 h at 37 °C, 10 min
at 65 °C and a slow cool to 4 °C. At this point, the
barcoded samples were pooled and fragments from
390-490 bp were isolated using a Blue Pippin (Sage
Science). The libraries were amplified in 100 pl using
10 U of Q5 HiFi polymerase and primers designed to
anneal to the A and P1 adapters under the following
cycling conditions: 98 °C for 30 s (98 °C for 10 s, 60 °C
for 15 s, 72 °C for 15 s) x 14, 72 °C for 2 min. After each
step in the protocol, the products were cleaned once
using 0.8 volumes of Ampure XP beads. Final libraries
were cleaned twice with 0.65 volumes of Ampure XP
beads to remove all short molecules before sequencing.
Library quantification was performed on a Fragment
Analyzer (Advanced Analytical) and sequenced on an
ION Torrent PGM (Thermo Fisher) using Ion 316 chips,
multiplexing between 11 and 14 samples per chip.
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Figure 1. Sampling localities for all specimens of the five species of Carex section Phacocystis included in this study.
Collection information for all specimens can be found in Supporting information, Table S1. Range maps for each species are

shown in Supporting information, Fig. S1.

PROCESSING OF RAW DATA, FILTRATION AND VARIANT
CALLING

The raw reads were demultiplexed using the Torrent
Suite Software v.5.0.5 and exported in fastq format for
further processing. The raw fastq files were processed
to trim adapter sequences and to identify valid ddRAD
loci (i.e. those fragments containing the 5 restriction
site overhang sequence). The ddRAD library prep
employed Pstl as the rare-cutting enzyme and thus
each valid ddRAD locus is expected to begin with
the partial PstI motif TGCAG. Since the Ion Torrent
platform produces variable read lengths, the 3" partial
restriction site overhang of Ndel (GTAT) was only
used to identify trailing adapter sequence. Allowing
for a single nucleotide error in the PstI motif, all reads
starting with any sequence other than this motif were
removed using cutadapt v.1.4.1 (Martin, 2011), which
was also used to remove any contaminating adapter
sequences and trailing sequence from each read,
discarding any reads < 100 nucleotides long following
adapter trimming. To facilitate further analyses in
the absence of a reference genome, we produced a
chimaeric pseudo-reference (CPR) genome of ddRAD
loci for this study by conducting a de novo assembly of

all of the cleaned sequence data with the mira v.4.0.2
assembler (Chevreux, Wetter & Suhai, 1999) using
default settings for Ion Torrent data. Reads were
mapped to the CPR using the bwa mem algorithm (Li
& Durbin, 2010) with default settings, and variants
were called using samtools mpileup v.1.3.1 (Li et al.,
2009; Li, 2011) and VarScan v.2.4.2 (Koboldt et al.,
2012) with a minimum coverage of 10x required for a
valid SNP call. Using veftools v.0.1.13 (Danecek et al.,
2011), the data set was filtered to include only biallelic
SNPs, and any individual with > 50% missing data was
removed (samples T171_2, T192_4, T227_4, T286_5
and T355_4). At this point the data set including all
five taxa comprised a total of 39 (11 C. paleacea, eight
C. salina, five C. subspathacea, eight C. ramenskii and
seven C. lyngbyei) individual samples genotyped at
10 332 SNPs for 2145 ddRAD loci.

POPULATION GENETIC PARAMETERS AND POPULATION
STRUCTURE

To reduce the potential for including singleton SNPs
that may be due to sequencing errors, our data set was
further filtered to include only biallelic SNPs with a
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maximum of 20% missing data, and only SNPs with
a minor allele count > 4 were retained. Population
genetic statistics and F, values were then calculated
in GenAlEx v.6.502 (Peakall & Smouse, 2006, 2012) for
1659 SNPs at 264 loci in 39 samples. Prior to running
Bayesian cluster analyses using STRUCTURE v.2.3.3
(Pritchard, Stephens & Donnelly, 2000) to assess
genetic admixture, we selected one random SNP per
ddRAD locus (264 loci in total) to reduce the impact
of linkage disequilibrium. We ran five replicate
runs for each value of K from 1 to 10, with each run
having a burn-in of 200 000 and 1 000 000 Markov
chain Monte Carlo (MCMC) iterations, using the
admixture model and correlated allele frequencies
settings. The optimal value for K was selected using
STRUCTURE Harvester (Earl & vonHoldt, 2012),
and cluster assignments were further inspected and
visualized using CLUMPAK (Kopelman et al., 2015).
Genetic differentiation of the 39 samples was also
evaluated using principal components analysis (PCA)
in NTSYSpc v.2.11a (Rohlf, 2000) using the same data
from 1659 SNPs at 264 ddRAD loci.

QUANTIFYING ADMIXTURE AND TESTING
EVOLUTIONARY HYPOTHESES

Toexplorepatterns ofadmixtureinthe putative hybrids,
the data set was divided into two parts following the
groupings implied by the STRUCTURE analysis.
The ‘C. salina’ data set contained all individuals of
C. salina (eight), and its putative parental species
C. paleacea (11) and C. subspathacea (five) and the
‘C. ramenskii’ data set contained all individuals of
C. ramenskii (eight) and its putative parental species
C. lyngbyei (seven) and C. subspathacea (the same five
individuals as above). Once again, only biallelic SNPs
with a maximum of 20% missing data and a minor
allele count > 4 were retained. The resulting C. salina
data set consisted of 437 SNPs for 126 ddRAD loci
genotyped in 24 individuals, and the C. ramenskii
data set consisted of 1295 SNPs for 311 ddRAD loci
genotyped in 20 individuals.

Each of these data sets was analysed using both
STRUCTURE and BAPS v.6.0 (Corander & Marttinen,
2006; Corander et al., 2008) to examine the genomic
composition of the putative hybrids relative to their
parental species (i.e. admixture coefficients, @). As
before, a single SNP per ddRAD locus was selected
for each data set to reduce the impact of linkage
disequilibrium (126 SNPs for the C. salina data set;
311 SNPs for the C. ramenskii data set). STRUCTURE
runs were performed on these two data sets using the
same settings as described above. The BAPS analysis
was performed to estimate admixture proportions of
the putative hybrids based on pre-defined clustering

and allowing for two genetic clusters (i.e. K = 2)
with the results based on 500 simulations from the
posterior allele frequencies. Analyses with larger
values of K were performed in the absence of pre-
defined clusters, but clustering based on K = 2 was
consistently the best fit to the data (results not shown).
Genetic differentiation was also evaluated using PCA
separately on the two hybrid taxa with their respective
presumed parents (using the same SNP-reduced
data sets as for STRUCTURE and BAPS). To further
explore genomic patterns of admixture in the putative
hybrids, we estimated interspecific heterozygosity
and hybrid index for both data sets (C. salina = 437
SNPs; C. ramenskii = 1295 SNPs) using maximum
likelihood with the R package INTROGRESS v.1.22
(Gompert & Buerkle, 2009, 2010). These results were
then compared to 1000 synthetic F1 hybrid genotypes
for each putative hybrid simulated by sampling alleles
from the respective putative parental species using
HybridLab v.1.1 (Nielsen, Bach & Kotlicki, 2006).

The historical relationships of the study species,
treated here as populations (i.e. each taxon = one
population), were examined using two types of
analyses using TreeMix v.1.12 (Pickrell & Pritchard,
2012). First, the ‘three population’ test of Reich et al.
(2009) was conducted to estimate the ‘treeness’ of three
population trees. This test estimates an f, statistic for
each of the three species, and a significantly negative
value implies a history of admixture. These tests were
performed multiple times using three SNP block sizes
(1, 10, 100). TreeMix v.1.12 was then used to estimate
maximum-likelihood population graphs based on allele
frequencies. For these analyses, we produced data sets
that included samples from an outgroup species for
rooting. The resulting C. salina data set included 1659
SNP genotypes (distributed among 264 ddRAD loci, no
loci had > 20% missing data) for all of the C. salina
(eight), C. paleacea (11) and C. subspathacea (five)
samples, including the seven C. [yngbyei samples as an
outgroup. The C. ramenskii data set included the same
1659 SNPs genotyped for all of the C. ramenskii (eight),
C. lyngbyei (seven) and C. subspathacea (five) samples,
including the 11 C. paleacea samples as an outgroup.
The TreeMix analyses were conducted multiple times
with three SNP block sizes (1, 10, 100) using sample
size correction and allowing for a single migration
event. Population graph confidence was quantified by
performing 1000 bootstrap replicates.

To test for a hybrid origin of C. salina and
C. ramenskii, three evolutionary scenarios were
compared in a coalescence framework using
approximate Bayesian computation with the DIYABC
v.2.1 package (Cornuet et al.,2014). The analyses of the
C. salina and C. ramenskii data sets were conducted
similarly, with only minor deviations as indicated,
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using the versions of the data sets containing one
randomly selected SNP per ddRAD locus (i.e. 126
SNPs for the C. salina data set and 311 SNPs for the
C. ramenskii data set). In the first scenario (Scenario
1, Supporting Information, Fig. S2) the putative
hybrid lineages (i.e. C. salina and C. ramenskii,
respectively) were the product of admixture between
the two parental species (i.e. C. subspathacea and
either C. paleacea or C. lyngbyei). The second scenario
(Scenario 2, Supporting Information, Fig. S2) modelled
the putative hybrid lineages as splitting more recently
from C. subspathacea, and the third scenario (Scenario
3, Supporting Information, Fig. S2) modelled the
putative hybrid lineages splitting more recently
from C. paleacea or C. lyngbyei, respectively. Uniform
prior distributions were placed on the time of origin
for the putative hybrids (100-50 000 generations),
the age of the most recent common ancestor of all
samples (1000-100 000 generations) and the effective
population size of each species (e.g. N1, N2 and N3
in Supporting Information, Fig. S2; prior uniformly
distributed between 100 and 30 000 for all effective
population sizes). Three million data sets were
simulated (one million data sets for each of the three
scenarios). The three scenarios were compared both
by direct estimation approach (e.g. counting scenario
frequencies among the simulated data sets that are
most similar to the observed parameters; Miller et al.,
2005) and through logistic regression of the probability
of each scenario for the most similar simulated
data sets on the deviations between simulated and
observed summary statistics (Fagundes et al., 2007;
see Supporting Information, Fig. S3). Following
the guidelines outlined in the manual for the direct
estimation approach, 0.1% of the simulated data sets
closest to the observed values were used; for the logistic
regression, 1% of the closest simulated data sets were
used. Simulating 1000 pseudo-replicates drawn from
the prior distributions of parameters was used to
assess confidence in scenario choice. The summary
statistics of these pseudo-replicates were replaced by
discriminant scores of a linear discriminant analysis
(Estoup et al., 2012) for the two alternative scenarios
relative to the scenario of hybrid origin (Scenario
1). The proportion of pseudo-replicates in which the
scenario of hybrid origin had the highest posterior
probability served as an estimate of type II error.

The posterior probability of hybrid category group
membership (i.e. pure, F1, F2 etc.) was estimated
through MCMC simulation using NewHybrids v.1.1
(Anderson & Thompson, 2002; Anderson, 2008).
This analysis was also conducted with the data sets
containing one randomly selected SNP per ddRAD
locus (i.e. 126 SNPs for the C. salina data set and
311 SNPs for the C. ramenskii data set), and samples
from the putative parental species were identified

as representing ‘pure’ samples from the parental
allele frequency distributions and were thus not
considered part of the mixture for estimating the nt
parameter (the vector of mixing proportions; Anderson
& Thompson, 2002). The only exception to this was
in the C. salina data set, in which a single sample of
C. paleacea (T243_1) was included in the mixture and
no prior was placed on group membership because
the results of the STRUCTURE analyses and hybrid
index estimates suggested an intermediate genotype
for this individual. Jeffrey’s priors were placed on 7
and 0 (a parameter characterizing the multilocus
allele frequencies), and duplicate runs using uniform
priors were also performed, but this had no impact on
the results. Following 100 000 generations of burn-in,
the Markov chain was run for one million generations
with a sample drawn once every 1000 generations
from the posterior distribution. The trace of the
parameter was visually examined to ensure good
mixing throughout the run.

RESULTS

For the 39 individuals that we analysed in this study, we
obtained a total of 8 469 920 raw IonTorrent sequence
reads (Supporting Information, Table S2). The number
of raw reads for each sample ranged from 36 538 to
586 567 (average number of reads 217 177), and the
mean read length ranged from 250 to 301 bp (with an
average of 277 bp). After filtering and mapping these
reads to the pseudo-reference sequence (see Material
and Methods), the total number of informative SNPs
varied from 126 to 1659 depending on the data set
(e.g. including all individuals vs. data sets that only
included each putative hybrid with its respective
parents) and whether one or more SNP per ddRAD
locus was included (see Material and Methods).

POPULATION GENETIC PARAMETERS AND POPULATION
STRUCTURE

Population genetic parameters were estimated using
the data set including all 39 individuals genotyped
at 1659 SNPs for 264 ddRAD loci (Table 1). Observed
heterozygosity (H ) in the putative parental species
(C. paleacea, C. subspathacea and C. lyngbyei) is
consistently close to or slightly higher than expected
heterozygosity (H ); in contrast, the putative hybrid
species (C. salina and C. ramenskii) exhibit a
consistently higher observed heterozygosity relative
to expected heterozygosity. The number of private
alleles observed in each species ranged from 40 to
116, which represents a relatively small proportion
of the 1659 SNPs in the data set (e.g. 1.2-3.5%).
Pairwise F, estimates between the five species were
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Table 1. Continued

Private alleles
(% of alleles)

NewHybrids class membership

Sites

o

Individual

Taxon

(Scaled posterior probability)

F1 between C. subspathacea and C. lyngbyei (1.0)

602 1209

433.5

T356_2

76 (2.3%)

C. lyngbyei

Pure C. lyngbyei (1.0)

895
915
912
942
932
930
912

255
410
271
353

313.8
322.3

C1279

Pure C. lyngbyei (1.0)

T321 2
T324_1

Pure C. lyngbyei (1.0)
Pure C. lyngbyei (1.0)
Pure C. lyngbyei (1.0)
Pure C. lyngbyei (1.0)
Pure C. lyngbyei (1.0)

319.2
334.9

T329 3

T337 2

399
321
383

332.1

T338 1

326.7

T353_5

321.9

generally low (i.e. < 0.25) and ranged from 0.068 to
0.234. In the STRUCTURE analysis including all
five taxa (39 samples, 264 SNPs; one SNP per ddRAD
locus) the optimal number of genetic clusters was
found to be three, with each of the parental species
(C. paleacea, C. subspathacea and C. lyngbyei) forming
distinct clusters and C. salina and C. ramenskii each
combining a roughly equal number of alleles from
each of their respective assumed parents (Fig. 2B).
Two samples of the parental species (one C. paleacea
and one C. subspathacea) seemingly combined genetic
material from more than one cluster and are discussed
below. The PCA analysis of the same data set showed
a similar pattern, as the parental species were
well separated along the first and second principal
components (explaining 36.3 and 25.3% of the total
variation, respectively) and both putative hybrid
lineages appeared to be intermediate between their
respective parents (Fig. 2A).

QUANTIFYING ADMIXTURE AND TESTING
EVOLUTIONARY HYPOTHESES

In the results of the separate STRUCTURE analyses
for the two hybrids and their respective parents (24
samples and 126 SNPs included in the C. paleacea,
C. salina and C. subspathacea analysis, 20 samples
and 311 SNPs included in the C. lyngbyei, C. ramenskii
and C. subspathacea analysis), the optimum number
of clusters in both analyses was found to be two.
Furthermore, the parental species formed distinct
clusters, whereas the hybrid taxa were composed of
an approximately equal contribution of alleles from
their respective parental gene pools (Figs 3A, 4A).
Clustering based on K = 2 in BAPS revealed similar
patterns to the genetic clusters observed from the
Bayesian clustering analysis (Figs 3C, 4C). These
results were also consistent with the PCA analyses
of the C. salina and C. ramenskii data sets (Figs 3A,
4A). In the C. salina data set, the two parental taxa
and their hybrid were all well separated along the
first principal component axis (accounting for 57.4%
of the total variation), with C. salina occupying an
intermediate position between its parents. Carex
salina was also well separated from its parents along
the second principal component (accounting for 18.6%
of the total variation). The same pattern occurred in
the analysis of the C. ramenskii data set, in which the
first and second principal components accounted for
48.3 and 15.3% of the total variation, respectively. The
results of the STRUCTURE analysis of all five taxa
showed that one sample of C. paleacea appears to be
admixed between C. paleacea and C. subspathacea,
and this individual (sample number T243_1) also
occupied an intermediate position in the PCA.
These results indicate that this individual may be
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X 4 o‘ o%s

Key
B C. subspathacea
& C. ramenskii
@ C. salina
@ C. paleacea

C. paleacea C. salina

PC1 (36.3%)

|
C. subspathacea

O C. lyngbyei

C. ramenskii C. lyngbyei

Figure 2. Genetic structure of 39 samples of Carex section Phacocystis sampled in this study. A, The first two axes of a
principal components analysis (PCA) showing genetic differentiation for 264 SNPs on the same number of ddRAD loci. B,
Graphical representation of the cluster assignment pattern for the best-fit model of genetic structure (K = 3) based on a
STRUCTURE analysis of the same 264 SNP loci. These results show that C. salina may be a hybrid between C. subspathacea
and C. paleacea, whereas C. ramenskii may be a hybrid between C. subspathacea and C. lyngbyei.

a backcross between C. salina and one of its parent
species. A careful morphological re-examination of
the individual in question confirmed that it displayed
characters from both C. salina and C. paleacea. This
result was confirmed in the STRUCTURE and PCA
analyses on the C. salina data set (Fig. 3A-E). One
C. subspathacea individual also appeared to exhibit
some admixture in the results of the STRUCTURE
analysis of all five taxa, but this apparent admixture
is not well supported based on PCA analysis of the
five taxa data set. The apparent admixture in this
individual is also not well supported in the BAPS and
PCA analyses of the C. salina or C. ramenskii data sets.
This individual contains slightly more missing data
than other samples in our data set, and it does not
deviate from the classic C. subspathacea morphology,
so we do not suspect it to represent a backcross
individual.

The results of INTROGRESS analyses for each
hybrid taxon and its putative parents were consistent
with the results of the STRUCTURE analyses and
indicated extensive interspecific heterozygosity and
considerable multilocus genotypic variability between
samples of both C. salina (Fig. 3A) and C. ramenskii
(Fig. 4A). Estimates of hybrid index for samples of
C. salina ranged from 0.48 to 0.54, whereas the hybrid
index estimated for samples of C. ramenskii ranged
from 0.43 to 0.52. For comparison, the admixture
coefficients from the STRUCTURE analyses showed
that the genetic proportions estimated to have been
contributed by C. paleacea ranged from 0.50 to 0.55
in the C. salina individuals, whereas the admixture
proportions attributed to C. lyngbyei ranged from 0.44
to 0.53 in C. ramenskii. Admixture coefficients from
C. paleacea estimated from the BAPS analyses ranged
from 0.49 to 0.56 in C. salina, whereas the admixture
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Figure 3. Genetic structure of the putative hybrid species C. salina and the parental species C. subspathacea and
C. paleacea. A, Graphical representation of genotypes at 437 SNPs in the three species (24 individuals total). Each genotype
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coefficients attributed to C. lyngbyei ranged from 0.40
to 0.49 in C. ramenskii. By comparing interspecific
heterozygosity and hybrid index in the C. salina and
C. ramenskii data sets with the 1000 simulated F1
hybrids for each taxon, it can be seen that the observed
C. salina genotypes overlapped significantly with
the synthetic C. paleacea x C. subspathacea hybrids
(Fig. 3E), whereas the observed C. ramenskii genotypes
deviated only slightly from hybrids simulated between
C. lyngbyei and C. subspathacea (Fig. 4E). These
results were consistent with those obtained using
NewHybrids, where all samples assigned to C. salina
and C. ramenskii had an F1 posterior probability of
1 (Table 1). NewHybrids also showed that sample
T243_1, thought to be an intermediate genotype
based on STRUCTURE, PCA, and hybrid index
estimates, was estimated to be a backcross between a
C. paleacea x C. subspathacea (i.e. C. salina) F1 and a
pure C. paleacea individual by NewHybrids (posterior
probability = 1).

The maximum-likelihood population trees
generated in TreeMix were also consistent with
hypotheses of hybrid origins for C. salina and
C. ramenskii. In the analysis that included C. paleacea,
C. salina and C. subspathacea, with C. lyngbyei as an
outgroup (Fig. 5A), C. salina was grouped together
with C. paleacea, but with significant gene flow
from C. subspathacea to C. salina (indicated by a
migration weight of 0.5), suggesting a hybridization
event. The tree including C. lyngbyei, C. ramenskii
and C. subspathacea with C. paleacea as an outgroup
likewise grouped C. ramenskii with C. subspathacea,
but also indicated significant gene flow from C. lyngbyei
to C. ramenskii (as indicated by a migration weight of
0.5; Fig. 5B).

Using approximate Bayesian computation in the
DIYABC software suite, it was found that a scenario in
which the putative hybrid lineages were the product
of admixture between the two parental species
consistently exhibited the highest posterior probability
for both putative hybrid species. The posterior
probability of a scenario of hybrid origin (Scenario 1,
Supporting Information, Fig. S2) for C. salina was >
0.99 (95% confidence intervals 0.96-1.00) by direct
estimation and > 0.80 (95% confidence intervals 0.78—
0.81) by logistic regression, whereas the posterior

probability of a hybrid origin for C. ramenskii was >
0.72 (95% confidence intervals 0.33-1.00) by direct
estimation and > 0.99 (95% confidence intervals 0.99—
1.0) by logistic regression (Supporting Information,
Fig. S3). Posterior predictive error estimates (i.e. the
probability of selecting the wrong scenario) indicate
high confidence in scenario choice for both C. salina
(direct estimate: 0.007; logistic regression: 0.005) and
C. ramenskii (direct estimate: 0.1; logistic regression:
0.043).

DISCUSSION

Our results consistently support a scenario in
which both C. salina and C. ramenskii originated
through interspecific hybridization. In accordance
with previous taxonomic hypotheses (Cayouette
& Morriset, 1985, 1986; Standley et al., 2002;
Kristinsson, 2010; Elven et al., 2011), our results
indicate that Norwegian C. salina probably originated
through hybridization between C. paleacea and
C. subspathacea, and Icelandic C. ramenskii probably
originated through hybridization between C. lyngbyei
and C. subspathacea. Given the large variation
observed in multilocus genotypes between individual
samples (Figs 3, 4), it is most likely that both of these
hybrid lineages formed multiple times independently,
and it is possible that each of the populations sampled
from C. salina and C. ramenskii may represent unique
instances of hybridization between the respective
parents. The phenomenon of multiple hybrid origins
has been documented previously for both homoploid
(Schwarzbach & Rieseberg, 2002) and polyploid
(Dillenberger et al., 2018) hybrid plant lineages, but
to our knowledge, this is the first documentation in
Carex.

Several previous studies have attempted to test
the hypothesis of a hybrid origin of C. salina using
molecular markers and data on pollen fertility. These
studies have reported low pollen fertility and seed set
and disturbed meiotic pairing in C. salina (Cayouette
& Morriset, 1985, 1986; Dean et al., 2008), and this
feature has been used as evidence for a hybrid origin of
this species. Standley (1990) examined polymorphism
at three allozyme loci in several Canadian populations

is assigned a colour: homozygous sites for C. paleacea alleles are shown in blue, homozygous sites for C. subspathacea alleles
are shown in red, and sites exhibiting interspecific heterozygosity are shown in purple. Estimation of allelic origin is based
on allele frequency (Gompert & Buerkle, 2010). Missing genotypes are shown in white. B, C, Graphical representations of
the cluster assignment patterns for K = 2 based on STRUCTURE (B) and BAPS (C) analyses of 126 SNPs. D, The first two
axes of a PCA showing genetic differentiation at 126 SNP loci. E, Interspecific heterozygosity (Het) plotted against hybrid
index based on genotypes at 1295 SNPs. The ellipse represents the range of parameters extracted from 1000 synthetic F1
hybrids simulated by sampling alleles from the respective parental species using HybridLab v.1.1 (see Methods). Key for D
and E: blue = C. paleacea; red = C. subspathacea; purple = C. salina.
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Figure 4. Genetic structure of the putative hybrid species C. ramenskii and the parental species C. subspathacea and
C. lyngbyei. A, Graphical representation of genotypes at 1295 SNPs in the three species (20 individuals total). Each genotype
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A B C. paleacea
C. paleacea
0.5
C. subspathacea
C. salina
0
Migration
weight
C. subspathacea C. ramenskii
C. lyngbyei C. lyngbyei
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 015 0.20

Drift parameter Drift parameter

Figure 5. Maximum-likelihood population trees based on allele frequencies using TreeMix v.1.12. A, Population tree of
C. salina, C. subspathacea and C. paleacea, rooted with C. lyngbyei. The results are based on genotypes at 1659 SNPs,
and 1000 bootstrap replicates. A single migration event was modelled, and the results indicate that C. salina is composed
of a contribution of c¢. 50% of alleles from each of C. paleacea and C. subspathacea. B, Population tree of C. ramenskii,
C. subspathacea and C. lyngbyei, rooted with C. paleacea. The results are based on genotypes of the same 1659 SNPs, and
1000 bootstrap replicates. A single migration event was modelled, and the results indicate that C. ramenskii is composed of

a contribution of ¢. 50% of alleles from each of C. lyngbyei and C. subspathacea.

and, consistent with our results, hypothesized a
hybrid origin of C. salina from the parental species
C. paleacea and C. subspathacea. Contrary to this,
Volkova et al. (2008) used AFLP markers and
hypothesized that C. salina represents a hybrid swarm
between C. subspathacea and C. recta Boott (s.s.).
However, as AFLP are dominant markers, these data
are not well suited to evaluating patterns of admixture
in early generation hybrids. No similar studies have
previously addressed the question of hybrid origins in
C. ramenskii.

The consistently high interspecific heterozygosity
observed in all samples from C. salina and
C. ramenskii in this study indicates that the sampled
hybrid genotypes probably represent first-generation
(F1) hybrids (Table 1). These results suggest that
there has been either insufficient time or capacity
for sexual reproduction to stabilize the genomes
of these hybrid lineages. Given that several of the
hybrid populations sampled in this study are clearly

allopatric with respect to populations of their parental
species (Fig. 1, Supporting Information, Table S1) and
each putative hybrid species contains private allelic
diversity (Table 1), it is unlikely that all of these
populations represent recent instances of interspecific
hybridization. Instead, our results are more likely the
product of the combined effects of clonal propagation,
partial hybrid sterility and pre- and post-zygotic
isolating barriers between the hybrid lineages and
their respective parental species. In our current study,
we have not directly tested the relative impacts of
these processes, but next we discuss aspects of the
ecology and life history of these species that can help
to interpret the genetic structure and composition of
the hybrid lineages that we sampled.

All of the taxa examined in this study (including the
parental species) predominantly reproduce asexually
via clonal propagation. If clonal propagation, rather
than seed dispersal following sexual reproduction, is
the predominant mode of stand expansion in C. salina

is assigned a colour: homozygous sites for C. lyngbyei alleles are shown in yellow, homozygous sites for C. subspathacea
alleles are shown in red, and sites exhibiting interspecific heterozygosity are shown in orange. Estimation of allelic origin is
based on allele frequency (Gompert & Buerkle, 2010). Missing genotypes are shown in white. Graphical representations of
the cluster assignment patterns for K = 2 based on (B) STRUCTURE and (C) BAPS analyses of 311 SNPs. D, The first two
axes of a PCA showing genetic differentiation at 311 SNP loci. E, Interspecific heterozygosity (Het) plotted against hybrid
index based on genotypes at 1295 SNPs. The ellipse represents the range of parameters extracted from 1000 synthetic F'1
hybrids simulated by sampling alleles from the respective parental species using HybridLab v.1.1 (see Methods). Key for D
and E: yellow = C. lyngbyei; red = C. subspathacea; orange = C. ramenskii.
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Table 2. Pairwise F, estimates between the five species of Carex section Phacocystis included in this study based on the

analysis of 1659 SNPs for 264 ddRAD loci.

C. paleacea C. salina C. subspathacea C. ramenskii
C. salina 0.118
C. subspathacea 0.130 0.234
C. ramenskii 0.120 0.101 0.098
C. lyngbyei 0.219 0.220 0.126 0.068

and C. ramenskii, it is reasonable to assume that F1
genotypes could persist in perpetuity (e.g. Jonsdéttir
et al., 2000). Clonal reproduction may explain why
samples of these putative hybrid species collected at
sites where one or both parental species are missing
still appear to carry genotypes consistent with F1
hybrids.

A second process capable of contributing directly to
high interspecific heterozygosity of the putative hybrid
Carex spp. in our study is hybrid sterility resulting
from karyotypic differences between the parental
species (Renaut et al., 2014). Chromosome evolution
has indeed been suggested to be an important driver of
lineage diversification and radiation in Carex with its
holocentric chromosomes (Hipp, 2007; Hipp et al., 2009;
Escudero, Hipp & Lucerio, 2010; Escudero et al., 2012;
see Escuderoet al.,2016 for further references). A recent
study by Escudero et al. (2016) found that chromosomal
rearrangements in Carex can play a substantial role
in creating post-zygotic reproductive isolation through
F1 inviability and sterility in hybrids resulting
from the crosses of two populations of C. scoparia
Schkuhr that differ in chromosome numbers. As the
three parental species examined here are diploid but
modestly differ from one another in base chromosome
number (for C. lyngbyei 2n = 68-78, for C. paleacea
2n = 71-73 and for C. subspathacea, 2n = 78-83; see
Elven et al., 2011, for citations of various reports), it is
possible that these karyotypic differences could lead to
meiotic dysfunction when the putative hybrid species
C. salina (2n = 77— 79; Cayouette & Morisset, 1985;
Cayouette, 1986) and C. ramenskii (2n = 80; Zhukova
& Petrovsky, 1987) produce gametes, and this could
manifest in the production of infertile pollen/ovules or
inviable offspring. Nonetheless, future studies on the
cytogenetics and meiotic stability of these putative
hybrid Carex spp. are needed to experimentally test
for the existence of karyotypic incompatibilities that
could reduce hybrid fertility.

The observed high interspecific heterozygosity in
C. salina and C. ramenskii could also be a product of
the evolution of pre- and/or post-zygotic reproductive
barriers relative to parental species. Given that
our study has identified a likely backcross between
C. salina and its parental species, it is likely that

this hybrid lineage is not completely reproductively
isolated from its parents. However, a larger sample size
within C. salina and C. ramenskii would be required
to more accurately assess the degree of interspecific
mating between these species and their respective
parental species. Pre-zygotic barriers may play an
important role in maintaining the genomic integrity
of the putative hybrid species because Carex spp.
frequently exhibit strong ecological and phenological
divergence (Whitkus, 1988; Standley, 1990). Our
personal experience with these species indicates no
significant phenological divergence as their periods
of anthesis overlap considerably in wild populations
(A.T.M. Pedersen, C.S. Bjora & R. Elven, pers. obs.).
However, the species in our study do exhibit consistent
microhabitat preferences, specifically reflected in
salinity tolerance and the frequency and duration of
seawater inundation (Halvorsen et al., 2015). Carex
salina and C. ramenskii both occupy intermediate
habitats where their parents appear to be at the margin
of their ranges. Carex salina intersperses between the
more saline and more frequently inundated range of
C. subspathacea and the less saline, more freshwater-
influenced range of C. paleacea in Scandinavia, whereas
C. ramenskii does the same between C. subspathacea
and C. lyngbyei in Iceland (and along the northern
Pacific coast of North America and north-eastern Asia).
This is a good example of Carex spp. displaying strong
local habitat specificity that might isolate them from
one another despite being hypothetically interfertile
(Standley, 1985; Cayouette & Catling, 1992). The
habitat preferences of both C. salina and C. ramenskii
suggest that these lineages are ecologically divergent
from their parents and probably have different
optimal niche requirements along the major ecological
gradients on the seashore, but future studies utilizing
niche models would be valuable to quantify this
observed ecological divergence.

Our results show strong genetic evidence for a hybrid
origin of both C. salina and C. ramenskii populations
in Norway and Iceland, but further studies utilizing
a broader geographical sampling would be needed
to assess if the genetic structuring in these Nordic
populations reflects range-wide patterns in these
species. Given that there is no cytological or genetic
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evidence for polyploidy in these species (Elven et al.,
2011), our results are consistent with a homoploid
hybrid origin of C. salina and C. ramenskii, but
further experiments to measure pre- and post-zygotic
reproductive barriers between the parental and
putative hybrid species would be required to specifically
test whether these species represent hybrid species or
persistent hybrid populations. In a recent perspective
piece, Schumer et al. (2014) define hybrid speciation as
a speciation event where hybridization plays a central
role in the formation of reproductive barriers between
the newly formed hybrid species and its parents, which
can manifest as both pre-zygotic (e.g. ecological niche
shifts or phenological divergence) and post-zygotic
(e.g. hybrid incompatibility or inviability) barriers (see
also Gross & Rieseberg, 2005; Mallet, 2007; Abbott
et al., 2013, and references therein). Alternatively,
Nieto Feliner et al. (2017) defined hybrid speciation as
hybridization that results in novel diversity in the form
of morphologically and ecologically distinct hybrid
lineages that are both established and persistent in a
specific ecological niche. Regardless of the definition of
hybrid speciation applied, further data quantifying the
ecological niches and barriers to gene flow between the
hybrid and parental lineages are needed to determine
if C. ramenskii and C. salina should be characterized as
homoploid hybrid species or simply persistent hybrid
populations between the parental species. Consistent
with previous taxonomic hypotheses, our results
clearly show that North Atlantic populations of these
species probably originated via recurrent interspecific
hybridization.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1 A-E, Geographic ranges of the five Carex taxa of section Phacocystis included in this study, modified
from Hultén & Fries (1986) and Hultén (1968). Dubious reports are denoted with question marks.

Figure S2. The three scenarios of historical relationships tested against one another for DIYABC analyses. The
parameters t1 and ¢2 refer to time; ¢1 is the time of the most recent population divergence and ¢2 is the time of
the most ancient population (Pop) divergence in each model. The branches of each tree are coloured to indicate
unique effective population sizes (N1, N2 and N3) according to the included key. In Scenario 1, the additional
parameter ra is included to indicate the proportion of population 1 (ra) and population 3 (1-ra) alleles that
constitute the admixture represented by population 2. See Cornuet et al., (2014) for more details about DIYABC
model parameterization.

Figure S3. A-D, Scenario selection estimated by direct estimation (A, C) and logistic regression (B, D) for both
the C. salina (A, B) and C. ramenskii (C, D) data sets. Deviations between simulated and observed summary
statistics are plotted for ten distinct categories of simulated data sets closest to the observed data ranging from
0.01 to 0.1% and from 0.1 to 1% in direct and logistic approach, respectively. Scenario 1 = green, scenario 2 = red,
scenario 3 = blue.

Table S1. For all lines where the “Taxon and sample ID” starts with “T” the column “Collected by” should start
with “A. T. M. Pedersen”.

Table S2. Read number and mean length of raw reads obtained from ddRAD sequencing on the Ion Torrent
platform.
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