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Polyploidy is a fundamental mechanism in evolution, but is hard to detect in taxa with agmatoploidy or aneuploidy.
We tested whether a combination of chromosome counting, microsatellite analyses and flow cytometric measure-
ments represents a suitable approach for the detection of basic chromosome numbers and ploidy in Kobresia
(Cyperaceae). Chromosome counting resulted in 2n = 64 for Kobresia pygmaea and K. cercostachys, 2n = 58 and 64
for K. myosuroides, and 2n = 72 for K. simpliciuscula. We characterized eight microsatellite loci for K. pygmaea,
which gave a maximum of four alleles per individual. Cross-species amplification was tested in 26 congeneric
species and, on average, six of eight loci amplified successfully. Using flow cytometry, we confirmed tetraploidy in
K. pygmaea. Basic chromosome numbers and ploidy were inferred from chromosome counts and the maximum
number of alleles per locus. We consider the basic numbers as x = 16 and 18, with irregularities derived from
agmatoploidy and aneuploidy. Across all Kobresia taxa, ploidy ranged from diploid up to heptaploid. The
combination of chromosome counts and microsatellite analyses is an ideal method for the determination of basic
chromosome numbers and for inferring ploidy, and flow cytometry is a suitable tool for the identification of
deviating cytotypes. © 2014 The Linnean Society of London, Botanical Journal of the Linnean Society, 2014, ••,
••–••.
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INTRODUCTION

Polyploidy is a major force in plant evolution and
occurs frequently across a number of taxa (e.g. Soltis &
Soltis, 1999; Soltis, Soltis & Tate, 2004). Wood et al.
(2009) estimated that 35% of extant vascular plant
genera are polyploid, and that 15% of speciation events
in angiosperms were facilitated by a duplication of the
chromosome set. The multiplication of entire genomes
is usually regarded as being associated with higher
tolerance to environmental stress (e.g. Grant, 1981;
Goldman et al., 2004), because polyploid taxa are
known to be relatively more abundant than diploids in
arctic and alpine environments (Stebbins, 1985;
Hijmans et al., 2007). Polyploidization therefore plays
a pivotal role in the diversification of plants, especially
in mountain habitats (Burnier et al., 2009).

Several genera of the family Cyperaceae are con-
sidered to be polyploids (Roalson, 2008), although
ploidy is hard to verify in this group because species
have variable chromosome numbers (Hipp, Rothrock
& Roalson, 2009b, and references therein) as a result
of agmatoploidy (the fission and fusion of chromo-
somes, Davies, 1956; Luceño & Castroviejo, 1991) and
aneuploidy (the decrease or increase by single chro-
mosomes, Wolfe, 2001). Members of the family Cyper-
aceae are of ecological importance as they are major
components of many ecosystems (Leck & Schütz,
2005), especially in arctic and alpine habitats, arous-
ing a new interest in the biology of the group. Sedges
show large species diversity and some are also eco-
nomically important (especially species of Cyperus L.
and related taxa).

In the present study, we investigated the basic
chromosome number and ploidy in the sedge genus
Kobresia Willdenow. This genus comprises c. 60
species (Zhang, 2001), which are widespread and
locally dominant in the Northern Hemisphere, with
the highest species diversity occurring in alpine
regions of the Himalayas and adjacent mountain
ranges (Dahlgren, Clifford & Yeo, 1985; Zhang, Liang
& Dai, 1995). Few cytological studies are available,
mainly because of the limited access to growing
tissue. Chromosome counts are rarely reported and
vary from 2n = 32 in K. schoenoides Boeckeler to
2n = c. 122 in K. nepalensis (Nees) Kük. (Poghosian,
Narinian & Voskanian, 1971; Hoshino, Rajbhandari &
Ohba, 2000). Basic chromosome numbers of the genus
remain under debate, with estimates ranging from
dibasic with x = 26 and 36, to tribasic with values
of x = 8, 9 and 13 (Darlington & Wylie, 1955; Mehra &
Sachdeva, 1976). No study has yet specifically
examined the origin of ploidy in Kobresia, but studies
in the closely related Carex L. revealed that auto-
polyploidy rather than allopolyploidy dominates
(Heilborn, 1939). This is also regarded as the pre-

dominant mechanism across Cyperaceae as a conse-
quence of the peculiar pollen formation in the family
(Heilborn, 1939). One exception based on chromosome
counts is a possible allopolyploid origin for K. nepa-
lensis from ancestors such as K. myosuroides (Vill.)
Fiori and K. esenbeckii (Kunth) Noltie (Yano et al.,
2011).

Three methods are frequently used to determine
ploidy: chromosome counting, microsatellite analyses
and flow cytometric measurements. The traditional
approach, using direct analysis of metaphase chromo-
somes, provides the actual chromosome number.
However, in Cyperaceae, interpretations of counts are
difficult because of agmatoploidy and aneuploidy. A
fundamental constraint is the availability of growing
tissue, especially in rare species or those growing
under conditions that are not easily reproduced.

Second, nuclear microsatellite markers (simple
sequence repeats, SSRs) can successfully be used in
ecological studies in diploid and polyploid species
(Pfeiffer et al., 2011; Ritz & Wissemann, 2011; Avolio
et al., 2012). Their co-dominant expression enables
the detection of heterozygotes and allows for the
linking of the maximum number of alleles found in
one individual to ploidy (Besnard et al., 2008; Stark
et al., 2011) and, where the chromosome number
of the species is known, to the basic chromosome
number. This method requires only a few milligrams
of dried plant material, but the statistical probability
of complete heterozygotes decreases with increasing
ploidy, and there are numerous genera in which
suitable SSR loci are not yet available. The use of
microsatellite markers developed for other taxa is
potentially possible, but cross-amplification rates are
typically low, even between congeneric species, and
they are greatly reduced in monocots relative to eud-
icots (Peakall et al., 1998; Barbará et al., 2007). In
addition, the probability of null alleles increases
as a result of mutation accumulation in the primer
binding sequences, and subsequent partial heterozy-
gotes introduce ambiguity (Erler, Stoneking &
Kayser, 2004). Therefore, it is critical to ensure reli-
able amplification in interspecific tests when micros-
atellites are to be used to assess ploidy. In any case,
such methodological constraints can be minimized by
using a sufficient number of samples and reliable loci.

Third, the ploidy of species can be determined from
the DNA contents. Doubling of the chromosome
numbers usually leads to an increase or doubling of
the DNA contents. Recently, such changes have
become easy to determine using flow cytometry, in
which only small amounts of fresh/dried tissue or
seeds suffice (Suda & Trávníček, 2006). However,
DNA content appraisal using flow cytometry does not
reveal ploidy directly, and reference samples with
known ploidy are required (e.g. Pellicer et al., 2012).
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In this study, we chose K. pygmaea C.B.Clarke ex
Hook.f. for the initial establishment of microsatellite
protocols. This species is the most ecologically and
economically important representative of the genus,
covering more than 450 000 km2 of the Tibetan
Plateau and adjacent areas (Miehe et al., 2008,
2011). It is the dominant species in the second
largest alpine ecosystem and forms the basis for
Tibetan livelihoods and husbandry. We tested
the reliability of the selected primers in the other
species. The combination of the three methods
was then used to assess: (1) the ploidy of
K. pygmaea; (2) the basic chromosome numbers in
Kobresia; and (3) the frequency of polyploidy in
Kobresia.

MATERIAL AND METHODS
PLANT MATERIAL

In summer 2009, we collected plant material of
K. pygmaea near Kema village (31.27418°N,
92.11037°E, 4484 m a.s.l.), 20 km south of Nagqu,
Tibetan Autonomous Region. The site represents the
core of the species distribution in which polymor-
phism is assumed to be high and relatively unaffected
by genetic drift. Kobresia pygmaea dominates the
vegetation with up to 80% cover. Seeds were collected
over an area of 100 × 100 m2, stored at room tempera-
ture and mechanically scarified to break physical
dormancy. Incubation (12 h light at 20 °C, 12 h dark-
ness at 5 °C) yielded ten individuals, from which leaf
material was sampled. Only one plant recovered after
harvesting of leaf material, and was hence kept for
chromosome counting. Another 100 tissue samples
(3–5 mg) were collected in situ at a 100-m2 plot and
dried.

We retrieved samples of 24 Kobresia spp., plus
two subspecies from specimens that had been stored
for no longer than 20 years, from the High Asia
Project Herbarium Marburg (Supporting Informa-
tion, Table S1). We obtained living K. cercostachys
C.B.Clarke, K. simpliciuscula Mack. and K. myo-
suroides from the Alpine Botanical Garden ‘Brocken-
garten’ (National Park Harz, Germany) and kept
them at the Botanical Garden Halle. Voucher speci-
mens are lodged at the Herbarium Senckenber-
gianum Görlitz GLM. Together, the 27 species
represent 45% of all described Kobresia spp.

The nomenclature of Kobresia is still not settled.
Here (Supporting Information, Tables S1 and S4;
Table 2) we follow the current Flora of China (Zhang
& Noltie, 2010), various publications on the Cypera-
ceae of the Canadian Arctic Archipelago (Aiken et al.,
2007a, b) and a flora of Germany (Jäger & Werner,
2002).

CHROMOSOME NUMBERS

Chromosome counts were conducted in one individual
each of K. pygmaea, K. cercostachys and K. sim-
pliciuscula and two individuals of K. myosuroides.
Excised root tips were treated in iced water for 20 h
to accumulate metaphases, and then fixed in absolute
ethanol–glacial acetic acid (3 : 1) for 3 h and stored
in absolute ethanol at −20 °C until preparation.
Enzyme-treated root tips (Schwarzacher, Ambros &
Schweizer, 1980) were squeezed on slides in a drop of
45% propionic acid with 2% carmine according to
Winterfeld & Röser (2007). Photographs of metaphase
chromosomes were taken on a Zeiss Axiophot micro-
scope using a Zeiss Axiocam HRC CCD camera
employing Zeiss Axiovision software. Additional infor-
mation on chromosome numbers was collated from
the literature.

IDENTIFICATION OF MICROSATELLITE LOCI

Total genomic DNA was extracted from a pooled
sample of ten seed-grown K. pygmaea plants following
the 2 × cetyl trimethyl ammonium bromide (CTAB)
method (Doyle & Doyle, 1987). DNA quality was veri-
fied by electrophoresis on agarose gel and by spectro-
photometry (NanoDrop, Thermo Fisher Scientific,
Wilmington, NC, USA).

The sample was sent to the pyrosequencing facili-
ties of the Duke Institute for Genome Sciences and
Policy (Durham, NC, USA) for further preparation
according to Margulies et al. (2005). The shotgun
library was prepared from random genomic DNA frag-
ments using the Titanium system (Roche Diagnostics,
Pleasanton, CA, USA), tagged with multiplex identi-
fiers and multiplexed (equivalent to one-eighth of the
library pool) to run on a PicoTiterPlate of a Roche 454
Genome Sequencer FLX Instrument.

We screened the sequences for di-, tri-, tetra-,
penta- and hexanucleotide motifs with at least ten,
seven, six, five and four repeats with the software
MSATCOMMANDER-1.03 for Mac OS X (Faircloth,
2008). Primers were defined in the flanking regions
of the microsatellites using Primer3 (Rozen &
Skaletsky, 1999), implemented in MSATCOM-
MANDER. The forward primer was tagged with
either a CAG-tag (5′-CAGTCGGGCGTCATCA-3′) or
an M13(-21) tag (5′-TGTAAAACGACGGCCAGT-3′),
according to Schuelke (2000). Where possible, a GTTT
tail was attached to the 5′ end of the reverse primer
to promote adenylation. We selected those primers
that yielded products between 100 and 410 bp for use
with the MegaBace ET400-R size standard (Amer-
sham Bioscience, Amersham, UK). Primers with
redundancy of sequences were manually omitted. We
chose 20 of the remaining primer pairs, representing
different repeat motifs and product sizes, checked
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that they were designed from high-quality reads and
ordered them from Metabion (Martinsried, Germany).
These were screened with a subset of five individuals
on a MegaBace 1000 automatic sequencer (Amersham
Bioscience) following the procedure described by
Schuelke (2000). Eight loci showed scorable polymor-
phic patterns, and were ordered without the tag
sequence with either HEX or FAM fluorescent labels
attached to the forward primer (Metabion) for further
use.

CHARACTERIZATION OF MICROSATELLITE LOCI

DNA extraction followed a modified 2 × CTAB protocol
with a modified extraction buffer [2% alkyl trimethyl
ammonium bromide, 0.1 M Tris-HCl, 0.02 M disodium-
ethylene diamine tetraacetate (EDTA), pH 8.0, 1.4 M
NaCl, 1% polyvinylpyrrolidone (PVP)]. We used
1–3 mg of dried leaves, and the precipitation period
was extended to 24 h at −20 °C. To digest RNA, DNA
pellets were dissolved in 20 μl 1 × TE buffer with
RNase (10 μg ml−1) and incubated at 37 °C for 30 min.

Polymerase chain reaction (PCR) was performed in
a total volume of 25 μl containing 10 ng of DNA, 1 U
Taq polymerase (DreamTaq™ DNA Polymerase,
Fermentas, St. Leon-Rot, Germany), 3 μl of 10 × reac-
tion buffer (Fermentas), 3 μl magnesium chloride
(25 mM), 5 mM of each deoxynucleoside triphosphate
(dNTP) and 2.5 pmol of each of the forward and
reverse primers. We ran the following PCR pro-
gramme on a Mastercycler epgradient thermocycler
(Eppendorf, Hamburg, Germany): denaturation at
94 °C for 4 min, followed by two cycles at 94 °C (45 s),
60 °C (45 s) and 72 °C (45 s), 18 touchdown cycles at
94 °C (45 s), 59 °C (45 s; decreasing by 0.5 °C per
cycle), 72 °C (45 s), 20 cycles at 94 °C (30 s), 50 °C
(30 s) and 72 °C (45 s), and a final extension at 72 °C
for 5 min (Collada et al., 2004). Products from single-
plex PCRs were pooled for simultaneous runs of four
loci on a MegaBace 1000 (Amersham Bioscience)
using the MegaBace ET400-R size standard (Amer-
sham Bioscience). We scored the amplification
products with the Fragment Profiler version 1.2
(Amersham Bioscience) and revised manually.

We calculated individual ploidy for the 100 in situ
K. pygmaea samples using the R package POLYSAT
(Clark & Jasieniuk, 2011). The maximum number of
alleles was four, suggesting tetraploidy. However, 17%
of the samples had fewer than four alleles across all
eight loci, and so ploidy could not be unequivocally
assigned. POLYSAT further indicated that 38 of the
remaining samples had identical genetic phenotypes,
and thus carried no additional information. These
samples were therefore omitted from the study. To
define the exact genotype of partial heterozygotes, we
applied the MAC-PR method (Esselink, Nybom &

Vosman, 2004), which indicated ambiguous results for
one or more loci in 20 cases, leaving 25 samples for
further analysis.

We calculated the number of alleles per locus and
heterozygosity using the Bayesian approach of the
program AUTOTET (Thrall & Young, 2000), which
accounts for polysomic inheritance and double
reduction of autopolyploids, as opposed to disomic
inheritance in allopolyploids. As a result of a lack of
precedence of studies on segregation mode, we calcu-
lated the expected heterozygosity and fixation index
based on chromosome segregation and chromatid
segregation, assuming maximum double reduction
(α = 0.143). Deviations from Hardy–Weinberg equi-
librium (HWE) were tested with chi-squared
goodness-of-fit tests for observed-to-expected geno-
type frequencies implemented in AUTOTET.

With the same PCR conditions, we also tested the
transferability of the primers to 26 Kobresia spp.
(Supporting Information, Table S1) from the Himala-
yas and Europe. We made a rough estimate of ploidy
with POLYSAT for those Kobresia spp. that had
amplification products for at least four loci. Estimates
were made with respect to chromosome numbers
where available. For the four species we had grown,
ploidy estimates were based on our chromosome
counts.

FLOW CYTOMETRIC MEASUREMENTS

The DNA content of the 25 K. pygmaea samples
included in the AUTOTET analysis and the voucher
specimens was examined using flow cytometry follow-
ing Otto (1990) with the following modifications: c.
1 mg of the silica-dried tissue was ground individu-
ally together with 50 μl of Otto I isolation buffer
(0.1 M citric acid monohydrate, 0.5% Tween 20 dis-
solved in H2O, pH 2.5) for 2 min at 100 strokes per
minute using a Geno-Grinder 2000 (SPEX CertiPrep).
Another 250 μl of isolation buffer was added, followed
by a filtration step (Partec 30-μm mesh-width filters).
We mixed 80 μl of the filtrate with 80 μl of staining
buffer, Otto II [0.4 M Na2HPO4.12H2O, 4 μg ml−1 4′,6-
diamidino-2-phenyl-indole (DAPI), pH 8.5], and incu-
bated the mixture for 10 min on ice before analysis on
a Partec PAII flow cytometer (Partec GmbH, Münster,
Germany). We determined the single DNA contents in
relation to an external standard (set at a peak posi-
tion of 108.3 at a gain of 535) from silica-dried tissue
of a K. pygmaea specimen of known ploidy (collection
number 161962, Supporting Information, Table S1)
according to Doležel, Greilhuber & Suda (2007). An
external standard was used because we had no
internal standard available meeting the minimum
requirements of: (1) leaf material being available
in sufficient amounts; (2) working well under the
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protocol optimized for K. pygmaea; and (3) not having
an overlap in peak position. Results were, however,
verified by a second round of measurements against
an internal standard which became available at a
later stage of the study.

RESULTS
CHROMOSOME NUMBERS

Chromosome counting in K. pygmaea and K. cerco-
stachys resulted in 2n = 64. For K. myosuroides and
K. simpliciuscula, we confirmed earlier counts. Ko-
bresia myosuroides had variable chromosome

numbers with 2n = 58 and 64 (Fig. 1), whereas
K. simpliciuscula showed 2n = 72.

MICROSATELLITE ANALYSES

Sequencing of K. pygmaea resulted in 140 972 reads
at a medium length of 444 bases, totalling 62.5 Mb of
DNA. Scoring for microsatellites yielded 1643 unique
loci. As a result of the limitations in primer design,
such as the product size or self-complementarity,
tagged primers could be generated for 181 motifs only.
We pre-screened 20 primer combinations, stretching
over the whole size range and representing different

A

B

C

D

E

Figure 1. Mitotic metaphase chromosomes of Kobresia pygmaea (A, 2n = 64), K. myosuroides (B, 2n = 58), K. myosuroides
(C, 2n = 64), K. cercostachys (D, 2n = 64) and K. simpliciuscula (E, 2n = 72). Scale bar, 5 μm.
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repeat motifs. Eight primer pairs (Table 1) gave
interpretable polymorphic band patterns. Information
on markers yielding questionable results (12,
Table S2) and those not yet tested (161, Table S3) is
listed in Supporting Information. Corresponding
DNA sequences are available at the DNA Data Bank
of Japan (DDBJ). Further details and additional
sequence data are freely available on request to the
corresponding author.

Across the eight loci and 25 K. pygmaea samples,
the number of alleles per locus ranged from nine to
15, with an average of 12 alleles (Table 1). Observed
heterozygosity varied from 0.19 to 0.81, with a mean
of 0.62. Under the assumption of chromosomal
segregation, the expected heterozygosity [HE(Ce) =
0.77] was, on average, slightly higher than that
predicted in the chromatid segregation mode
[HE(Cd) = 0.72]. In terms of chromosome segregation,
the chi-squared goodness-of-fit test indicated signifi-
cant departures from HWE at six loci, whereas chro-
matid segregation resulted in deviations at four loci.
The maximum number of different alleles per locus in
any given K. pygmaea individual was four.

In total, primers generated products in 74% of the
224 tested cross-amplifications (Supporting Informa-
tion, Table S4). On average, each Kobresia sp. pro-
duced reliable results at six of eight loci. All eight loci
could be amplified in K. nepalensis, K. setschwanensis
Hand.-Mazz. and K. williamsii T.Koyama, whereas
K. macrantha Boeckeler yielded only two successful
cross-amplifications. Transferability of loci ranged
from being successful in only nine species at Kp_8 to
27 species at Kp_9. Taking only the successful cross-
amplifications into account, the average number of
alleles amplified per locus and individual ranged from
1.2 (± 0.4 SD) for Kp_7 to 1.8 (± 1.0 SD) for Kp_9, and
the proportion of homozygotes was c. 39%. Allele
distributions imply that nine species (37.5%) are at
least tri- or tetraploid.

FLOW CYTOMETRIC MEASUREMENTS

The peak position of the 25 analysed K. pygmaea
samples was at 114.0 (± 10.2 SD). DNA contents were
regarded as equal to that of the external standard
with a known chromosome number (108.3; Support-
ing Information, Fig. S1). Our attempt to analyse
the voucher specimens yielded reliable peaks only
in K. pygmaea (65.8), K. schoenoides (73.9) and
K. robusta Maxim. (70.2).

BASIC CHROMOSOME NUMBERS AND PLOIDY

Given that a maximum of four alleles per locus was
found in 100 samples, we consider K. pygmaea as
tetraploid to conform to 2n = 4x = 64, resulting in a

basic chromosome number of x = 16. The chromosome
numbers of the individuals of K. cercostachys
(2n = 64) and K. myosuroides (2n = 58, 64) are similar
or of the same order of magnitude as K. pygmaea.
These two species are therefore also predicted to be
tetraploid, although samples produced a maximum of
three alleles at seven loci and two alleles at six loci,
respectively.

The chromosome number of K. simpliciuscula
(2n = 72) does not represent a multiple of x = 16.
Considering a deviation of eight chromosomes to
either 2n = 4x = 72 or 2n = 5x = 72, and acknowledg-
ing that the genus is believed to be polybasic,
we suggest x = 18 as a second basic number.
Hence, K. simpliciuscula is probably tetraploid with
2n = 4x = 72. Pentaploidy to heptaploidy was indi-
cated for K. duthiei C.B.Clarke ex Hook.f and K. nepa-
lensis. The combination of basic numbers and allele
distributions (Table 2) increased the rate of polyploids
by another 18.1%, yielding 55.6% in total.

DISCUSSION
CHROMOSOME NUMBERS

We contribute the first available chromosome
numbers for K. pygmaea and K. cercostachys and
confirm former counts in K. myosuroides and K. sim-
pliciuscula. Our data are in the reported range of
2n = 32 in K. schoenoides and 2n = c. 122 in K. nepa-
lensis (Poghosian et al., 1971; Hoshino et al., 2000).

In our study, K. myosuroides showed a difference of
about six chromosomes in two individuals considered
to have the same ploidy (Table 2). Similar patterns
were observed in K. sibirica Turcz. ex Boeckeler,
K. simpliciuscula and K. nepalensis, representing all
species with two or more published chromosome
counts. Pluralities of cytotypes are also known from
> 100 Carex spp., with a difference of up to ten
haploid chromosomes from the highest to the lowest
count in different individuals (Luceño & Castroviejo,
1991; Hipp et al., 2009b, and references therein).
Small variations even occur within the same indi-
vidual (Luceño, 1994). Three highly unusual features
of Cyperaceae among angiosperms allow for this:
diffuse kinetochores (Heilborn, 1924); post-
reductional meiosis (Wahl, 1940); and the production
of a single pollen grain (pseudomonad) per pollen
mother cell (Hipp et al., 2009b). Two possible mecha-
nisms (agmatoploidy and aneuploidy) explain chromo-
some number changes, and both increasing and
decreasing chromosome numbers can occur during
speciation (Hipp et al., 2009b). The potential for a
rapid chromosomal evolution was suggested as the
main driving factor of speciation in Carex (Roalson,
Columbus & Friar, 2001; Hipp et al., 2007), and
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Table 2. Diploid (2n) and haploid (n) chromosome numbers, expected basic chromosome number x, maximum number of
alleles in cross-amplification nA (from Supporting Information, Table S4) and potential ploidy level p in species of
Kobresia. Data from the four species, in which chromosome counts and microsatellite analyses were retrieved from the
same individual, are highlighted in bold. Estimation of ploidy is based on chromosome numbers and maximum number
of alleles in cross-amplification. Question marks indicate ambiguous cases

Species 2n (n) Reference x
Maximum
nA p

Kobresia pygmaea C.B.Clarke ex
Hook.f.

64 Present study 16 4 4

Kobresia capillifolia C.B.Clarke 4 ≥ 4
Kobresia cercostachys C.B.Clarke 64 Present study 16 3 4
Kobresia cuneata Kük. 2 ≥ 2
Kobresia curvata C.B.Clarke 50 Yano et al. (2011) 16?

26?
3
2

Kobresia duthiei C.B.Clarke ex
Hook.f.

c. 84 Yano et al. (2011) 16?
26?

2 5
3

Kobresia esenbeckii (Kunth) Noltie 66 Yano et al. (2011) 16? 3 4
Kobresia filifolia C.B.Clarke c. 60 Probatova & Sokolovskaya (1988) 16? n.c. 4
Kobresia fragilis C.B.Clarke 2 ≥ 2
Kobresia humilis (C.A.Mey. ex Trautv.)

Serg.
n.c.

Kobresia kansuensis Kük. 2 ≥ 2
Kobresia karakorumensis Dickoré 1 ≥ 2
Kobresia macrantha Boeckeler n.c.
Kobresia myosuroides (Vill.) Fiori 58, 64

52–59
c. 36, 52, 56,

58 (29), 60–66

Present study
Heilborn (1939)
Reviewed in Aiken et al. (2007b),

Elven (2007 and
onwards) and Roalson (2008)

16
18?
26?
29?

2 4
2,3

2
2

(26) Tischler (1950) 26 2
Kobresia nepalensis (Nees) Kük. c. 122

c. 114
Hoshino et al. (2000)
Yano et al. (2011)

19?
18?
16?

3 6
6
7

Kobresia prainii Kük. 2 ≥ 2
Kobresia pusilla Ivanova 2 ≥ 2
Kobresia robusta Maxim. 2 ≥ 2
Kobresia royleana Nees ex Boeckeler (40) Mehra & Sachdeva (1976) 16 3 5
Kobresia schoenoides Boeckeler 32 Poghosian et al. (1971) 16 2 2
Kobresia setschwanensis Hand.-Mazz. 4 ≥ 4
Kobresia sibirica (Turcz. ex Ledeb.)

Boeckeler
c. 54, 58, 62 Reviewed in Roalson (2008) 16?

18?
4
3

Kobresia simpliciuscula
(Wahlenb.) Mack.

72
76 (38)
58, 60, 64, 70–75

(c. 37)

Present study
Knaben & Engelskjøn (1967)
Reviewed in Elven (2007 and

onwards) and Roalson (2008)

18
19?
16?

2 4
4
4

Kobresia stolonifera Y.C.Tang ex
P.C.Li

3 ≥ 3

Kobresia tibetica Maxim. 2 ≥ 2
Kobresia uncinioides (Boott)

C.B.Clarke
3 ≥ 3

Kobresia vidua (Boott ex C.B.Clarke)
Kük.

2 ≥ 2

Kobresia williamsii T.Koyama 2 ≥ 2
Kobresia yadongensis Y.C.Yang 2 ≥ 2

n.c., not calculated due to insufficient cross-amplification success.
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possibly in all Cyperaceae. Nonetheless, the basic
chromosome number within a species is considered to
be unaffected, but smaller changes in chromosome
numbers cannot be directly attributed to polyploidy
because of such features.

MICROSATELLITE ANALYSES

Here, we present the first microsatellite loci available
in Kobresia. In K. pygmaea, the allelic diversity of
the microsatellites was high for most loci (mean
A = 12.00). This is a typical pattern in autopolyploid
species in which high heterozygosity and allelic diver-
sity result from polysomic inheritance (Soltis &
Rieseberg, 1986; Soltis & Soltis, 1995; Gauthier,
Lumaret & Bédécarrats, 1998). Multiple origins
from the same diploid progenitor species have been
reported for bryophytes (Wyatt et al., 1988), ferns
(Ranker et al., 1989) and angiosperms (Brochmann,
Soltis & Soltis, 1992; Parisod & Besnard, 2007; Wu
et al., 2010), which have continuously increased intra-
autopolyploid diversity by introducing new maternal
lineages (Soltis & Soltis, 1999). Therefore, even if we
rejected an allopolyploid origin for K. pygmaea follow-
ing Heilborn (1939), multiple origins from the same
diploid ancestor or introgression from other species
potentially played a role in the diversification history
of K. pygmaea, and possibly in the entire genus
(Waterway, 1994; Zhang, 2001; Yano et al., 2011).

Similarly, Zhao et al. (2006) reported high levels of
within-population genetic diversity for five Kobresia
spp. from the eastern regions of the Qinghai–Tibet
Plateau [K. setchwanensis, K. humilis (C.A.Mey. ex
Trautv.) Serg., K. kansuensis Kük., K. royleana Nees
ex Boeckeler, K. tibetica Maxim.; in increasing order
of diversity]. We assume K. kansuenis and K. tibetica
to be diploid, whereas K. royleana and K. setchwan-
ensis are tri- or tetraploid (Table 2). Thus, high
genetic diversity seems to be a general feature of
Kobresia, regardless of ploidy, which was formerly
interpreted as an indication of frequent input of
genets from sexual reproduction.

The observed heterozygosity of K. pygmaea is vari-
able, ranging from 0.19 to 0.81 for a given locus. The
comparison of the observed-to-expected genotype fre-
quencies, independent of the supposed segregation
mode, indicated deviations from HWE. The existence
of null alleles could be one explanation. The analyses
of microsatellite loci can, however, also be affected by
the loss of the associated chromosomes (aneuploidy),
or breakage within the amplified locus resulting in a
breakdown. Such minor changes in chromosome
numbers or structure cannot be detected by flow
cytometric measurements, but by patterns formed
by chromosomes in meiotic metaphase I (Hoshino

& Okamura, 1994). However, the impact of these
complex cytological features of Cyperaceae on meas-
ures of genetic diversity decreases with increasing
number of included loci. To the best of our knowledge,
they have never been considered as having a signifi-
cant impact in molecular studies. Some caution may
still be needed, because the results presented here
were obtained from a limited number of samples from
one population, and this may vary between popula-
tions (Liu et al., 2009).

Cross-amplification success was high (74%) for
most of the loci in the Kobresia spp. analysed, sug-
gesting that microsatellites can be transferred across
the whole genus. Studies in Schoenoplectus (Rchb.)
Palla, Carex and Scirpus L. obtained even higher
rates at 81%, 91% and 100%, respectively (Blum
et al., 2005; Zhou et al., 2009; Hipp et al., 2009a),
suggesting that cross-species transferability is gener-
ally high in Cyperaceae, in contrast with other fami-
lies (Peakall et al., 1998; Barbará et al., 2007).

In the present study, proportions of polymorphic
loci in Kobresia spp. were twice as high as in other
monocots reviewed in Barbará et al. (2007). Neverthe-
less, assumptions on ploidy solely based on allele
number would have underestimated ploidy in most
cases.

FLOW CYTOMETRIC MEASUREMENTS

All 25 tested K. pygmaea samples belong to the tetra-
ploid cytotype, but it remains unknown as to whether
the 17 samples with fewer than four alleles at the eight
loci represent partial heterozygotes or belong to a
different cytotype. The presence of multiple cytotypes
is common in alpine species (Gauthier et al., 1998;
Baack, 2004; Schönswetter et al., 2007) and has also
been described for the Tibetan Plateau (Yuan, Küpfer
& Zeltner, 1998; Yamane, Yasui & Ohnishi, 2003; Cui
et al., 2008; Meng et al., 2010) with niche differentia-
tion being a frequent pattern (for example, Wu et al.,
2010, and references therein). However, Zhang (2001)
suggested K. simpliciuscula and K. myosuroides
as possible evolutionary progenitors of K. pygmaea,
based on morphological parameters. These two species
are already tetraploid (Table 2). Further broad-scale
attempts and studies on chromosome segregation
are needed to specify whether other cytotypes of
K. pygmaea exist and how tetraploidy evolved.

The analysis of voucher specimens according to the
standard protocol was unsuccessful in most cases.
Among other factors, ploidy itself can influence the
success of analyses because polyploid species have a
shorter flow cytometric lifetime as the yield of intact
nuclei can decrease more quickly (Suda & Trávníček,
2006). In this study, we used vouchers of variable age
and revealed different ploidy in Kobresia spp. It
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would have been difficult to identify artefacts or their
sources, and we thus made no efforts to customize the
standard protocol for the other species.

In any case, considering that all samples worked in
the SSR analyses, flow cytometry seems to be more
vulnerable to the age and storage conditions of speci-
mens relative to molecular analyses. Thus, in our
study, flow cytometry allowed for the confirmation of
tetraploidy for relatively fresh K. pygmaea samples
stored for the same time under comparable condi-
tions, but provided no additional information on
ploidy for Kobresia spp.

BASIC CHROMOSOME NUMBERS AND PLOIDY

Based on formerly published basic chromosome
numbers, ranging from x = 8 to x = 36 (Darlington &
Wylie, 1955; Mehra & Sachdeva, 1976), K. pygmaea
was suggested to be di- to octaploid, with irregulari-
ties arising from agmato- and aneuploidy. Based on
an extensive and comparable dataset, we demon-
strated that K. pygmaea evidently has a tetraploid
chromosome set with 2n = 4x = 64. For the other
species, some caution is required, because our counts
and SSR analyses are only directly comparable for
those four species for which tissues were retrieved
from the same individual. In any case, chromosome
numbers of all species were in accordance with the
maximum number of alleles, indicating the two basic
numbers x = 16 and 18. Further support comes from
the fact that individuals with 16 and 18 chromosomes
have not yet been found. The lowest ever published
chromosome numbers in the genus are 2n = 32 in
K. schoenoides (Poghosian et al., 1971) and 2n = c. 36
in K. myosuroides (reviewed in Aiken et al., 2007b),
which correspond to diploids rather than tetraploids.

Tischler (1950) counted n = 26 for haploid tissue of
K. myosuroides. The resulting diploid chromosome
number 2n = 52 is not a multiple of x = 16 or x = 18,
and thus x = 26 may represent a third basic number.
Chromosome numbers of K. curvata (2n = 50, Yano
et al., 2011) and K. duthiei (2n = c. 84, Yano et al.,
2011) could represent multiples (Table 2). In any case,
K. myosuroides is the species with the most variable
chromosome counts ranging from 2n = 4x = 52 to 66.
With our approach we cannot clarify which chromo-
some number is the primary one, and which arose
through agmatoploidy or aneuploidy. Estimates of
possible basic numbers and derived ploidy thus
remain speculative (Table 2).

The suggested basic numbers are multiples of x = 8,
9 and 13 (Mehra & Sachdeva, 1976). Thus, Kobresia
spp. may represent palaeopolyploids: ancient poly-
ploids forming quadrivalents at meiosis, which
became diploid again, having two pairs of chromo-

somes, each of which formed bivalents. This mecha-
nism is common in evolution and in the speciation of
fungi, plants including angiosperms and animals
including mammals (Wolfe, 2001). Cytological studies
in autotetraploid Carex multifolia Ohwi revealed
bivalent rather than tetravalent chromosome asso-
ciations (Tanaka, 1940a), and palaeopolyploids are
known from other genera of the Himalayan region
(Yuan et al., 1998).

However, recent polyploidization is also widespread
in Kobresia, with duplication of the entire chromo-
some set being a driving factor for speciation (Ramsey
& Schemske, 1998; Soltis et al., 2004). With more
than one-half of the tested species being polyploid, the
rate is high compared with 5.7% in the closely related
genus Carex (Lipnerová et al., 2013). In Carex, ploidy
is hardly associated with speciation (Löve, Löve &
Raymond, 1957; Tang & Xiang, 1989; Hipp et al.,
2009b). The same holds true for most other genera of
Cyperaceae, including Cyperus, Eriophorum L. and
Scirpus. Exceptions include, for instance, the genera
Schoenoplectus, Rhynchospora Vahl and Eleocharis
R.Br., in which a multimodal distribution of haploid
chromosome numbers indicates multiple ploidies, in
some cases associated with subsequent aneuploidy
(Roalson, 2008).

The origin of ploidy in Cyperaceae is still subject to
discussion. The most common mechanism in angio-
sperms is via the formation of unreduced gametes.
The production of such gametes is heritable (Parisod,
Holderegger & Brochmann, 2010), but considered to
be rare in Cyperaceae because of the abortion of three
nuclei after meiosis, resulting in the formation of
pseudomonad pollen instead of tetrads (Heilborn,
1934; but see Hoshino & Okamura, 1994). However,
environmental stress, such as frost, wounding, her-
bivory, water deficit or low amounts of nutrients,
increases the rate of production of unreduced gametes
(Ramsey & Schemske, 1998; Parisod et al., 2010).
Another supposed mechanism of autopolyploid forma-
tion is somatic doubling, which has been suggested
for Carex glauca Scop. (Heilborn, 1934), C. sidero-
sticta Hance (Tanaka, 1940b) and C. multifolia
(Tanaka, 1940a).

Here, we showed that adapting basic numbers from
the divisor of chromosome numbers may yield a mis-
leading picture of ploidy, in which ancient polyploids
diploidized or haploid numbers vary in the range of
the basic number because of cytological abnormali-
ties. As such, in Cyperaceae, neither chromosome
counts nor analyses of the maximum number of
alleles alone can reliably determine basic chromo-
some numbers or, consequently, ploidy. Inconsisten-
cies between the maximum number of alleles and the
suggested basic numbers have also been observed in
other species (Bousalem et al., 2006) and will increase
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further with increasing use of co-dominant markers.
Thus, the verification of ploidy in all taxa, as opposed
to current assumptions based exclusively on one of
the three methods, will be both worthwhile and fea-
sible in the future.

CONCLUSION

Ploidy has been a major factor in the evolution
of Kobresia, in ancient times and more recently,
in which it may facilitate ecological adaptability
(Hagerup, 1932; Stebbins, 1950) to the extreme con-
ditions of its alpine distribution range.

Our combined analyses led us to the new conclusion
that Kobresia has at least two basic numbers at x = 16
and 18, with ploidy ranging from diploid to heptaploid,
and K. pygmaea is tetraploid. This is a further step
towards gaining a full understanding of the phyloge-
netics and chromosomal evolution in this taxon.
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Figure S1. Results of the flow cytometric measurements.
Table S1. Sources of studied Kobresia specimens.
Table S2. Characteristics of 12 additionally tested microsatellite loci in tetraploid Kobresia pygmaea. The
sequence of the forward primer represents a fusion of a universal tag sequence (CAG-tag: 5′-CAG TCG GGC
GTC ATC A-3′; M13(-21)-tag: 5′-TGT AAA ACG ACG GCC AGT-3′) and the selective primer sequence. The tag
sequence is highlighted; the expected size is given including the tag. GenBank accession numbers refer to the
DNA Data Bank of Japan (DDBJ).
Table S3. Characteristics of 161 microsatellite loci in tetraploid Kobresia pygmaea. The primers were identified
by Primer3 (Rozen & Skaletsky, 1999), but have not been tested. The sequence of the forward primer represents
a fusion of a universal tag sequence (CAG-tag: 5′-CAG TCG GGC GTC ATC A-3′; M13(-21)-tag: 5′-TGT AAA ACG
ACG GCC AGT- 3′) and the selective primer sequence. The tag sequence is highlighted; the expected size is
given including the tag. GenBank accession numbers refer to the DNA Data Bank of Japan (DDBJ).
Table S4. Performance of eight microsatellite markers in K. pygmaea and other species of the genus Kobresia.
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