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We present the identification and characterization of
microsatellite loci in the Pyrenean endemic Borderea
pyrenaica Miégeville (Dioscoreaceae). Seven microsatellite
loci were isolated from a (CTT),-enriched partial genomic
library. Electropherograms patterns suggest that B. pyrenaica
is a tetraploid species, as is its congener B. chouardii. One
microsatellite locus was monomorphic, whereas the remain-
ing ones presented from 2 to 10 alleles when analyzed in
a sample of 60 individuals. Microsatellites have revealed
higher levels of genetic variability than those in previous
studies based on allozymes. Levels of genetic diversity are
discussed in terms of tetrasomic (autotetraploidy) or
duplicated disomic (allotetraploidy) modes of allele segrega-
tion. According to the first hypothesis, mean levels of genetic
variability (Hmin—Hmax) range between 0.36 and 0.41,
whereas, according to the second hypothesis, the 7 primer
pairs amplified || chromosomal loci, and mean levels of
observed and expected heterozygosities were 0.217 and
0.229, respectively, and did not differ significantly from HW
expectations. These results suggest a hybrid allopolyploid
origin for the Borderea taxa.

Borderea Miégeville is a small genus of the Dioscoreaceae,
endemic to the Pyreneces and Prepyrences. Borderea is
considered a Tertiary relict of the pantropically distributed
family of yams (KKnuth 1924), which was successfully adapted
and colonized the central region of the Pyrenean mountain
ranges. It includes only two species: Borderea chouardii
(Gaussen) Heslot, for which only a single population is
presently known (Garcia et al. 2002), and Borderea pyrenaica
Miégeville. Both taxa share an overall close morphology
(Burkill 1960; Huber 1998), though they differ in several
vegetative, fruit, and seed traits (Gaussen 1952; Segarra-
Moragues and Catalan, unpublished data).

Borderea pyrenaica Miégeville is a small dioecious, long-
lived [up to 305 years (Garcia and Antor, 1995)], and strictly
sexually reproducing geophyte. It grows on alpine north-
facing mobile limestone screes, mostly over 1800 meters
above sea level (m.a.s.l), confined to a narrow area of
approximately 160 km?. Tt is mainly located on the Spanish
side of the Central Pyrenees (Huesca province), being
present in both the Pyrenean and Pre-Pyrenean mountain
ranges reaching also the French side of the Pyrences at

177



Journal of Heredity 2004:95(2)

Gavarnie. Despite the small number of known populations
of B. pyrenaica and its restricted area of distribution, some
populations are very large and widespread in isolated areas,
therefore lowering its endangered situation and risk of
extinction.

The two Borderea species were initially surveyed with
allozymes (Segarra-Moragues and Catalan, 2002). This study
rendered low levels of genetic diversity within taxa and
between populations of B. pyrenaica, precluding a fine-scale
assessment of their population genetic structure. However,
intriguing patterns of allozyme profiles with fixed heterozy-
gosity were found for some loci (/DF and PGI2), which
were alternatively interpreted as the consequence of
differential natural selection pressures for heterozygous
(versus homozygous) individuals, of gene duplications, or of
a potential hybrid origin of the genus, believed to be
composed by diploid taxa (Gaussen 1965; cf. Heslot 1953),
from ancestors with complementary alleles for these loci.

A better assessment of the genetic relationships among
the two Borderea taxa and of populations of B. pyrenaica was
obtained with random amplified polymorphic DNA (RAPD)
(Segarra-Moragues and Catalan, 2003), which allowed us to
correlate the severe demographic changes and preferential
postglacial colonization pathways expetienced by the Borderea
populations with the oscillatory climatic changes of the
Quaternary, but did not clarify the genomic dosages of these
taxa, because of the dominant nature of these markers.

The present work is a precursor of future population
genetics studies designed to assess the genetic diversity,
population structure, and genetic divergence of Borderea
populations and to compare these results to those obtained
for Borderea’s close relative, the narrow endemic Borderea
chonardii. Our aim is to analyze the genetic structure and
patterns of inheritance in Borderea, as well as to investigate the
microevolutionary processes of territory contraction-expan-
sion and recolonization experienced by the B. pyrenaica
populations during the late glaciations.

Materials and Methods

DNA was extracted from 2 g of fresh leaves of B. pyrenaica
following the CTAB protocol (Doyle and Doyle, 1990). One
png of DNA digested with 17.5 U of Sax3A (Bochringer
Mannheim) in a 40 pl volume was used for the construction
of a partial CTT-entiched genomic library. This enzyme was
selected because it shares the same four-bp recognition
sequence of AMbol, which rendered good results in other
Dioscoreaceae (Terauchi and Konuma 1994). Fragments
ranging from 300 to 900 bp were selected and ligated (3:1
insert/vector molar ratio) with 3 U of T4, DNA ligase
(Promega) into dephosphorylated BazHI-digested pBlue-
script II (4-/—) vector (Stratagene). Single-stranded copies
of the inserts were obtained by asymmetric polymerase chain
reaction (PCR) in 100 pl mix containing 50 pmol of “17m”
(forward) and 5 pmol of “Reverse” primers, 0.2 mM of each
dNTP, 1X 7aq buffer (Promega), 0.2 mM MgCl,, 2.5 U of
Tag DNA polymerase (Promega), and 20 pl of the previous
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ligation. All PCRs were carried out in a PE GeneAmp 9700
(Applied Biosystems). The PCR program consisted of an
initial denaturation step (94°C, 4 min) followed by 35 cycles
(94°C, 1 min; 50°C, 1 min; and 72°C, 1 min).

One mg of streptavidin-coated M-280 magnetic beads
(Dynal) were washed five times with 100 pl of a solution
containing 0.14 M NaCl, 2 mM KCl, 4 mM Na,HPO,, 1 mM
KH,POy, and 0.1% BSA, pH 7.4, and then twice with 100 pl
and 200 pl, respectively, of 2X B&W buffer (10 mM Tris-
HCI, pH 7.5; 1mM EDTA; 2M NaCl). Two hundred pmol of
5'-biotinylated (CTT)sGC oligonucleotide wete attached to
the Dynabeads (Dynal; 15 min, room temperature), washed
three times to remove unbound oligonucleotides with 400 pl
of B&W buffer, and resuspended in 100 ml of a solution of
3X SSC (20 X SSC: 6 M NaCl; 0.6 M Naj-citrate, pH 7),
0.1% SDS, and 2% PEG 6000 and kept at hybridization
temperature (50°C). Fifteen pl of the asymmetric PCR
product was denatured (94°C, 4 min), cooled for 5 min on
ice, and then added to the preheated bead suspension and
incubated at 50°C for hybridization (30 min). The hybridized
beads were washed five times each with 100 pl of three
decreasing-concentration solutions of SSC [each containing
2X SSC, 1X SSC, or 0.5X SSC, respectively, plus 10% SDS,
and 5 pmol each of “17m” (forward) and “Reverse” primers].
Bound sequences were eluted in 100 pl of 0.2X SSC (94°C,
10 min) and desalted with QIAex II (Qiagen). Ten pl of this
enriched DNA was used as template for a symmetric PCR
(same conditions as for asymmetric PCR, but with an
additional extension step of 7 min at 72°C) containing 50
pmol each of T3 and T; pBluescript primers. PCR products
were purified (QIAquick, Qiagen) and digested with Sax3A.
Fragments ranging from 400 to 900 bp were isolated and
purified (QIAquick, Qiagen) and ligated to the vector as
described above in 20 pl total volume. The whole ligation
volume was transformed into 100 pl of XL10-Gold
ultracompetent cells (Stratagene). A total of 1,200 recombi-
nant clones (75%) were transferred to Hybond-N+ nylon
filters (Amersham) and screened for (CTT),, motifs with a 5'-
DIG labeled (CTT)sGC oligonucleotide.

Twenty-five positive clones were sequenced. Twenty-two
of them contained (CTT), motifs (# > 5), whereas the other
3 appeared to be false positives. Among the positive clones, 6
cotresponded to the same or different allele variant of
a previously sequenced clone. Primers were designed for 8 of
the 16 different clones with PRIMER3 (Rozen and Skaletsky
1996; Table 1); the remaining 8 clones had flanking regions
too shott or unsuitable for primer design. One locus failed to
amplify throughout all assayed samples. PCR reactions were
performed in 20 pl mix containing 3—4 pmol each of the
unlabeled forward and reverse primers, 1X 7ag buffer
(Promega), 2 mM MgCly, 0.4 mM of each ANTP, 1 U of 7ag
DNA polymerase (Promega), and approximately 20 ng
DNA. The PCR program consisted of an initial denaturation
step (94°C, 4 min) followed by 30 cycles (94°C, 1 min;
annealing temperature, 1 min; and 72°C, 45 s) and a final
extension step (72°C, 7 min). PCRs were cartied out in a PE
GeneAmp 9700 (Applied Biosystems).

Several groupings of primer pairs were performed in the
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same PCR cocktail (multiplexing). The choice of the
fluorescent-dye label for each microsatellite primer was
based on its observed allele size range. Loci with overlapping
alleles were multiplexed by labeling them with different
fluorescent dyes, whereas amplified products with non-
ovetlapping alleles were labeled with the same dye (Table 1).
Loci were amplified in 60 individuals sampled from one
population of B. pyrenaica. The products were run on an ABI
310 automated sequencer (Applied Biosystems), and the
profiles were checked for reproducibility with those detected
in acrylamide gels. Amplified fragment lengths were assigned
to allelic classes with GENESCAN and GENOTYPER
software (Applied Biosystems) using ROX-500 (Applied
Biosystems) as the internal lane standard.

Results and Discussion

Six of the 7 microsatellite loci developed in B. pyrenaica were
polymorphic, yielding a total of 28 alleles. The number of
alleles in the polymorphic loci ranged from 2 to 10 (Table 1).
Intriguing patterns of individual allele distribution suggested
that B. pyrenaica is a tetraploid species (Figure 1), a finding
previously documented for its congener, B. chonardii (Segarra-
Moragues et al. 2003). Three (Bp2290, Bp2292, and Bp2391;
Figure 1B,C,D) of the 6 polymorphic loci presented up to 4
alleles in some individuals, whereas the other 3 loci showed
up to 2 alleles per individual. Fixed heterozygous diallelic
profiles were observed for locus Bp2256 (Figure 1E) in all
studied individuals. Cross-amplifications of the 10 micro-
satellite loci characterized for B. chouardii (Segatra-Moragues
et al. 2003) in this same B. pyrenaica sample set revealed
similar results. Up to 4 alleles per individual were found for 8
loci (Bel145b, Bel159, Be1258, Bel1274, Bel357, Bel422,
Be1551, and Brl1644); one locus (B¢1769) was monomorphic,
and another one (Bc766) showed fixed diallelic heterozygos-
ity (results not shown). In summary, individuals with up to 4
bands were found at 11 out of 17 screened microsatellite loci,
whereas 2 loci showed fixed heterozygous profiles. This
result constitutes a robust data set that does not comply with
the hypothesis of isolate gene duplication reported in other
typically diploid plant taxa (Zwettler et al. 2002).

In B. pyrenaica, microsatellite loci revealed higher levels of
genetic diversity than allozymes (Segarra-Moragues and
Catalan 2002) and levels similar to those of RAPDs
(Segarra-Moragues and Catalan, 2003), despite the limited
number of loci analyzed. A detailed study of the inheritance
patterns of microsatellite alleles is currently underway. Here
we have calculated heterozygosities under the assumption of

two alternative hypotheses, autotetraploidy versus allopoly-
ploidy (Table 1).

In autopolyploids, allele inheritance is tetrasomic because
of the chromosome doubling of similar genomes (Stebbins
1950). In this case, since no information on the segregation
of the progeny is available, the genotype of individuals
presenting two or three bands for a given locus cannot be
ascertained with full confidence. Hence, minimum and
maximum observed heterozygosities were calculated accord-
ing to Palop et al. (2000). The real value for this parameter
(H,) should fall between the interval of the minimum and
maximum heterozygosities reported in Table 1. Among the
polymorphic loci, minimum values ranged from 0.007 to
0.645, with a mean of 0.42, while the maximum ones varied
from 0.009 to 0.693, with a mean of 0.48.

By contrast, in allopolyploids, inheritance is disomic,
because of the addition of divergent genomes (Stebbins
1950). Under such a hypothesis, the alleles necessarily have
to be assigned to their correspondent duplicated locus. This
was successfully accomplished for six of the loci (three of
them showed alleles from a single chromosomal locus, and
another three showed alleles from two chromosomal loci
each). There was only one case (locus 5p2292, Figure 1D) for
which alleles could not be satisfactorily assigned to separate
chromosomal loci. A total of nine loci were screened under
this hypothesis, three of which were monomorphic. Among
the polymorphic ones heterozygosity levels (/7,) ranged
from 0.017 to 0.750, with a mean of 0.325. Observed
and expected heterozygosities did not differ significantly
(Table 1).

A first insight into the hybrid polyploid nature of Borderea
was provided by allozymes (Segarra-Moragues and Catalan
2002). Fixed diallelic heterozygous profiles were observed
for the two species in one variable enzymatic system (PGI,
Figure 2) and for B. pyrenaica in the also variable IDH system.
Allozyme PGI analysis in pollen grains of Borderea
demonstrated that the two alleles found at the PGI2 locus
were coinherited in the same gamete (Segarra-Moragues and
Catalan, unpublished results). The typical three-banded
pattern was repeatedly recovered, rather than the two-
banded profile that would be expected as consequence of the
independent expression of each gene, in the gamete pool of
the anther (Weeden and Gottlieb 1979). This result suggests
a complete departure from Mendelian segregation and points
toward a disomic inheritance of duplicated homozygous loci
for these alternative allozyme alleles.

These previous findings based on allozymes have been
corroborated by microsatellites. We have observed that

Figure I.

-

Sample electropherograms obtained with GENOTYPER for five microsatellite loci in B. pyrenaica. (A) Locus Bp126.

Lanes 1-3 correspond to homozygous individuals; 4-6, to heterozygous individuals. (B) Locus Bp2397. Lanes 1-3 correspond to
individuals with two alleles; lanes 46, to individuals with three alleles; lane 7, to one individual with four alleles. (C) Locus Bp2290.
Lanes 1-4 correspond to heterozygous individuals with two alleles; lanes 5-8, to individuals with three alleles; lane 8, to one
individual with four alleles. (D) Locus Bp2292. Lane 1 cotresponds to one homozygous individual; lanes 2—4, to heterozygous
individuals with two alleles; lanes 56, to individuals with three alleles; lane 7, to one individual with four alleles. (E) Locus Bp2256.
All individuals studied are fixed for this heterozygous profile. Dashed lines separate allelic zones of the corresponding locus.
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Figure 2.

Sample of a PGI-stained gel of 30 individuals of B. pyrenaica showing the two enzymes of this system, PGI1,

above, and PGI2, below. Note that all individuals at PGI2 are heterozygous, showing a typical three-banded profile.

alleles of variable loci with up to two bands (Bp726, Figure
1A, and Bp2214) are in Hardy—Weinberg equilibrium,
suggesting that primers are amplifying single loci and that
the duplicated ones would likely have been lost by the
divergence of the primer target sequences. The fixed
heterozygous profile of the Bp2256 locus (and also that
reported from the cross-amplification of Bc766) is inter-
preted as the amplification of two duplicate loci that are fixed
for one allele each. The monomorphic Bp7286 locus is better
explained as the amplification of a single locus rather than
the coincidence in size of two separate loci, given the high
mutation rate of microsatellites. For two of the more variable
loci (Bp2290 and Bp23917), alleles could be easily attributed to
their correspondent duplicated loci as their respective
spanning-size ranges do not ovetlap; thus, two different
allelic zones are distinguished for each of these loci (127-130
and 152-161 for Bp2290, and 126-129 and 133-159 for
Bp2391; Figure 1B,C). All these loci were in Hardy—
Weinberg equilibrium, and all of the 60 screened individuals
had either one or two alleles for each one of these zones.
However, individuals with only one allele were found at the
variable locus Bp2292 (Figure 1D, lane 1), which showed
individuals with up to four alleles (Figure 1D, lanes 2-7),
therefore bringing up the question on the polyploid nature
and the inheritance patterns of Borderea. If the species is
autopolyploid, individuals with one band are likely to occur
as a consequence of random segregation of alleles from
tetrasomic inheritance, whereas, if the species is allopoly-
ploid and experiences disomic inheritance, individuals with
a single band can be explained only by the coexistence of
different alleles with equal sizes (size homoplasy; Estoup et
al. 2002) or by the presence of null alleles in one or both loci.
A more detailed study with a larger number of individuals
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and populations is currently underway, aiming to clarify the
inheritance pattern of microsatellite alleles in Borderea.
Nonetheless, our preliminaty tesults, based on the finding
of individuals with up to four alleles at 11 out of the 17
assayed microsatellite loci, and of two SSR and two allozyme
loci with fixed heterozygous profiles, suit better the
assumption of allotetraploidy.

The tetraploidy of both species of this relictual genus has
been revealed for the first time through two different
microsatellite analyses (Segarra-Moragues et al. 2003, and
the current study). Because the chromosome counts given for
the Borderea taxa are 2n = 24 (Heslot 1953), out results indicate
that Borderea should have a lower chromosome base number
of x = 6, which was not previously recorded within the
Dioscoreaceae (x = 8,9, 10, 12; cf. Burkill 1960; Dahlgren et
al. 1985; Huber, 1998), and support the hypothesis of a hybrid
origin for the genus. In addition, these new sets of markers are
valuable for obtaining a broader perspective on the genetic
variability, genetic structure, and taxonomy of Borderea, and
for inferring phylogeographic processes and differences in life
histories among this palacoendemic genus.
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