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Plastid phylogenetics of Oceania yams (Dioscorea spp.,
Dioscoreaceae) reveals natural interspecific
hybridization of the greater yam (D. alata)
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Phylogenetic relationships of Oceanian staple yams (species of Dioscorea section Enantiophyllum) were
investigated using plastid ¢rnL-F and rpl32-trnL'V*® sequences and nine nuclear co-dominant microsatellites.
Analysis of herbarium specimens, used as taxonomic references, allowed the comparison with samples collected in
the field. It appears that D. alata, D. transversa and D. hastifolia are closely related species. This study does not
support a direct ancestry from D. nummularia to D. alata as previously hypothesized. The dichotomy in
D. nummularia previously described by farmers in semi-perennial and annual types was reflected by molecular
markers, but the genetic structure of D. nummularia appears more complex. Dioscorea nummularia displayed
two haplotypes, each corresponding to a different genetic group. One, including a D. nummularia voucher from
New Guinea, is closer to D. tranversa, D. alata and D. hastifolia and encompasses only semi-perennial types. The
second group is composed of semi-perennial and annual yams. However, some of these annual yams also
displayed D. alata haplotypes. Nuclear markers revealed that some annual yams shared alleles with D. alata and
semi-perennial D. nummularia, suggesting a hybrid origin, which may explain their intermediate morphotypes
and the difficulty met in classifying them.© 2016 The Linnean Society of London, Botanical Journal of the
Linnean Society, 2016
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INTRODUCTION

Yams are members of the genus Dioscorea L.
(Dioscoreaceae; Dioscoreales). Dioscorea is the lar-
gest and only dioecious genus in the family, compris-
ing c¢. 640 species (Govaerts, Wilkin & Saunders,
2007) historically assembled into 32-59 sections
(Knuth, 1924; Ayensu, 1972). The genus had a
pantropical distribution long before the advent of
humans, with most of the species being isolated by
natural barriers into three continental groups: Asi-
atic, African and American (Hahn, 1995).The phylo-
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genetic relationships between species of Dioscoreales
remain unresolved, although several studies have
attempted to clarify them (Caddick et al., 2002;
Wilkin et al., 2005; Hsu et al., 2013). There is, how-
ever, a paucity of knowledge on the systematic rela-
tionships between different species within sections.
It is even more complex in areas where yams are
considered as indigenous crops connected to local cul-
tures and traditions. In such areas, yam diversity is
managed by farmers through the use of wild, sponta-
neous and cultivated yams (Malapa et al., 2005;
Scarcelli et al., 2006; Bousalem et al., 2010; Chair
et al., 2010), leading to confusion in the systematic
identification of specimens.
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Dioscorea section Enanthiophyllum Uline is the
most economically important section as it contains
the main cultivated edible species, notably
D. cayenensis Lam. and D. rotundata Poir. that orig-
inated in West Africa, D. nummularia Lam., a tem-
perate yam, D. opposita Thunb. (probably a synonym
of D. japonica Thunb.), D. transversa R.Br. from
Southeast Asia and Oceania; and D. alata L. for
which the origin remains unknown. Although many
studies have attempted to clarify the relationships
between African species (Chair et al., 2005; Girma
et al., 2014), the relationships between Asian and
Oceanian species, namely D. alata, D. nummularia
and D. transversa, remain unclear.

Dioscorea alata, or greater yam, is believed to have
originated from Southeast Asia (Burkill, 1960) and
then to have been introduced to the South Pacific
islands, where it has a high cultural value. It was
dispersed from New Guinea by the first Lapita set-
tlers who spread eastwards from the Bismarck
Archipelago > 3000 years ago (Kirch, 2000; Bedford,
2006). It is now the most widely distributed culti-
vated yam species in the world and is probably also
the oldest, with an ancient domestication history
(Hahn, 1995; Lebot, 2009). Dioscorea alata is a mor-
phologically distinct species, although unknown in
the wild, and is not known to hybridize with other
Dioscorea spp. (Lebot et al., 1998). It was suggested
that it could have been domesticated by human
selection from wild forms of common origin with
D. hamiltonii Hook.f., and the synonymous D. per-
similis Prain & Burk., occurring in an area extend-
ing from northern India to Taiwan (Coursey, 1976;
http://e-monocot.org). However, recent amplified frag-
ment length polymorphism (AFLP) studies indicated
that this species is not the direct ancestor of
D. alata, and D. alata is close to D. nummularia and
a cultivated form of yam found in Oceanian islands
thought to be D. transversa (Malapa et al., 2005).
Proximity of D. nummularia and D. alata was con-
firmed with subsequent rbcL and matK sequencing
(Wilkin et al., 2005).

Dioscorea nummularia, or spiny yam, is native to
Melanesia and to Island South-East Asia (ISEA)
(http://e-monocot.org). An important centre of diver-
sity is most probably New Guinea, but in the Solo-
mon Islands and Vanuatu spontaneous and wild
forms also occur in the forest in addition to several
cultivars (Walter & Lebot, 2003). Dioscorea nummu-
laria is known in Vanuatu, where this species has
been the most documented (Malapa, 2005), as ‘wael
yam’, which means wild yam in Bislama, a local Pid-
gin English. It is a spontaneous and semi-perennial
yam subjected to unusual cultivation practices that
are close to paracultivation (Dounias, 2001). Tubers
are planted under the canopy and living trees are

used as climbing supports for the vines of this semi-
perennial plant. Left untouched for 3 to 4 years after
plantation, they are then harvested once a year with-
out seasonal constraints. This yam is an important
food used in times of food scarcity in Vanuatu (Sar-
dos, 2008; Lebot, 2009). In addition to the common
semi-perennial cultivars, some rare annual cultivars,
e.g. ‘Lapenae’, have also been reported (Malapa,
2005).

Additionally, another group of yams belonging to
unidentified taxa (Malapa, 2005) and named ‘strong
yam’ by farmers in Vanuatu, is also cultivated in
Oceania, often in the same plots as D. alata. Strong
yams are also annual types and are appreciated for
their high dry matter content when compared with
D. alata. Generally associated with D. nummularia
[e.g. Kirch (1994) for Futuna or Thaman (1988) in
Fiji], some of the strong yam cultivars grown in Van-
uatu, but not all, have been recently associated with
the Australian species D. transversa. Strong yams
cultivars named ‘Marou’ (Malapa et al., 2006) are
believed to have been introduced into neighbouring
New Caledonia at the beginning of the 20" century
by blackbirded workers coming back from Queens-
land (Bourret, 1973) and to have further spread to
Vanuatu.

Dioscorea transversa, or pencil yam, is an Aus-
tralian species growing in eastern and northern
parts of the country. It was commonly harvested,
consumed and even stored by Australian Aboriginals
(Clarke, 2007). Dioscorea transversa is not cultivated
in continental Asia and, so far, it has been reported
only in Melanesia and Australia. Its edible tubers
have high dry matter content and good organoleptic
quality, higher than D. alata and similar to D. num-
mularia (Lebot, 2009).

Despite the unique square stems with wings at
each angle of D. alata, confusion over its morphology
with D. nummularia and D. transversa has been
reported in the Philippines (Cruz & Ramirez, 1999),
Indonesia (Sastrapradja, 1982) and New Caledonia
(Bourret, 1973). Consequently, and despite their
major importance in local diets, the taxonomy of
these three species in section Enantiophyllum and
their phylogenetic relationships remain unclear: the
strong yams cannot be strictly assigned to a particu-
lar species, the relationships between D. nummula-
ria and D. alata are still not resolved and their
phylogenetic relationships with D. transversa remain
unclear.

In the present study, herbarium specimens were
used as taxonomic references and two plastid non-
coding regions, namely trnL-F (Taberlet et al., 1991)
and the rpl32-trnLVA® intergenic spacer (Shaw
et al., 2007), widely used for studying intra- and
interspecific-level phylogenetic relationships were
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combined. Consequently, the phylogenetic relation-
ships of the three yam species commonly planted in
Melanesia, namely D. transversa, D. nummularia
and D. alata, and the strong yams were investigated.
In addition and to explore all possible origins of the
strong yams and resolve the difficulty met in classi-
fying them, putative hybridization events between
the different taxa were also investigated using a set
of nuclear microsatellite markers. Lastly, the find-
ings are discussed to address the impact of the tradi-
tional management system on yam phylogenetics in
Oceania.

MATERIAL AND METHODS
DESCRIPTION OF TRADITIONAL YAMS IN OCEANIA

Dioscorea alata, sop-sop yam, has a typical square-
winged stem, opposite narrowly heart-shaped leaves
and can produce bulbils in addition to its large and
long underground tubers. Diosocrea nummularia,
wael yam, is a robust, high-climbing, spiny vine with
large, cordate and elliptical leaves being opposite at
the lower portion of the stem and alternate at the
upper. Dioscorea nummularia is semi-perennial and
produces compact and shallow well-developed tubers
(Lebot, 2009). Dioscorea transversa has lignified
stems which develop no wings like D. nummularia
or discrete ones like those of D. alata. Leaves are
alternate basally on stems and opposite distally.
They are similar in shape to D. alata but with thick
and shiny laminas similar to D. nummularia. Tuber
shape varies, the most common ones having thin
cylindrical tubers growing deep into the soil (Lebot,
2009). Due to their spiny vines and to the morpho-
logical similarities of some cultivars with D. nummu-
laria and despite the heterogeneity met in the
architecture of their tubers, strong yams are often
considered as annual forms of D.nummularia
(Malapa, 2005), although some of them were con-
fused with D. transversa (Malapa et al., 2006). Here-
after, we refer to this taxon as Dioscorea sp.

TAXON SAMPLING

To investigate the relationships between the Dios-
corea species, we used dried plant material obtained
from herbarium specimens and from field collections.
Detailed information and locations of samples col-
lected are presented in Table 1 and Figure 1A. Three
species were included in this study, D. nummularia
(Dn), D. alata (Da) and D. transversa (Dtv), with
specimens of the strong yams (Dsp). We also
included D. hastifolia Endl. (Dh), another species of
section Enantiophyllum which belongs to the Aus-
tralian genepool. It was widely used by Aboriginal

societies (Hallam, 1975; Denham, 2008) and was
apparently cultivated in large plots (Grey in Gam-
mage, 2009). Today, it is not consumed and its distri-
bution is restricted to the west coast of Australia.

Of the 28 specimens from field collections, provided
by the Vanuatu Agricultural and Technical Center
(VARTC), six belong to D. alata, seven belong to the
local strong yam group and 15 specimens are identi-
fied as D. nummularia and classified as wael yam,
including one specimen, DnLapenae, which is culti-
vated by farmers as an annual crop. All D. alata
specimens were collected in Vanuatu: three origi-
nated from Vanuatu (Dal003, Da357 and DaMVu)
and the three others from India (Da313, Da402 and
DaFIn). Seven herbarium specimens were obtained
from the National Herbarium of Australia (CANB):
one D. nummularia specimen collected in Papua
New Guinea (PNG) (Dn27777), four D. transversa
specimens collected in East Australia (Dtv416 and
Dtv12068) and in the Torres Strait Islands (Dtv6602
and Dtv3434) and two D. hastifolia specimens col-
lected in Western Australia (Dh4322 and Dh15249).
The leaves of these specimens were collected between
1935 and 2004. A specimen of D. bulbifera L. (Sec-
tion Opsophyton Uline), provided by VARTC, was
included in this study to be used as outgroup.

DNA EXTRACTION, AMPLIFICATION AND SEQUENCING

Total genomic DNA from field samples was extracted
from specimens as described by Risterucci et al.
(2000) and then purified using a column purification
kit as described by the manufacturer (Macherey-
Nagel; cat. no. 740 571 100). DNA extractions from
herbarium samples were conducted using the Qiagen
96 Plant kit for lyophilized tissues (Qiagen). For each
set of DNA extraction, at least two negative extrac-
tion controls were performed.

Two plastid DNA regions, ¢trnL-F (Taberlet et al.,
1991) and rpl32-trnLYA® (Shaw et al., 2007), which
have proven their usefulness in investigating low
taxonomic levels where species may be very closely
related (Kelchner, 2000; Hodkinson et al., 2002; Vir-
uel, Catalan & Segarra-Moragues, 2012), were ampli-
fied. However, the published primers failed to
amplify DNA from herbarium specimens. Indeed,
short fragments are abundant in herbarium DNA
and can decrease the success of PCR amplification
(Sarkinen et al., 2012). New primer pairs were thus
designed to amplify both regions by small overlap-
ping sequences of maximum 200-400 bp. To identify
strictly homologous regions enabling primer design,
sequences from Dioscorea spp. were downloaded from
GenBank and aligned. For the ¢rnL-F region,
sequences of 12 species were used [D. abyssinica
(D89715.1), D. alata (DQ841331.1), D. bulbifera
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Australia

Hn1: D. nummularia (wael yams) and D. sp. (strong yams)

M Hn2: D. nummularia (wael yams)

Ha1: D. alata

M Ha2:D. alata

W Htv1: D. transversa
B Htv2: D. transversa
W Hh1: D. hastifolia

Hh2: D. hastifolia

Figure 1. A, sampling localities and plastid haplotypes of the 32 specimens of yams analysed. B, MdJ network obtained

from the analyses of 32 trnL-F and rpl32-trnLVA®

concatenated sequences, showing the relationships between D. num-

mularia, Dioscorea sp., D. transversa, D. alata and D. hastifolia haplotypes. MV, median vectors.

(EF619352.1), D. cayenensis (D89708.1), D. rotun-
data (D89695.1), D. esculenta (Lour.) Burkill (DQ84
1298.1), D. esculenta var. spinosa (GQ265290.1),
D. glabra Roxb. (DQ841321.1), D. hispida Dennst.
(DQ841323.1), D. pentaphylla L. (GQ265289.1),
D. persimilis Prain & Burkill (DQ841328.1) and
D. praehensilis (D89698.1)] and sequences of six spe-
cies were used for rpl32-trnLVA% [D. abyssinica
(JF705568.1), D. bulbifera (JF705571.1), D. dumeto-
rum (Kunth) Pax (JF705570.1), D. praehensilis
(JF705573.1), D. rotundata (JF705572.1) and D. ele-
phantipes (L'Hér.) Engl. (EF380353.1)]. These
sequences were aligned with BioEdit version 7.2.0
(Hall, 1999). Using the software Primer 3 plus
(Untergasser et al., 2007), primer pairs positioned in
the conserved regions were then designed. All primer
sequences used for PCR amplification and sequenc-

ing of the resulting fragments are presented in
Table 2.

The PCR protocol was conducted using between 20
and 300 ng of DNA, 0.625 U Hotspot Taq polymerase
(Promega), 5 uL. 5x buffer (Promega), 50 mm MgCly,
0.4 v each primer and 5 mm dNTPs. PCRs were
performed in a PTC-100 thermocycler (MJ Research)
with the following programme: 5 min at 94 °C, then
ten cycles of 45 s at 94 °C, and touch-down of 1 min
at T, starting at 55 °C with —0.5 °C at each cycle,
2 min at 72 °C, then 26 cycles of 45s at 94 °C,
1 min at 50 °C, 2 min at 72 °C and finally 5 min at
72 °C. Sequences from herbarium specimens were
amplified with the newly designed primers and using
the PCR mix provided with the GoTaq Long (Pro-
mega) with 2 ul 1:10 DNA and by adding 0.25 uL
100x bvine serum albumin. All PCR products were
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Table 2. Characteristics of two probes of four clustering primer pairs developed for amplification and sequencing of the

two plastid sequences: ¢rnL-F and rpl32-trnL VA%

Primer sequence (5'-3")

Allele size (bp)

PROBEDB_ACC Locus

Pr032251208 PDaCIRtrnL-trnF_fragl
PDaCIRtrnL-trnF_frag2
PDaCIRtrnL-trnF_frag3
PDaCIRtrnL-trnF_frag4

Pr032251207 PDaCIRtrnL-rpl32_fragl

PDaCIRtrnL-rpl32_frag2
PDaCIRtrnL-rpl32_frag3

PDaCIRtrnL-rpl32_frag4

TEHITS TSI E D E D

GGGATATGGCGAAATTGGTA 228
TTGAGTCTCTGCACCTATCCTTT
AAAGGATAGGTGCAGAGACTCAA 322
TTCTCGTCCGATTAATTCGTTT
TCAACCGAAGTTGAAGGAAGA 196
GGACTTGAACCCTCACGATT
AATCGTGAGGGTTCAAGTCC 263
GCGTGTCAGGAACCAGATTT
GCTTCCTAAGAGCAGCGTGT 206
TGTTAAAACTGAACCCTATGACGA
TGCTCAATCAATGATCTATCGTC 375
CAAAACCTAATTGATTTGAGAAATATG
TATTTCTCAAATCAATTAGGTTTTGG 265
GTATGYGGAATACCAATTCTTTTGTC
AGACAAAAGAATTGGTATTCCACA 293

GCGGTTCCAAAAAAACGTACTTC

visualized by electrophoresis on 1.5% agarose gels
using DNA ladder Exactladder DNA Premix 2 log
(Ozyme). PCR products were purified using a PCR
QIAquick kit (Promega). Direct sequencing was con-
ducted on both strands on an ABI 3500 automated
DNA sequencer (Applied Biosystems). All DNA
sequences obtained in this study have been deposited
in GenBank (accession numbers KM888685-
KM888753).

EDITING AND SEQUENCE ALIGNMENT

DNA sequences were edited and aligned manually
against the trnL-F and rpl32-trnL'VA® sequences of
D. elephantipes (EF380353.1:46494-47415 and EF38
0353.1]:122931-124105, respectively) using Genalys-
Win version 3.4.8 (CNG) (Takahashi et al., 2003).
Sequence statistics were analysed using MEGA ver-
sion 4.0.2 (Tamura et al., 2013).

PHYLOGENETIC ANALYSES

The best-fit partitioning scheme for our dataset was
investigated using PartitionFinder (Lanfear et al.,
2012) using the Bayesian information criterion (BIC)
as the information-theoric measure. GEVALT soft-
ware (Davidovich, Kimmel & Shamir, 2007) as imple-
mented in Haplophyle (http:/haplophyle.cirad.fr)
was used for haplotype definition analysing the con-
catenated ¢rnL-F and rpl32-trnL'V2% sequences.
Then, a median-joining network analysis (MdJ net-
work) (Bandelt, Forster & Rohl, 1999) was performed
with  Haplophyle software. Considering that

microstructural mutations and their underlying bio-
logical patterns are important features to be consid-
ered for phylogenetic analysis (e.g. Benson, 1997;
Kelchner, 2000), they were coded as mutations for
this analysis.

For phylogenetic analyses, maximum-likelihood
(ML) and Bayesian Markov chain Monte Carlo
(MCMC) methods were used. ML analysis was con-
ducted using PhyML 3.0 (Guindon & Gascuel, 2003;
Guindon et al., 2010) and the Bayesian analysis (BA)
was performed with MrBayes 3.1.2 (Huelsenbeck &
Ronquist, 2001). Each method was applied to three
data sets: the ¢rnL-F sequences, the rpl32-trnLVA%
sequences and the ¢nL-F and rpl32-trnLVA®
concatenated sequences. Structural mutations were
not considered in these analyses (Borsch & Quandt,
2009). For ML analysis, the best model of nucleotide
evolution was estimated using the Akaike informa-
tion criterion (AIC) implemented in JModeltest 2.1.4
(Posada, 2008). The HKY+G (Haegawa Kishimo
and Yano) model with gamma-distributed rate
variation across sites (GirnL-trnF = 0.51; Grpl32-
trnL'V*® = 059 and G concatenated = 0.57) was
selected for the three datasets as the best model
among the 24 compared. The level of support for
branches was tested using bootstrap support (BS)
analysis with 500 replicates (Felsenstein, 1985).

For BA, the general time reversible model (GTR)
with six types of substitution (6GTR) and a
gamma-distributed rate variation across sites as
identified by PartitionFinder as the best model for
the concatenated sequences was chosen for sequence
evolution. Each dataset was analysed by launching
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simultaneously two runs of two MCMCs for 4000 000
generations each. Trees were sampled every 1000
generations. The first 500 000 trees were not consid-
ered and the remaining trees were used to construct
consensus trees with Bayesian posterior probabilities
(PP) compatible with the single tree. The consensus
trees for each of the three datasets were viewed
using FigTree version 1.4.0 (http://tree.bio.ed.ac.uk/
software/figtree/).

NUCLEAR MICROSATELLITE ANALYSIS

Nine nuclear microsatellite markers (Andris et al.,
2010) were selected and used further for analysis:
mDaCIR3, mDaCIR11, mDaCIR17, mDaCIR18_1,
mDaCIR18_2, mDaCIR20, mDaCIR59, mDaCIR62_1
and mDaCIR62_2. PCR amplifications were per-
formed on PTC-100 thermocyclers (MdJ Research)
and genotyping was carried out on an IR2-DNA anal-
yser (LiCor 4200 Sequencer) as described by Chair
et al. (2010). AFLP Quantar Pro 1.0 Software was
used for automated data collection and to determine
allele sizes.

Dioscorea alata and D. nummularia are polyploids
(Malapa, 2005; Arnau et al., 2009) and each allele
was scored as 1 (present) or 0 (absent). A distance
matrix was calculated using the Dice dissimilarity
index between pairs of specimens (Dice, 1945). A
minimum 80% proportion of valid data was required
for each unit pair. The genetic relationships between
specimens were assessed by constructing a weighted
neighbour-joining (NJ) tree (Saitou & Nei, 1987) and
by using principal coordinates analysis (PCoA) imple-
mented in Darwin version 5 software (Perrier & Jac-
quemoud-Collet, 2006). To assess the degree of
statistical support for the different branches in the
NdJ tree, we performed 500 replicates of bootstrap
analysis on the data set.

RESULTS
AMPLIFICATION AND SEQUENCING

For the ¢rnL-F region, the newly designed primers
succeeded in amplifying five of the herbarium spec-
imens, but failed for Dn27777 and Dtv3434.
Sequences were thus obtained for 33 samples. For
rpl32-trnL'VA% 35 sequences were obtained, but
the one amplified from specimen Dal003 appeared
truncated and was discarded from the subsequent
analysis. Concatenation of the two sequences
requires the same set of samples for all the loci
and thus our analysis was limited to 32 samples
for which we obtained complete sequences for both
regions.

BASE COMPOSITION AND ALIGNMENT

Sequence characteristics for each of the two markers
and the data set are shown in Table 3. The total
aligned sequence length for ¢rnL-F consisted of
751 bp, which included 20 structural mutations [a 4-
bp inverted sequence and 19 insertions or deletions
(indels)]. Twelve of the indels discriminated the tar-
geted specimens from the outgroup. The total aligned
sequence length for rpl32-trnL/VA% consisted of
871 bp, including 24 structural mutations [a 25-bp
inverted sequence and 23 indels]. Nineteen of these
indels separated the targeted specimens from the out-
group. The total aligned sequence length of concate-
nated sequences consisted of 1621 bp. Once indels
and inverted sequences were deleted, the trnL-F and
rpl32-trnL VA% and concatenated sequence matrices
consisted of 688, 738 and 1426 bp, respectively. The
trnL-F region had 17 (2.47%) variable sites and six
(0.87%) potentially parsimony-informative charac-
ters. The rpl32-trnL'Y*® region had 29 (3.93%)
variable sites and 15 (2.03%) potentially parsimony-
informative positions. The concatenated sequences
had 46 (3.22%) variable sites and 21 (1.47%) poten-
tially parsimony-informative characters.

PartitionFinder was then used to determine which
partitioning scheme best fit the dataset for further
analysis. The lowest BIC score was assigned to the
concatenated sequence when compared with the
analysis of the two individual sequences.

Table 3. DNA site variation for each marker and for the
data set of Dioscorea spp. used in the phylogenetic
analyses

Concatenated
sequences

rpl32-

Marker trnL-F trnL(VA®

Number of 33 34 32
specimens

Total aligned 751 871
length (bp)

Aligned length 688 738
analysed
(bp) (without
mutations)

Conserved 671 709
characters
(bp)

Variable
characters
(bp)

Potentially
informative
characters
(bp)

1621

1426

1380

17 (2.47%) 29 (3.93%) 46 (3.22%)

6 (0.87%) 15(2.03%) 21 (1.47%)
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HAPLOTYPE IDENTIFICATION AND PHYLOGENETIC NETWORK
ANALYSIS

In our sample, eight haplotypes were identified using
GEVALT software, corresponding to two haplotypes
per species, and one more haplotype corresponding
to the outgroup (Fig. 1B). The specimens from the
strong yam group, classified in this study as Dios-
corea sp., share haplotypes with either D. alata
(Hal) for two specimens or D. nummularia (Hnl) for
the five other specimens, but none with
D. transversa or D. hastifolia (Table 1). We noted for
D. nummularia that Hnl is composed of both Dios-
corea sp. and D. nummularia specimens, including
the annual D. nummularia ‘Lapenae’, whereas Hn2
is exclusively composed of D. nummularia. The two
D. transversa haplotypes correspond to the speci-
mens collected in East Australia (Htl) and to the
accession collected in the Torres Strait Islands (Ht2).
Haplotype Ha2 encompasses three D. alata speci-
mens from India out of four whereas Hal was com-
posed of the remaining D. alata specimen from
Vanuatu and the two Dioscorea sp. specimens.

The MdJ network was analysed for the eight haplo-
types obtained. Haplotypes from a given species
appear linked in the MdJ network, leading to the
identification of four genetic groups corresponding to
the four species studied at the exception of the affili-
ation of the Dioscorea sp. specimens to D. nummula-
ria and D. alata. Both D. alata haplotypes and both
D. transversa haplotypes appear to be derived by one
and four mutations, respectively, from common
ancestors, whereas D. hastifolia and D. nummularia
share a common pattern with their haplotypes deriv-
ing by one and by eight mutations, respectively, from
each other. According to the network topology, a
common ancestor is shared by D. alata, D. nummu-
laria and a wider genetic group composed of D. has-
tifolia and D. transversa, the two Australian species
displaying a common ancestor between the one in
common with D. alata and D. nummularia and their
divergence. Considering haplotype Hn2, D. nummu-
laria is the closest to this ancestor (one mutation)
followed by D. transversa (six mutations), whereas
D. alata and D. hastifolia are more distant (12 and
11 mutations, respectively).

PHYLOGENETIC ANALYSIS USING PLASTID SEQUENCES

BA and ML analyses were performed for the two plas-
tid regions separately and for the combined dataset.
The topologies of the trees obtained with BA and ML
analyses were congruent and confirmed haplotyping.
In addition, herbarium specimens that failed to pro-
duce one of the sequences, the specimens of D. num-
mularia collected in Papua New Guinea (Dn27777)

and of D. transversa collected in the Torres Strait
Islands (Dtv3434) for which no sequence was obtained
for the ¢rnL-F region, exhibited Hn2 and Htv2 haplo-
types, respectively, in both trees obtained from the
rpl32-trnLVA% sequence. Likewise, the accession of
D. alata from Vanuatu Dal003 exhibited an Hal hap-
lotype in the tree constructed from the #rnL-F
sequence. The posterior probability values obtained
from the BA were weaker than those obtained from
the ML analysis. We thus describe here the ML tree
obtained from the concatenated sequence matrix.

The ML tree obtained after analysis of the concate-
nated ¢rnL-F and rpl32-trnL/VA% sequences is pre-
sented in Figure 2. It is composed of eight distinct
branches that correspond to the haplotypes previ-
ously identified, in addition to the outgroup. Dios-
corea hastifolia (BS = 100) and D. alata (BS = 97)
are strongly supported, whereas D. transversa
(BS = 53) is weakly supported. One of the haplotypes
in D. nummularia, Hnl, is moderately supported
(BS = 82), whereas divergence among Hnl and Hn2
appears unresolved (BS = 56). Equally and according
to the weak BS values for these branches (BS = 36
and BS =46) divergence between D. hastifolia,
D. alata and D. transversa is unresolved in the tree.
Nevertheless and despite the overall low BS of the
branches, the topology of the tree supports the
results obtained with the network analysis. It sug-
gests that Hn1 clusters apart from D. alata, D. has-
tifolia and D. transversa, which seem somehow to
share a common ancestor with Hn2.

PHYLOGENETIC ANALYSIS BASED ON SSR DATA

Simple sequence repeat (SSR) analysis was con-
ducted to identify specimens with hybrid status. SSR
markers failed to amplify from herbarium specimens.
Consequently, D. transversa and D. hastifolia could
not be included in the analysis. In addition, three
samples obtained from fresh leaves (DaFIn, Dsp1033
and DspKwala) had too many missing data to be
kept for further analyses. Overall, 25 samples were
thus considered for this part of the study. Eighty-two
alleles were identified using nine microsatellite pri-
mer pairs (Table 4). Among these alleles, 49 were
found to be species-specific, of 22 in D. alata, 15 in
D. nummularia and 12 alleles in Dioscorea sp. spe-
cific. Among the 46 alleles obtained for the five Dios-
corea sp. specimens analysed, eight alleles were
shared with D. alata and 17 with D. nummularia.
This number of shared alleles between Dioscorea sp.
and the two other species is higher than the nine
alleles found to be common to all specimens anal-
ysed. It is also higher than the three alleles common
to D. alata and D. nummularia.
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D. nummularia var. Lapenae
D. sp.-1033
D. sp.-1652
D. sp. var. Kwala
D. nummularia-333
D. sp. var. Marou
D. nummularia-8
D. nummularia-4 @
D. nummularia-9
82 |p sp.-336
D. nummularia-10
D. nummularia-3
100 |D. hastifolia-4322"
L—D. hastifolia-15249"
D. sp.-331 -Ha1
i 98 D. alata-357
1 D. sp.var. Rul XD. alata-1003
D. alata-313
D. alata-402
46 831D, alata-Fin [F=2]
D. alata-MVu
D. transversa-12068"
- 53| D. transversa-416" -
D. transversa-6602" -
D. nummularia-1 * D. fransversa-3434"
D. nummularia-11
D. nummularia-2
D. nummularia-6 -
D. nummularia-5
D. nummularia-7 ¥ D. nummularia-27777"
D. nummularia-335
D. nummularia-206
D. bulbifera
0.006

Figure 2. ML-based phylogenetic tree obtained from the analyses of 32 ¢rnL-F and rpl32-trnL'V*® concatenated
sequences. PHerbarium specimens. Colour boxes: haplotypes. Specimens underlined and preceded with an asterisk corre-
spond to sequences obtained with one of the two intergenic spacers with position on the ML tree with ¢rnL-F or rpl32-

L(UAG)

trn sequence.

Pairwise dissimilarities were computed for the 25
specimens using the Dice distance and were then
depicted by an NdJ tree (Fig. 3A). Three main clusters
were identified. Cluster A composed of specimens
with haplotype Ha. It was subdivided into two sub-
clusters: the first was composed of D. alata speci-
mens and the second was composed of the two strong
yam specimens with haplotype Hal. The second clus-
ter, cluster B, assembled exclusively wael yams with
haplotype Hn1 except specimen Dn5 which presented
haplotype Hn2. It was also subdivided into two sub-
clusters with 100% bootstrap support. The third clus-
ter, C, was also subdivided into two subclusters, the
first one with the remaining wael yams with haplo-
type Hn2 and the second one with remaining strong-
yams with haplotype Hnl. Bootstrap support values

between the different clusters and subclusters were
highly significant (93-100%).

To investigate the relationships between specimens
further, a PCoA was carried out (Fig. 3B). The first
two eigenvalues obtained explained 63.61% of the
total variance. The differentiation between D. alata
and D. nummularia specimens appeared clearly on
each side of the first axis. The second axis further
differentiated the two haplotypes of D. nummularia.
We noted that four D. nummularia samples com-
posed of individuals exhibiting either Hnl or Hn2
haplotypes are positioned between two -clusters
exclusively composed of Hnl and Hn2 haplotypes,
respectively. The PCoA also showed that the strong
yam specimens do not constitute a single cluster and
tend to have an intermediate position between
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Table 4. Number of alleles obtained using the nine microsatellite markers and their distribution among the studied

species
Shared
Total Specific Shared alleles Shared Shared
alleles alleles alleles Dioscorea alleles alleles
Farmers’ Total per per Dioscorea sp./D. three  D. nummularia/D.

Species classification N alleles species species sp./D. alata nummularia species alata
D. alata Sopsop Yam 5 82 38 22 8 17 9 3
Dioscorea sp. Strong Yam 5 51 12
D. Wael Yam 15 46 15

nummularia

D. alata and the Hn2 haplotype of D. nummularia,
even though three samples, namely Dsp336,
DspMarou and Dspl1652, appear closer to Hn2 than
to D. alata.

DISCUSSION

PHYLOGENETIC RELATIONSHIPS BETWEEN D). ALATA,
D. NUMMULARIA, D. TRANSVERSA AND DIOSCOREA SP

There is no comprehensive study of the phylogenetics
of yams native to Oceania. Although a worldwide phy-
logenetic study of Dioscorea has been carried out
(Wilkin et al., 2005), section Enantiophyllum and
especially the yams cultivated in Oceania, were poorly
and sparsely investigated (Caddick et al., 2002;
Wilkin et al., 2005; Hsu et al., 2013). In an attempt to
understand the relationships between these different
species, our study using plastid sequence analyses
indicates that D. alata, D. transversa, D. hastifolia
and D. nummularia are closely related species. Boot-
strap supports obtained on the phylogenetic trees
were weak. This is mainly due to the number of mark-
ers and to the sample used. Our study targeted four
closely related species in order to understand their
relationships and shed light on strong yams; such a
pattern may explain the low level of variation and
consequently the overall low BS obtained. However,
the tree topologies are informative. The ML tree sug-
gests the divergence of Hnl and Hn2 and the emer-
gence of D. alata, D. transversa and D. hastifolia
from a close common ancestor with Hn2. Such a find-
ing needs to be checked with more variable markers
and by including more related species. In addition,
the species of section Enanthiophyllum from Oceania
should be included in a global phylogenetic analysis of
this section.

The level of separation between D. nummularia
haplotypes and D. alata clearly shows that D. num-
mularia is not the direct ancestor of D. alata, despite
the results obtained in recent studies (Malapa et al.,

2005). Although D. alata is the most widely culti-
vated yam (Egesi et al., 2003; Malapa et al., 2005;
Arnau et al., 2009), its origin thus still remains
unclear. Broader sampling, including specimens of
D. alata from different archipelagos in Oceania,
South-East Asia and New-Guinea, with wild and
cultivated specimens of related species, will be neces-
sary for further research on the origin of this
species.

Each of the species investigated in our study dis-
played at least two haplotypes differing from each
other by one to eight mutations, showing evidence
for within-species divergence. The haplotypes identi-
fied in D. alata and D. transversa have diverged
from a common ancestor. Each of the D. alata haplo-
types differs by one mutation from their common
ancestor, indicating a recent divergence that would
be consistent with phylogeography. One of the
D. alata haplotypes is carried by the three specimens
from India and one from Vanuatu, whereas the other
one is borne by the specimens from Vanuatu. How-
ever, our nuclear markers could not discriminate
Indian from Vanuatu genepools. This pattern may
result from our small sample size and needs to be
confirmed further.

Dioscorea transversa and D. hastifolia, both origi-
nating from Australia, seem to share a common
ancestor after their divergence from the common
ancestor with D. nummularia and D. alata. This pat-
tern is consistent with the geography. The two haplo-
types of D. transversa, corresponding to specimens
collected in the Torres Strait Islands and in eastern
Australia, support the hypothesis of a geographical
differentiation within this species. The two speci-
mens of D. hastifolia are separated by a single muta-
tion leading to two haplotypes, suggesting a recent
divergence. These haplotypes probably ensue from
the existence of distinct genepools within the species.
With regard to the history of D. hastifolia, an Aus-
tralian native species that was probably domesti-
cated by the Aborigines well before the arrival of
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Figure 3. A, unrooted NJ tree based on nine microsatellite markers, using dice distance implemented in the Darwin 5
program, showing the genetic relationships among yam specimens. The tree is based on 500 bootstraps on individuals.
Only bootstrap values > 50% are shown. Each branch is coded according to membership into the haplotypes identified
previously by plastid sequences. B, PCoA plot of the 25 yam specimens based on microsatellite data. Boxed A, B and C

indicate the clusters identified.

Europeans in the 18 century (Walter & Lebot,
2003), the identification of a correlation between the
genetic divergence and geography is hazardous. The
domestication and diffusion of this species have been
poorly investigated even though anthropological
studies report its past cultivation. Our data are thus
insufficient to further explain the presence of two
haplotypes in this species.

Is DIOSCOREA NUMMULARIA STILL OBSCURE?

According to Lebot (2009), D. nummularia, a high-
yielding species with agronomic potential, is a poly-
morphic species that remains obscure and has not
been studied thoroughly. The plastid sequences
used in the present study allow the identification of
two main haplotypes among the D. nummularia
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specimens. Hnl encompassed wael yams and all
strong yams except Rul and Dsp331. Haplotype
Hn2 includes only wael yams and the herbarium
specimen of D. nummularia collected in Papua
New-Guinea. This is the first time that two haplo-
types have been identified in the semi-perennial
plants of this species. It has been suggested that
misidentified species could be included under this
binomial (Lebot, 2009), but the main dichotomy
described previously in D. nummularia was related
to the annual and semi-perennial split, i.e. strong
yams and wael yams, reported in the Pacific Island
farming systems such as Futuna (Kirch, 1994) and
Vanuatu (Malapa, 2005; Sardos, 2008). Such a split
is not confirmed by our molecular data, but our
results suggest a much more complex pattern. The
nuclear markers have shown that the Hnl haplo-
type was split into three subclusters with one
formed only of strong yams, whereas the two others
contained only wael yams. One of them included
one Hn2 specimen (Dn5). The position of the latter
among Hnl haplotype specimens and the intermedi-
ate position of a small group of D. nummularia,
including Dn5, between Hnl and Hn2 on the PCoA
suggests the occurrence of gene flow between the
two haplotypes. Thus, the wael yam specimens,
Hnl or Hn2 haplotypes, are probably interfertile
and hybridization between these groups seems pos-
sible. The presence of fertile wild forms of D. num-
mularia in Vanuatu was reported previously by
Lebot (2002), supporting our results. By contrast,
the Hn2 specimens formed one distinguishable sub-
group with seven specific alleles. Moreover, the fact
that both the plastid and the nuclear markers are
able to discriminate the Hn2 group suggests that
gene flow between specimens of Hn2 and Hnl hap-
lotypes is not important enough to avoid their
genetic differentiation even though they evolve in
the same environment. Therefore, wael yams, classi-
fied as belonging to D. nummularia, seem heteroge-
neous. This dichotomy was supported by both
plastid and nuclear markers. It is clear that in Van-
uatu, two different genepools, if not two different
taxonomic entities coexist under the same name
and are managed by the same farmers in the same
forests and gardens. However, the partition
reported previously in D. nummularia is stated here
not based on the cultivation cycle but rather on the
haplotypes and genotypes. More investigation
including cytology, plastid and nuclear molecular
identification backed up with farmers’ knowledge,
documentation and botanical comparison between
the different haplotypes identified, similar to studies
that have been conducted on other Dioscorea spp.
(Wilkin et al., 2009), will be necessary for further
determination of their respective taxonomic status.

When dealing with cultivated species, it is extre-
mely difficult to assess their origin clearly: numerous
human migrations led to the dispersion of the gene-
pools across wide geographical distances. In Oceania,
domestication of traditional crops is believed to have
occurred in New Guinea during the early and mid-
Holocene and to have been further followed by dis-
persal throughout Oceania as settlers colonized the
Pacific islands (Lebot, 1999; Bird, Hope & Taylor,
2004). Whether local genepools of these crops, includ-
ing yams, existed in the islands prior to human set-
tlement is not clearly assessed and probably depends
on which crop species are being considered. Molecu-
lar investigation revealed that the genepool of local
Micronesian breadfruit (Artocarpus altilis Fosberg;
Moraceae) has probably contributed to its current
diversity (Zerega, Ragone & Motley, 2004), whereas
the decrease of taro genetic diversity from Melanesia
in the west to Polynesia in the east suggests an intro-
duction in Oceania from a single Papuan genepool
(Mace et al., 2010). Given the presence of the New
Guinea herbarium specimen of D. nummularia in
haplotype Hn2, we may assume that it is native to
this large island and was introduced to the Pacific
islands by human settlers. This is supported by the
closeness in the network of Hn2 and D. transversa,
originating from Australia, with the common ances-
tor of the species studied. It raises the question of the
origin of Hnl which seems, according to the network,
to have evolved from Hn2 independently of D. alata,
D. hastifolia and D. transversa. Whether Hnl has
been introduced, by humans, in Vanuatu from an
exotic genepool or has locally evolved from a common
ancestor with Hn2 that would have naturally been
introduced in the archipelago is difficult to assess.

Independently of the origin of their occurrence in
Vanuatu, whether the two D. nummularia haplo-
types identified in our study represent different
genepools of the same species or belong to different
taxa is unclear. A larger sampling of specimens clas-
sified as D. nummularia across its distribution range
including Vietnam, Philippines, New Guinea and
Pacific islands (http:/e-monocot.org), supported by a
systematic morphological description and documenta-
tion of farmers’ practices, should contribute to shed
light on the taxonomic position and origin of haplo-
types Hnl and Hn2.

FARMERS’ USE OF NATURAL HYBRIDIZATION BETWEEN
D. ALATA AND D. NUMMULARIA

In Vanuatu, farmers do not classify their yams
according to the Linnean taxonomy, but rather
according to their vegetative and tuber morphologies
and uses. Architecture (number and colour of the
stems, spinescence) and morphology of the aerial
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organs (shape, size, texture and leaf colour) are suffi-
cient for farmers to distinguish between different
cultivated and spontaneous forms (Malapa, 2005).
Nevertheless, the farmers’ classification is often con-
gruent with taxonomy (Sardos, 2008). Strong yams
are cultivated yams producing tubers with high dry
matter content compared with the most widely culti-
vated species D. alata. Farmers are thus able to dis-
tinguish them based on their crop cycle and tuber
quality. However, confusion remains regarding their
formal taxonomic classification. They are classified
either as D. nummularia (Thaman, 1988; Kirch,
1994) or D. transversa (Malapa et al., 2006) but
never as D. alata, whereas in our study, strong yams
displayed two haplotypes, Hnl and Hal. Nuclear
markers revealed that strong yams share alleles with
both D. alata and D. nummularia (haplotype Hnl or
Hn2), whereas they display an intermediate position
between D. alata and wael yams (Hn2) in the PCoA.
This suggests that they may have emerged through
natural hybridization between wael yams and
D. alata. Although D. alata was introduced in these
islands, it was observed that it flowers profusely in
Vanuatu. In addition, the presence of D. nummula-
ria and D. alata haplotypes in strong yams suggests
that gene flow probably occurs in both directions.
Therefore, confusion reported in the classification of
strong yams, such as the erroneous assignation of
the cultivar ‘Marou’ to D. transversa, is probably
related to its potential hybrid status. Natural
hybridization among closely related species in sym-
patric populations commonly produces complex pat-
terns of morphological variation (Lopez-Caamal
et al., 2013), as reported for other species (Jiang
et al., 2013; Kim et al., 2014).

Our results suggest strongly the occurrence of nat-
ural interspecific hybridization between D. alata and
D. nummularia in Vanuatu, even though high
genetic differentiation between the two groups of
yams was found. Indeed, only three alleles are
shared between D. alata and wael yams whether
they have Hnl or Hn2 haplotypes. Such natural
hybridization would be exceptional, but the hybrids
seem to have been identified, valued and selected by
farmers. Our results, if confirmed, are of great inter-
est in clarifying the evolution and taxonomy of yams
grown in traditional agrosystems. In addition, they
could be useful for crop improvement programmes as
D. alata is one of the most important yam species for
food security in developing countries.
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