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Abstrakt

Ekonomicky vyznamny polyploidni rod Curcuma L. (Zingiberaceae) je z taxonomického
hlediska problematicky. Druhy s rozdilnym stupném ploidie (2x, 6x, 9x, 11x, 12x, 15x)
preferuji rizné rozmnoZovaci strategie, které maji za nasledek rozdilnou miru morfologické
variability, kterd znesnadriuje identifikaci jednotlivych druhti. Problémy v nomenklatufe a
absence celkové revize rodu navic vede k nespradvnému uzivani druhovych jmen a spolu s
neobjasnénymi vztahy vramci rodu neumoZnuji spolehlivou vnitrorodovou klasifikaci.
Molekularni studie na trovni ¢eledi Zingiberaceae navic naznaduje, Ze rod Curcuma je
parafyleticky s né€kolika pfibuznymi rody (Kress et. al. 2002). V recentni cytologické studii
indickych zastupcti rodu Curcuma (Leong-Skorni¢kova et al., 2007) bylo navrZeno &lenéni
podrodu Curcuma podle rozdili v homoploidni velikosti genomu. Cilem této magisterské
prace je 1) ovéfit monofyleticky pivod tfech ,,genomovych skupin“ navrZzenych studii
Leong-Skornitkova et al. (2007) a nastinit fylogenetické vztahy druht jak v rdmci téchto
skupin, tak mezi nimi a 2) zhodnotit fylogenetické vztahy mezi rodem Curcuma a &tyimi
zastupci blizce piibuznych rodt (Hitchenia caulina, Monolophus scaposus, Stahlianthus
involucratus, Stahlianthus campanulatus).

Pro feSeni téchto cild byly vybrany dva typy molekuldrnich markert — AFLP
fingerprinting a klonovani tuseku ITS ribosomalni DNA. Metodou AFLP bylo analyzovano
19 indickych zastupct rodu Curcuma (celkem 115 jedinci), zatimco pro sekvena¢ni analyzy
bylo vybrano 24 druhd rodu Curcuma, 4 druhy representujici pfibuzné rody a 4 druhy byly
vybréany jako outgroup (mimoskupina). Tento vybér druhti pokryl dva soucasné rozeznavané
podrody rodu Curcuma (subg. Curcuma a subg. Hitcheniopsis), tfi genomové skupiny (I, II,
IIT) definované v podrodu Curcuma (Leong-Skornigkova et al., 2007) a $est ploidnich trovni
u indickych zastupci rodu.

Rekonstrukce fylogenetickych vztahi na zéklad¢ analyz dvou nezavislych
molekulérnich markerti odhalily podobnou strukturu vztaht v ramci rodu. V ramci podrodu
Curcuma (pfevazné indi¢ti zastupci rodu) byly odhaleny dvé& hlavni vyvojové vétve. Prvni
z nich zahrnovala viechny zéstupce genomové skupiny I a jeden druh ze skupiny II. Druha
vyvojova vétev zahrnovala vSechny ostatni zastupce skupiny II a vSechny analyzované
zastupce skupiny III. Fylogenetické vztahy v ramci jednotlivych vyvojovych vétvi nebyly
jednoznané vyfeSeny, ale je zfejmé, Ze mezidruhové vztahy jsou komplikovany
allopolyploidizaci, hybridizaci a retikularni evoluci. SloZity charakter evoluce tseku ITS
v ramci genomu byl bran v uvahu pfi interpretaci fylogenetickych vztahi mezi studovanymi
jedinci a kratce diskutovan. Hitchenia caulina, Monolophus scaposus, Stahlianthus
involucratus a Stahlianthus campanulatus byly dle analyzy ITS jednozna¢né podpoteny jako
zastupci rodu Curcuma coz je v souladu s vysledky dvou nezévislych studii Ngambriabsakul
et al. (2004) a Leong-Skornigkova et al. (2007)

Kli¢ova slova: Curcuma, Zingiberaceae, polyploidie, fylogeneze, retikularni evoluce,
velikost genomu, molekularni markery, AFLP, ITS
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Abstract

Economically important genus Curcuma is taxonomically critical polyploid complex. Taxa
of various ploidy levels (2x, 6x, 9x, 11x, 12x and 15x) prefer different modes of reproduction
(vegetative, sexual or both) and consequently exhibit different levels of morphological
variability. With no recent revision and extremely complicated nomenclatoric issues
incorrect identifications are very common. So far there is no suitable infrageneric
classification. Morover, concept of the genus Curcuma is vague, as indication exists, that
Curcuma is paraphyletic with several closely related genera (Kress et al. 2002). Based on
ongoing taxonomic revision of Indian Curcuma and recent extensive cytological study, that
have suggested naturall grouping of subgenus Curcuma based on differences in homoploid
genome sizes, the goals of present study are: 1) to test the monophyletic character of
~genome size groups“ sensu Leong-Skornitkova et al. (2007) and outline phylogenetic
relationships within and among these groups and 2) to assess taxonomic position of four
Curcuma-like species often placed into separate genera: Monolophus scaposus, Hitchenia
caulina, Stahlianthus campanulatus and Stahlianthus involucratus.

Two molecular markers, AFLP fingerprinting and ITS cloning and sequencing, were
used. Total of 19 Curcuma species with representation of 115 individuals, were analysed by
AFLP. By ITS cloning and sequencing 24 Curcuma species, 4 species belonging to
Curcuma-related genera and 4 outgroup species were analysed. This sampling covered two
currently distinguished subgenera of the genus Curcuma (subg. Curcuma and subg.
Hitcheniopsis), three genome size groups defined within subg. Curcuma (Leong-Skornigkova
et al., 2007) and six ploidy levels detected within genus Curcuma in India.

Phylogenetic reconstructions based on two independent molecular markers revealed in
general same pattern within genus Curcuma. Within subg. Curcuma two lineages that
probably evolved independently were detected. First lineage corresponding with genome
group I defined in (Leong-Skorni¢kova et al., 2007), second lineage corresponding with
genome group II and III, with only few exceptions, which are discussed. Phylogenetic
relationships within particular lineages were not unambiguously resolved, however
allopolyploidization, hybridization and reticulate evolution in Curcuma species were well
documented. Complex character of evolution in ITS region and its implication for resolving
Curcuma phylogeny is discussed. The four Curcuma-like species often classified to related
genera (Hitchenia caulina, Monolophus scaposus, Stahlianthus involucratus, Stahlianthus
campanulatus) were well supported to be a true Curcuma species. Therefore, previous
suggestion by Ngambriabsakul et al.(2004) and by Leong-Skorni¢kova et al. (2007), that
these species should be classified as members of genus Curcuma, are justified by present
study.

Key words: Curcuma, Zingiberaceae, polyploidy, phylogeny, reticulate evolution, genome
size, molecular markers, AFLP, ITS



Evolution of Indian Curcuma L.

B %A
C iiisrinsn atug oL

%

Curcuma aeruginosa Roxb. (reproduction from Monandrian Plants, Roscoe 1824-1828)
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1. INTRODUCTION

The genus Curcuma L. (Zingiberaceae) is a diverse polyploid complex containing many taxa
of economic, medicinal, ornamental and cultural importance. It is distributed throughout
South and South-east Asia with a few species extending to China, Australia and the South
Pacific. The highest diversity is concentrated in India and Thailand, with more than 40
species in each area, followed by Burma, Bangladesh, Indonesia and Vietnam (Leong-
Skornigkova et al., 2007). Despite the considerable economical potential of this genus, its
phylogeny and taxonomy are still poorly understood mainly due to extensive
polyploidization and hybridization. Polyploidy has played a significant role in evolution and
diversification of various members of Zingiberaceae (e.g. Mukherjee, 1970; Lim, 1972a,b;
Poulsen, 1993; Chen and Chen, 1984; Takano, 2001; Takano and Okada, 2002). Particularly
in Curcuma various ploidy levels (2x, 6x, 9x, 11x, 12x and 15x) developed various modes of
reproduction and exhibit different levels of morphological variability, which blurs species
boundaries. Moreover, Skorni¢kova and Sabu (2005b) and Skorni¢kova et al. (2007)
observed in the field that some species may hybridize in the wild. Unclear nomenclature also
contributes to taxonomic complexity of the group (Skorni¢kova, 2007). Several authors have
attempted to propose infrageneric classification of Curcuma (Roxburgh, 1810; Horaninow,
1862; Baker, 1890; Valeton, 1918; Velayudhan & al., 1996), which were mostly based on
morphological characters. According to Skorni¢kové (2007) none of the previously proposed
infrageneric classifications is, however, suitable. For practical reasons this study followed
infrageneric classification according to Schumann (1904), where two subgenera of genus
Curcuma are recognized based on presence or absence of anther spurs.

Previous attempts to establish infrageneric classification of genus Curcuma or even
infer phylogenetic relationships between individual species based on morphological
characters only failed. Thus other markers have to be applied to reconstruct the phylogeny of
the genus Curcuma. The application of molecular markers is one of the most promising ways
to achieve this aim. In spite of several molecular studies dealing with species identification or
particular evolutionary relationships within genus Curcuma in the past decade, (Apavatjrut et
al., 1999; Chen et al., 1999; Nayak et al., 2006; Cao et al., 2001; Cao and Komatsu, 2003), no
major works were published on phylogeny of Curcuma. Two recent phylogenetic studies on
the higher taxonomic level that included Curcuma species were published. The phylogeny of
family Zingiberaceae (Kress et al.,, 2002) as well as phylogeny of tribe Zingiberae
(Ngamriabsakul et al., 2004) suggests that the genus Curcuma as accepted nowadays is
paraphyletic with several Curcuma-like genera (e.g. Hitchenia, Stahlianthus and Smithiatris,
for details see chapter 2. Literature search) . Skornitkova (2007) suggested, that also some
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representatives from genera Paracautleya, Kaempferia and Monolophus are likely to belong
to the genus Curcuma and their taxonomic position should be studied in more details.

Genome size has been repeatedly found to be a useful taxonomic marker at various
ranks and in various plant groups (e.g. DolezZel et al. 2007; Zonneveld, 2001). A recent study
by Leong-Skorni&kova et al., (2007) focused on chromosome counts and analysis of genome
size in Indian Curcuma. Five different ploidy levels were detected among about fifty Indian
species from subgenus Curcuma (x =7, 6x = 42, 9x = 63, 11x = 77, 12x = 84, 15x = 105)
and one diploid species from subgenus Hitcheniopsis (x = 11, 2x = 22). Analysis of C-values
(genome sizes) and 1Cx-values (homoploid genome sizes) revealed only a few species-
specific C-values, but close evolutionary relationships among some cytotypes were suggested
based on the similarity in homoploid genome sizes and geographical grouping and three
genome size groups in the subgenus Curcuma were proposed. These groups were followed in
present study as the sampling partially overlapped with previous study. Genome size group I
contains hexaploids and higher polyploids with 1Cx-values in range 0.30 — 0.33 pg, genome
size group II contains hexaploid species only with 1Cx values in range 0.36 — 0.39 pg and
genome size group III covers one hexaploid and one endecaploid species with 1Cx in range
0.41 — 0.43 pg. Species belonging to subgenus Hitcheniopsis generally exhibit different
values of homoploid genome size in comparison with subgen. Curcuma species (see details
in chapter 2. Literature search). However, monophyletic character of these groups has not yet
been tested by any molecular marker.

To solve phylogenetic relationships of closely related species, sufficiently variable
molecular markers have to be employed. In Curcuma species the genetic structure is only
poorly known and thus markers where no prior sequence information is needed to perform
the analysis, are preferred. In preliminary study two non-coding cpDNA regions (trnL-trnF,
trnK-matK), which are often used to solve phylogenies on generic and infrageneric level
(Palmer, 1985), only limited set of informative variable characters were found (Fér et al.,
unpublished data).

AFLP marker (Vos et al., 1995) was successfully used in systematic studies where
DNA sequence variation was limited (e.g. Despres et al., 2003, Guo, 2005). Therefore, this
marker was chosen for resolving the phylogenetic relationships of Indian Curcuma species
and to uncover molecular origin of genome size groups in present study.

Internal transcribed spacer (ITS) region of nuclear ribosomal DNA was chosen as an
additional source of genetic information to solve phylogenetic relationships within genus
Curcuma, to uncover relationships between Curcuma and four species belonging to related
genera, and to shed light on evolutionary phenomenons that influenced complex evolutionary
history of polyploid Curcuma species. As rDNA region is biparentally inherited, it is useful
for revealing past cases of reticulation, hybrid speciation, and parentage of polyploids
(Alvarez and Wendel, 2003). Additionally, ITS marker (usually in combination with another
marker e.g. trnL-trnF or matK) was successfully used in resolving phylogenetic relationships

-8-
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in several groups within Zingiberaceae (e.g. within tribes Hedychieae, Searle and Hedderson,
2000; Zingibereae, Ngamriabsakul et al., 2004; Globbeae, Williams et al., 2004; or within
large genera Hedychium, Wood et al., 2000; Alpinia, Rangsiruji et al., 2000b, Kress et al.,
2005; Amomum, Xia et al., 2004; Etlingera, Pedersen, 2004). Phylogeny of entire family
Zingiberaceae (Kress et al., 2002), as is accepted nowadays, is based on analysis of nrDNA
ITS and cpDNA matK regions as well.

This study is divided into two parts. First part focuses on the phylogenetic analysis of
selected members of the genus Curcuma. Two different molecular markers - AFLP and
sequencing of nrDNA ITS region - were selected to answer if three genome size groups
defined within subgenus Curcuma are of monophyletic origin and if so, could be homoploid
genome size suitable taxonomic marker for infrageneric classification of genus Curcuma?
And secondly, what are the phylogenetic relationships between species within and among
these groups and which evolutionary phenomenons influenced evolutionary history of
polyploid Curcuma species the most. Second part of the study employed sequencing of ITS
nuclear ribosomal DNA region to answer if particular species classified as members of
related genera Hitchenia, Stahlianthus and Monolophus are true Curcuma species or just
Curcuma-pretenders?
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2. Literature search

2.1. Polyploid genus Curcuma L.

2.1.1 Taxonomic classification

kingdom: Plantae
subkingdom: Tracheobionta
division: Magnoliophyta
class: Liliopsida

order: Zingiberales
family: Zingiberaceae
genus: Curcuma

Based on new classification of family Zingiberaceae (Kress et al., 2002) where four
subfamilies and six tribes were recognized, Curcuma falls into tribe Zingibereae.

2.1.2 Distribution and species richness

The genus Curcuma L. is one of the largest genera of family Zingiberaceae. It is naturally
distributed throughout S and SE Asia with a few species extending to China, Australia, and
the South Pacific. The highest diversity is in India and Thailand, with about 40 species each,
followed by Myanmar, Bangladesh, Indonesia and Vietnam. The true number of species in
the genus is not known, although rough presumptions in past 30 years varied anywhere from
c. 50 (Smith, 1981; Branney, 2005), 80 (Larsen et al., 1998) to 100 (Sirirugsa, 1996), while
Skornickova et al., (2004) suggests, that the number will probably reach 120 as recent
explorations in India and SE Asia proceeds (According to Skorni¢kova 2007).

-10-
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2.1.3 Ecology and habitat

In their native range, monsoonal Asia, Curcuma species are an important component of the
understory semi-shaded areas like primary and secondary forests margins, shrubby
formations, teak forests, plantations, coconut and arecanut grooves, riverbanks or rarely also
in bamboo dominated forests and open grasslands. Numbers of them are the first pioneers in
disturbed areas such as roadsides and ditches. The ploidy level is quite closely linked to their
preffered habitat and while diploid species are usually found in primary kind of habitats,
polyploids are found in secondary and disturbed areas. Several species are cultivated.
Curcuma species are commonly found in lowlands, but can be found in their natural habitats
also in higher altitudes up to 1500 m (According to Skornigkova 2007).

Fig. 1. Examples of Curcuma habitats. A. Dipterocarp forest, Chhattisgharh, Central India, C. montana. B.

Exposed lateritic slopes, Udupi, South India, C. bhatii. C. Shrubby semideciduous slopes, Malwan, West India,
C. decipiens. D. Open spaces, N. Bongaigaon, North-east India, C. zedoaria. (from Skomitkova, 2007)

-11-
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2.1.4 Morphology

The genus Curcuma consist of perrenial rhizomatous herbs with leafy shoots dying back
during the dry period of monsoonal areas. Most are medium sized c. 0.5 to 1.5 m tall, but the
smallest species are just about 10 — 20 cm, while the statliest can reach 3.5 m. Characteristic
organs of Curcuma species are rhizomes, root tubers, pseudostem and inflorescence of highly
derived flowers (Endress, 1994; Kress et al., 2002) (see Fig. 2).

The rhizome characters, as a branching (either simple ovoid or branched) or internal
colour are considered as quite specific and are a good determination character for polyploid
species (see Fig. 3). Root tubers are present in all Curcuma species and are placed at the end
of the roots. They contain mostly starch and sustain the plant throughout the dry period. A
pseudostem (false stem) is formed by closely embracing leaf sheaths and it is well developed
in all polyploids, while in some diploids the sheets can be so loose, that the pseudostem
appears to be missing. The leaves are either sessile or petiolate, having a sheath basally.
Some species have a purple or violet patch on the upper side of the lamina. Its size, shape,
relative placement on the lamina, color, and density is helpful in the determination of
polyploid species. It is, however, variable in some diploid species. Inflorescence in Curcuma
is always terminal (as in other Zingiberaceae, Kiew, 1977) and its relative position to the
plant is frequently used for infrageneric classification. It arises either on the vegetative leafy
shoot (called as inflorescence central) or on a separate non-leafy shoot (called as
inflorescence lateral). Many of the seed-setting Curcuma species are capable of blooming
twice — once in the beginning of the season (laterally) and if the monsoon rains are
sufficient also centrally later in the summer. The inflorescence in Curcuma is conspicuous.
Bracts in the lower portion of the inflorescence are usually less colored, but fertile and
enclosing 2 to many flowers (rarely only one flower), the top bracts are usually much larger,
longer, and more brightly colored and called coma. It is believed that they serves the purpose
of attracting pollinators. The shape of the inflorescence and colour of the bracts is stable
character in polyploids, but may vary tremendously in seed setting taxa. Curcuma flower
consist of calyx, floral tube, corolla lobes, lateral staminodes and labellum (both of these are
transformed anthers), stamen and pistil, epigynous glands and ovary (see flower dissection in
Fig. 2). Anther and the various appendages (crest, spurs, lateral appendages) have been
considered as source of reliable characters in the family as well as within the genera by many
previous workers. The phylogeny of the genus Globba by Williams (2040) clearly showed,
that appendages do matter. Also in Curcuma, the overall structure and shape of anther,
presence and absence of anther spurs and anther crest are valuable diagnostic characters (see
Fig 3). Further, presence or absence of epigynous glands (epigynous nectaries, stylodial
glands) have been considered as a good character for infrageneric classification of Curcuma.

-12-



Evolution of Indian Curcuma L.

In Curcuma the number of epigynous glands is always two and they are present in
majority of the species. They are absent in many of the SE Asian species Schumann (1904)
placed in the subgenus Hitcheniopsis. They are present in all but one Indian Curcuma species
(C. vamana). (According to Skorni¢kova 2007).
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Fig. 2. Curcuma plant (Curcuma zedoaria (Christm.) Roscoe): A. Plant habit; B. Flower in fertile bract (front
view); C. Flower in fertile bract (side view); D. Rhizome; E. Flower dissection; Based on Skornitkova.
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Fig. 3. Curcuma rhizomes and anthers — valuable characters for species determination. Rhizomes on the left: A.
branched rhizome with creeping branches and sessile root tubers (C. rubrobracteata); B. branched rhizome with
short and stout branches and root tubers distanced from branches (C. amarissima aff.); C. simple ovoid rhizome,
root tubers distanced from the rhizome (C. angustifolia); D. simple ovoid rhizome, root tubers arranged serially
on one root (Curcuma sp.); E. branched rhizome with sessile root tubers (C. bhatii). Legend: mr — main
rhizome, sr — simple rhizome, pb — primary branch, sb — secondary branch, tb — tertiary branch, t — tuber.
Anthers of Curcuma spp. on the right. A. C. codonantha. B. C. roscoeana. C. C. rubrobracteata. D. C. vamana.
E. C. aurantiaca. F. C. reclinata. Legend: ac — anther crest, as — anther spurs, at — anther thecae, ¢ — connective,
f — filament, s — stigma. (from Skorni&kova, 2007)

1.1.1 Polyploidy in genus Curcuma and family Zingiberaceae

Within Zingiberaceae, polyploid complexes are not rare. They have been detected mostly in
the subfamily Zingiberoideae (sensu Kress et al., 2002) e.g. in the genera Globba (Lim,
1972a,b; Takano, 2001; Takano and Okada, 2002), Curcuma (e.g. Apavatjrut et al., 1996;
Ardyiani, 2002; Joseph et al., 1999; Sirisawad et al., 2003), Hedychium (Mukherjee, 1970;
Chen and Chen, 1984), Boesenbergia (Poulsen, 1993). Goldblatt (1980) assumes, that the
families of the Zingiberales, which all have high haploid numbers, may be derived from
polyploid ancestors. Producing of unreduced gamete and consequent arisal of autopolyploids
has been observed in monocots (e.g. Refoufi et al., 2001; Brandizzi and Caicola, 1998) as
well as in Globba, Zingiberaceae (Takano and Okada, 2002).

According to recent study by (Leong-Skornitkova et al., 2007) in Indian Curcuma species,
five different ploidy levels were detected among about fifty Indian species from subgenus
Curcuma (x=17, 6x=42, 9x =63, 11x=77, 12x = 84, 15x = 105) and one diploid species
from subgenus Hitcheniopsis (x =11, 2x=22). Based on literature records, not all
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somatic chromosome numbers of Curcuma species seem to fit into the series of x =7 or
x = 11. Skorni¢kova (2007) summarized that several Thai Curcuma species belonging to the
subgenus Hitcheniopsis exhibit various somatic chromosome numbers (2n = 20, 24, 28, 32,
34, 36 or 56). All these species are also morphologically different from the Curcuma species
of Indian subcontinent (e.g. lack of anther spurs and epigynous glands). It is very likely, that
their chromosomal evolution was going on separately from the ‘Indian’ group of species and
that aneuploidy plays role at least in some taxa in the subgenus.

2.1.6 Problematic questions in genus Curcuma

Critical problem in Curcuma is the identities of many species, including the names so
commonly used in everyday life (e.g. C. longa, C. aromatica). As most species are quite
variable, but many look alike, often there is one name applied to many different species or
many names for one species. The types are not yet designated for most of Curcuma species
(Skorni¢kova, 2007). The absence of a complete revision causes great confusion among
taxonomists (Velayudhan & al., 1996).

Different levels of morphological variability in various Curcuma species was observed
in the field and seem to correlate to the ploidy level, rhizome architecture and possible mode
of reproductions as elaborated in Skornitkova (2007). In summary, all sterile species (higher
polyploids, 2n =63, 105) have branched rhizomes and exhibit low variability. This is not
surprising as they can reproduce exclusively vegetatively. Various seed-setting (mainly
diploids and hexaploids, 2n =22, 42, 77) species however exhibit any of the three different
levels of variability and either of two rhizome architectures. Seed-setting species with
branched rhizomes usually exhibit medium to low level of variability, while seed-setting
species with unbranched (simple ovoid) rhizomes exhibit mostly high to medium variability.
This makes sense as the latter rely on sexual reproduction thus explaining their higher
variability, while seed-setting species with branched rhizomes reproduces either generatively
or vegetatively. It is plausible to hypothesize that vegetative reproduction evolved as a
consequence of disturbed sexual reproduction of the hybridogenous taxa.
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A

Fig. 4: Level of within-population variability of Curcuma species is connected to prefered mode of reproduction
and ploidy level. A. High morphological variability of sexually reproducing hexaploid species. On the picture,
single population of hexaploid C.aff. prakasha (Meghalaya, NE India); B. Low morhological variability of
vegetatively reproducing higher polyploids. On the picture two populations of nonaploid species C. aromatica,
which are distanced more than 2000 km (B1 — Kerala, S India; B2 — Meghalaya, NE India).

An uneven level of morphological variability in various species blurs not only
specific boundaries but complicate also the matter of infrageneric classification. Most authors
who ever attempted the infrageneric classification of Curcuma, employed position of the
inflorescence (Roxburgh, 1810; Horaninow, 1862; Baker, 1890; Valeton, 1918; Velayudhan
et al., 1996), which is unfortunately ambiguous character in many species. The infrageneric
classification according to Schumann (1904), where two subgenera are recognized based on
presence or absence of anther spurs (subgen. Curcuma — anther spurs present, subgen.
Hitcheniopsis — anther spurs absent) was followed in cytological study Leong-Skornitkov4 et
al. (2007). In this study it was mentioned, that more suitable character for differentiation
subgenus Curcuma and Hitcheniopsis is presence of two floral epigynous glands. This
hitherto neglected character (well developed in subgenus Curcuma but absent in subgenus
Hitcheniopsis) seems to be pivotal for the updated subgeneric delimitation, better reflecting
the current state of knowledge than did previous taxonomic concepts (J. Leong-Skorni¢kova
et al., unpubl. res.).

A recent phylogenetic study of family Zingiberaceae based on analysis of nrDNA
sequences and plastid marK regions (Kress et al. 2002) suggests that the genus Curcuma as
accepted nowadays is paraphyletic with Hitchenia, Stahlianthus and Smithiatris, which also
share cone-like inflorescences of few flowered, congested bracts and that genus Curcuma
itself contains three groups of species. Similarly, study of Ngamriabsakul et al. (2004)
dealing with the phylogeny of tribe Zingiberae and using the same nuclear gene as Kress et
al. (2002) but a different chloroplast gene, trnL-trnF revealed, that Curcuma-like genera
(Hitchenia, Paracautleya, Smithatris and Stahlianthus) are actually well nested within
Curcuma complex and may be regarded as a single genus. The morphological characters that
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support the separation of each taxon (genus) (see Fig. 5) are according to authors,
autapomorphic. Skornitkova (2007) suggested, that also some species from genera
Kaempferia and Monolophus are likely to be members of the genus Curcuma and should be
study in more details.

Fig. 5: Morphological differences of Curcuma-like species, often placed to related genera (three of four
representatives analysed in this study). A. Monolophus scaposus; B. Hitchenia caulina; C. Stahlianthus
involucratus.

1.1.2 Molecular markers in Curcuma

Over the past decade, several molecular techniques have been developed to provide
information on diversity and genetic relationships. Apavatjrut et al. (1999) confirmed
efficacy of isozymes as a tool or species identification of seven highly similar Curcuma taxa
of the early flowering group, while Paisooksantivatana et al. (2001a,b) used isozymes as a
tool to estimate the genetic diversity in C. alismatifolia. Chen et al. (1999) used RAPD
analysis to investigate the relationship between two Chinese Curcuma species. Islam et al.
(2004, 2005, 2007) employed RAPD analyses to investigate the level of genetic diversity
within and between natural populations of Curcuma zedoaria in Bangladesh. Nayak et al.
(2006) combined the RAPD and genome size estimation to evaluate genetic variation in 17
cultivars of turmeric (C. longa). Nucleotid sequencing of 18S r RNA and #nK was proposed
by Cao et al. (2001) and Cao and Komatsu (2003) as a potential molecular identification tool
to recognize six medicinally important Curcuma species from Szechuan, China. However, so
far, there are no major published works focusing on phylogeny of Indian Curcuma.
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2.2. Molecular markers used in present study
2.2.1 Amplified fragment length polymorphism (AFLP)

Amplified Fragmnet Length Polymorphism is a restriction fragment based method, that
compare polymorphic bands aquired across whole genome (Robinson and Harris, 1999) and
is a tool for effective resolving species-level phylogenies in clades that have diversified
relatively recently (Beardsley, 2003; Koopman, 2005). Due to the high number of
polymorphisms per assay unit, the high reproducibility, and the fact that no prior sequence
information is needed to perform the AFLP technique, its popularity in systematic studies has
increased rapidly over the past few years (Koopman, 2005). Although occurence of problems
with nonindependence of fragments and/or the problem of identifying homologous fragments
that potentially limits the phylogenetic interpretation of restriction fragment data is
unquestionable (e.g. Karp et al., 1996), many studies proved that the influence of these
limitations is minimized if analysed data sets are of closely related species (Koopman, 2005;
O’Hanlon and Peakall, 2000).

In systematic studies using AFLPs a variety of techniques have been applied for data
analysis (Koopman 2005). Neighbor joining (Hodkinson et al., 2002) as well as heuristic
parsimony (Kardolus et al., 1998; Hodkinson et al., 2000; Despres et al., 2003) are
commonly used. Although application of parsimony methods for AFLP data is not
undisputed, Koopman (2005) have shown that Neighbor-joining analyses of AFLP data
generally show a similar picture as maximum parsimony analyses at least at inter-specific
level/or between closely related species. Combination of Neighbor joining and Maximum
parsimony analysis for AFLP data were effectively used e.g. in Schénswetter & Tribsch
2005. For visualization of potentially conflicting signals, such as may be caused by
homoplasy or hybridization, network methods using e.g. NeighbourNet algorithm (Bryant
and Moulton, 2004) can be used in contrast to commonly used treebuilding methods. This
method was succesfully applied to AFLP data by Weiss-Shneeweiss et al. (2008).

2.2.2 Sequencing of Internal transcribed spacer (ITS) of nrDNA

The internal transcribed spacer (ITS), region of the 18S—5.8S—26S nuclear ribosomal cistron,
is one of the most popular sequences for phylogenetic inference at the generic and
infrageneric levels in plants (Alvarez and Wendel, 2003, Baldwin et al., 1995) for at least
three reasons. Firstly, nuclear ribosomal genes are constituents of individual 18S-5.8S-26S
repeats, which are in hundreds to thousands repeats in plant genomes, therefore they are more
easily isolated than most low-copy nuclear loci. Secondly, White et al. (1990) described a set
of primers that are useful for amplifying ITS sequences from most plants and fungi, therefore
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there is no need for primer design or prior sequence knowledge. Finally, nuclear rDNA
regions are biparentally inherited, which is valuable property for revealing past cases of
reticulation, hybrid speciation, and parentage of polyploids (Alvarez and Wendel, 2003).
Although ITS sequence data provided many important contributions of phylogenetic
understanding and knowledge of genome relationships in several plant groups, in another
groups of taxa can be phylogenetic inferences misleading, especially when taxa of hybrid or
allopolyploid origin are involved in the study. Number of molecular genetic processes impact
ITS sequences evolution after formation of allopolyploids or hybrids, when two diverged
genomes become united in a common nucleus (Alvarez and Wendel, 2003, 2005). Most
genetic changes in allopolyploids involve homogenization of rRNA genes (a process called
concerted evolution) whereby one particular ITS repeat type overwrites pre-existing repeat
type (Dadejova et al., 2007) and subsequently only one of the parental ITS type are
detectable in a allopolyploid genome (observed e.g. in Gossypium by Wendel et al., 1995).
Second possible fate of divergent ITS types within allopolyploid genome is that divergent
repeat types are maintained, evolving independently without recombination or interarray
““contact’’. Thus both parental rDNA types are detectable in a genome (observed e.g. in
Tragopogon by Soltis and Soltis, 1991 and Soltis et al., 1995). Another possible outcome of
the reunion of divergent sequences following hybridization is that two or more repeat types
are maintained but undergo various degrees of recombination (Alvarez and Wendel, 2003).
This leads to chimeric ITS sequences that in phylogenetic analysis can behave erratically and
resolve in phylogenetic position basal to either parental lineage (McDade, 1992, 1995).
These phenomena separately and collectively create a network of paralogous sequence
relationships potentially confounding accurate phylogenetic reconstruction. However, ITS
sequence data have and may continue to provide insights into phylogenetic history, polyploid
ancestry, genome relationships, historical introgression, and other evolutionary questions
(Wissemann, 2002), as long as the data generated will be interpreted in light of above-
mentioned molecular genetic processes.

DNA sequence data are most commonly analysed by maximum parsimony method.
Alternative to parsimony, the maximum likelihood and Bayesian approach to phylogenetic
inference are frequently used (Felsenstein 1988) With maximum likelihood method in
practice the computational time is serious problem (Nei, 1996). On the contrary, Bayesian
phylogenetic analyses are now very popular in systematics and molecular evolution because
they allow the use of much more realistic models than currently possible with maximum
likelihood methods (Lewis et al., 2005). In addition, distance based methods like a
Neighbour-joining or Neighbour network algorithm (Bryant and Moulton, 2004) can be used
for sequence data as well (Nei, 1996). Neighbour network analysis of ITS data were used e.g.
for visualization of reticulate relationships within genus Platanus (Grimm and Denk, 2007).
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Combination of AFLP fingerprinting and sequencing of ITS region were used
previously by numerous authors for resolving intrageneric phylogenies. Guo et al. (2004)
have infered basic phylogenetic relationship within problematic polyploid group of Achillea
by ITS and cp DNA sequencing. Based on this analysis, they revealed, that hybrid and
reticulate evolution, even on the diploid level, has been ongoing in Achillea since the origin
of the genus. Following study by AFLP marker by Guo et al. (2005) revealed in more details
mosaic genetic structure of hybrids and polyploids. Hodkinson et al.(2002) confirmed
allotriploid origin of Mischantus species from Poaceae by using sequencing and cloning of
ITS region, sequencing of cpDNA and AFLP analysis. Complex evolutionary information
contained in internal transcribed spacer (ITS) sequences were well utilized also for infering
evolution of genus Platanus (Grimm and Denk, 2008).
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3. MATERIAL AND METHODS

3.1. Plant material

Total of 33 taxonomic entities were included in this study. From this 25 species belonged to
genus Curcuma (22 assigned to species, 3 determined only tentatively according to
Skornig¢kova 2007), four species were selected as representatives of related genera
(Monolophus scaposus, Hitchenia caulina, Stahlianthus campanulatus and Stahlianthus
involucratus) and four species figured as an outgroup (Hitchenia careyana, Globba sp.,
Alpinia conchigera, Zingiber capitatum). Selection of the taxa followed in general sampling
in recent extensive cytological study, as taxa included in this study are comprehensively
characterized by genome sizes, chromosome numbers and ploidy levels (Leong-Skornigkova
et al., 2007). The samples used in this study were collected by Jana Leong-Skorni¢kova in
the wild on the Indian Peninsula (Fig. 6), Sri Lanka, China and Vietnam, often at or near the
type localities of corresponding names. All taxa were determined by a specialist working on
the revision of genus Curcuma (Skomiékové et al., 2003a, b, 2004, 2005a, b, c, 2007) and
taxonomic names followed Skorni¢kova (2007). For practical reason this study used
infrageneric classification based on Schumann (1904) and adjusted by Leong-Skorni¢kova et
al. (2007) (Subg. Curcuma — anther spurs and epigynous glands present, Subg. Hitcheniopsis
— anther spurs and epigynous glands absent). Indian species from subgenus Curcuma selected
for analysis well covered all three genome size groups defined in Leong-Skornitkova et
al.(2007) (Fig. 7).

Parts of young leaves were collected than dried in silica gel. Herbarium vouchers are
deposited in CALI, with duplicates in MH and SING; incomplete sets are also kept in CAL,
K and PR; vouchers of C. oligantha from Sri Lanka are deposited in PDA and SING. In
addition, extensive photographic documentation of living material is available at SING.

Two different methods (AFLP fingerprinting and ITS sequencing) were used to
resolve questions outlined in the beggining of this study. Sampling of taxa differed slightly
for each method. Table 1 summarizes key characteristics for all taxa in the study and
representation of individiuals in the two datasets. Each collection number indicates one
population of a taxon at the locality. For AFLP study 2-10 individuals per population were
analysed, while in ITS one individual per population were analysed, and subsequently 4-23
clones per individual were sequenced.
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Fig. 6. Localities of Indian Curcuma populations under the study (blue dots) with major centres of diversity of
Indian Curcuma species (in red). (from Skornitkova, 2007)

11-ploid
o«

Group Il

Fig. 7. Geographical origin of Indian Curcuma plant samples according to definitions of genome size groups. A.
Species from genome group I (1Cx = 0.30-0.33 pg) and x = 7; B. species from genome group II (1Cx = 0.36—
0.39 pg) and x = 7; C. species from genome group III (1Cx = 0.41-0.43 pg) and x = 7; D. species with 1Cx.0.83
pg and x = 11 (circle, Curcuma vamana; diamond, Stahlianthus involucratus). Symbol explanation (unless
otherwise indicated): closed circles, hexaploids; open circles, nonaploids; open diamonds, Curcuma-like species
often placed into separate genera; open squares, high polyploids designated by a corresponding ploidy level.
(from Leong-8komitkova et al., 2007)
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Table 1. Overview of Curcuma species in study. Collection number indicate one population of a species at the
locality; basic chromosome number (x), number of somatic chromosomes (2n) and ploidy level are given for
majority of populations; species of subg. Curcuma are classified into genome size groups: group I (1Cx = 0.30-
0.33 pg), group II (1Cx = 0.36-0.39 pg), group III (1Cx = 0.41-0.43 pg) (Leong-Skornikova et al., 2007);
mode of reproduction, which play important role in genus Curcuma, is presented for particular species
(Skornitkova, 2007); AFLP (N), sample size in AFLP study; ITS (N)/clones, sample size/number of clones
sequenced per sample in ITS analysis; locality of origin, ex Indian localities are in small caps;

Collection mode of locality of ~ AFLP ITS
number Species X; 2n reproduction origin N) (N)/clones
Curcuma, subgen
Curcuma x=7
Hexaploid Group I
84183 C. aromatica 2n=42  sex/veg Kerala 3 1/8
84170 C. aromatica 2n=42  sex/veg Kerala - 1/5
71484 C. montana 2n=42  sex/veg Jharkhand 4 1/8
73479 C. montana 2n=42  sex/veg Chhattisgarh - 1/13
73425 C. montana 2n=42  sex/veg Orissa - 1/5
73474 C. montana 2n=42  sex/veg Chhattisgarh 3 -
71443 C. aff. prakasha 2n=42  sex/veg Meghalaya - 1/8
71476 C. aff. prakasha 2n=42  sex/veg W. Bengal - 1/5
Nonaploid Group 1
71431 C. aeruginosa 2n=63  vegetative  Assam 9 1/20
84142 C. aeruginosa 2n=63  vegetative  Kerala 7 1/7
84119 C. aeruginosa 2n=63  vegetative  Kerala 10 -
71492 C. aromatica 2n=63  vegetative  Jharkhand - 1/9
71489 C. leucorhiza 2n=63  vegetative  Jharkhand 4 -
84160 C. longa 2n=63  vegetative = Kerala 4 -
73222 C. longa 2n=63  vegetative = SRILANKA 5 1/15
84182 C. zanthorrhiza 2n=63  vegetative  Kerala 3 1/5
12x Group I
71485 C. sp. 'ranchi’ 2n>70  vegetative  Jharkhand 4 1/8
15x_Group I
71432 C. raktakanta 2n=105  vegetative = Assam 5 1/23
84120 C. raktakanta 2n=105  vegetative  Kerala 5 -
Hexaploid Group II
73453 C. angustifolia 2n=42  sexual Uttaranchal 5 1/5
73480 C. angustifolia 2n=42  sexual Chhattisgarh 4 1/16
84143 C. cannanorensis 2n=42  sexual Kerala 4 1/15
73403 C. inodora 2n=42  sexual Maharashtra 5 1/15
73402 C. pseudomontana 2n=42  sexual Maharashtra 5 1/6
73477 C. reclinata 2n=42  sexual Chhattisgarh 2 1/6
73467 C. sulcata 2n=42  sexual Mad. Prad. 4 1/9
84155 C. ecalcarata 2n=42  sexual Kerala 4 1/5
73446 C. bhatii 2n=42  sexual Karnataka 5 1/10
84157 C. neilgherensis 2n=42  sexual Kerala - 1/5
Hexaploid Group III
84145 C. mutabilis 2n=42  sexual Kerala 4 1/8
11x Group III
73223 C. oligantha 2n=77  sex/veg SRI LANKA 4 1/8
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Table 1. Part 2.
Collection mode of locality of ~ AFLP ITS
number Species X; 2n reproduction _origin N) (N)/clones
Curcuma, subgen
Hitcheniopsis
84156 C. vamana 2n=22  sex/veg Kerala 3 1/13
20 C. alismatifolia 2n=36  sexual VIETNAM - 1/10
Curcuma, subgenus
Not yet defined unknown
19 C. pierreana unknown sex/veg VIETNAM - 1/8
Related genera 1 x=7
86407 Monolophus scaposus 2n=42  sexual Maharashtra - 1/4
84178 Hitchenia caulina 2n=42  sexual Maharashtra - 1/8
Related Genera I1 x=11
Stahlianthus
C086 campanulatus 2n=22  sex/veg CHINA - 1/8
Stahlianthus
71449 involucratus 2n=22  sex/veg Meghalaya - 1/5
Outgroup species
C073 Hitchenia careyana unknown Meghalaya 1/8
C056 Globba sp. unknown Uttaranchal - 1/8
C071 Alpinia conchigera 2n=48 Mizoram - 1/8
C058 Zingiber capitatum unknown Jharkhand - 1/8

3.2. AFLP fingerprinting
3.2.1 Species in study

One hundred and fifteen individuals from 25 populations belonging to a total of 19
taxonomic entities were included in the study (Table 2). From the subgenus Curcuma 13
hexaploid (2n=42), 7 nonaploid (2n=63), one endecaploid (2n =77), one dodecaploid
(2n = 84) and two pentadecaploid populations (2n = 105) were sampled. From the subgenus
Hitcheniopsis one population of diploid C. vamana (2n=22) was included. Two to ten
individuals per population and one to three populations per taxon were sampled.

3.2.2 DNA extraction

Total genomic DNA was extracted from 0.5 g dried leaf tissue using DNeasy Plant Mini Kit
(Qiagen Inc., Valencia, CA, USA). DNA concentration was mesured photometricaly and
adjusted to 100ng/pl.
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3.2.3 AFLP analysis

AFLP analysis (Vos et al., 1995) was carried out using AFLP Core Reagent Kit I
(Invitrogen) and AFLP Pre-Amp Primer Mix I (Invitrogen) following instructions of the
manufacturer, but downscaled to 1/5 volume. About 100 ng of genomic DNA was digested
for 2.5 h at 37 °C with 0.5 U of each EcoRI and Msel (Invitrogen), 1 pl 5x Reaction Buffer
(Invitrogen) in total volume of 5 pl. Adaptors were ligated to the digested fragments by
adding 4.8 pl Adaptor/Ligation Solution (Invitrogen) and 0.2 U T4 DNA Ligase (Invitrogen)
to the restricted DNA (total volume 10 pl) and incubated for 8-12 h at 37 °C. Pre-
amplification reactions were performed with AFLP Pre-Amp Primer Mix I (Invitrogen) in
total volume of 5 pl containing 0.5 pl restricted/ligated DNA, 4.0 ul PA mix (Invitrogen), 0.5
pl 10x Buffer for RedTaq JumpStart (Sigma), and 0.1 U RedTaq JumpStart DNA
Polymerase (Sigma). PCR cycling conditions were an initial denaturation of 2 min at 94 °C,
2 min at 72 °C followed by 20 cycles of 10 sec at 94 °C, 30 sec at 56 °C, 2 min at 72 °C, with
a final extension of 30 min at 60 °C. Once the pre-amplification was completed, selective
amplification was performed using 2.3 pl of 10x diluted pre-amplification product as a
template, 1 pl 10x Buffer for RedTaq (Sigma), 0.2 mM dNTP, 0.5 pmol EcoRlI-selective
fluorescence-labelled primer, 2.5 pmol Msel-selective primer, 0.2 U RedTaq JumpStart DNA
Polymerase (Sigma), in total volume of 10 pl. Three primer combinations (selected after an
initial screening of 10 primer combinations) were used for selective amplification: EcoRI-
ACT (6-FAM labelled) + Msel-CTT, EcoRI-AGC (NED labelled) + Msel-CTG, EcoRI-ACA
(HEX labelled) + Msel-CAT. Cycling conditions were an initial step of 2 min at 94 °C, 2 min
at 72 °C followed by 8 cycles of 1 sec at 94 °C, 30 sec at 64 °C (reduced by 1 °C per cycle),
2 min at 72 °C, followed by 23 cycles of 1 sec at 94 °C, 30 sec at 56 °C, 2 min at 72 °C with
a final extension time of 30 min at 60 °C. All PCR reactions have been done in a
Mastercycler ep gradient S thermal cycler (Eppendorf).

Fragments were resolved on an ABI 3100 Avant DNA sequencer (Applied
Biosystems) together with GeneScan-ROX-500 size standard using GeneScan Analysis
v3.7.1 (PE Applied Biosystems) and scored with Genographer.2.0 (Benham et al., 1999;
http://hordeum.msu.montana.edu/genographer/). Only unambiguous fragments were scored
regardless of their intensity (Tribsch et al., 2002) in the range of 100-500 bp. The resulting
presence/absence matrix was used in subsequent analyses.

CATEURY
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3.2.4 Data analysis

AFLP data characteristics

For each population total number of AFLP fragments (bands total= BT), average number of
fragments per individual (band average = BA) and the percentage of polymorphic fragments
(%poly) were calculated. Additionally, number of exclusive bands (EB, bands present in a
given species only, but not necessarily in all its samples) and diagnostic bands (DB, bands
present in all samples of a species and absent from all other species) were calculated for each
species. Since the number of fragments (BT, BA) and the proportion of polymorphic
fragments depended on the number of analysed individuals per population, these
characteristics were calculated using special script in Scilab software (http://www.scilab.org).

This procedure enable to proceed resampling of the whole dataset (special case of
bootraping, see Kulera et al., 2008 for details) to achieve the same sample size in each
population and prevent a loss of information, as could occur when individuals are randomly
deleted from datasets with different sample size to obtain equal numbers of individuals
(Schonswetter and Tribsch, 2005). In this analysis four individuals per population were
selected in each step and a median value from 1,000 replicates was presented.

Phylogenetic analyses
To reveal phylogenetic relationships among samples neighbor-joining (NJ) analysis as well
as maximum parsimony analysis was performed using PAUP* v. 4.0b10, Swofford, 2002).

NJ analysis was based on Nei-Li genetic distances (Nei and Li, 1979). Robustness of
branches was estimated using the bootstrap approach (Felsenstein, 1985) with 5,000
replicates.

For maximum parsimony analysis, a heuristic searches was done using a starting
tree(s) obtained via stepwise addition and swapped to completion using TBR branch
swapping, and MULTREES on (keeping multiple, shortest trees). A strict consensus tree of
most parsimonious trees was constructed. Robustness of clades was estimated with 500
bootstrap replicates with random sequence addition (10 replicates) saving no more than 500
trees per replicate.

Neighbor network

To outline the phylogenetic relationships among hexaploid taxa, NeighborNet network
method (Bryant and Moulton, 2004) as implemented in SplitsTree 4 (Huson and Bryant,
2006) was used. Neighbor network was based on Nei-Li distances (Nei and Li, 1979),
calculated with PAUP, of reduced dataset including 13 hexaploid and one diploid species
(see Table 2). Phylogenetic networks are a generalization of phylogenetic trees that permit
the representation of conflicting signal or alternative phylogenetic histories, caused e.g. by
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recombination, hybridization or lateral gene transfer and are clearly useful when the
underlying evolutionary history is nontreelike (Huber and Moulton, 2005). Group support
was assessed via a neighbour-joining bootstrap analysis in PAUP using 5000 replicates and
bootstrap values higher than 50% were maped onto network clusters, irrespective of whether
these were supported by splits or not. This approach allowed direct comparison of
incongruences arising from methodological differences (Weiss-Shneeweiss et al., 2008).

PCoA

Principal coordinate analysis (PCoA) using Jaccard’s coefficient (Jaccard, 1908) was
computed to visualize non-hierarchical structure in complete AFLP data set. PCoA was
performed with SYN-TAX 2000 (Podani, 2001).

3.3. ITS cloning and sequencing
3.3.1 Species in study

Total of 37 individuals belonging to 32 species were included in ITS analysis. In addition to
AFLP sampling four species (4 individuals) often classified as members of related genera
(Monolophus scaposus, Hitchenia caulina, Stahlianthus campanulatus and Stahlianthus
involucratus), another five Curcuma species (9 individuals) from different populations of
India, Sri Lanka, Vietnam and China, and four outgroup species (4 individuals: Hitchenia
careyana, Globba sp., Zingiber capitatum and Alpinia conchigera) have been analysed
(Table 3). Conversely, representatives of 5 populations from AFLP analysis were not
included in ITS study (to compare AFLP and ITS species/populations representatives see
Table 1). Ploidy levels, genome size groups and other details are summarized in Table 1 and
Table 3. Generally, one individual per population was analysed. For four species 2-3
individuals from different populations were analysed per species.

3.3.2 DNA extraction and PCR reaction

Leaf material dried in silica gel was used for DNA extraction in the same way as in AFLP
study (see above). Plant material were obtained from same populations that were analysed by
AFLP fingerprinting, but extraction of DNA was performed independently. The internal
transcribed spacers (ITS1 and ITS2) and 5.8S of the rDNA repeat array were amplified and
subsequently cloned for all 37 representatives. For PCR amplification forward and revers
primers ITS 5 and ITS 4 (White et al., 1990) were used. PCR amplification s were performed
in a total volume of 20 ul. Each reaction contained 2 pl of 10x PCR buffer (Sigma), 0.5 U
Red Taq Jump Start DNA Polymerase (Sigma), 0.2 mM dNTP, 0.5 pmol of each forward and
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revers primers (Sigma) and 5 ng of genomic DNA. PCR products were amplified using an
initial 94°C denaturation (1 min) and 35 cycles of 94°C denaturation (45 s), 50°C annealing
(50 s), and 72°C extension (50 s). Final extension was set on 10 min at 72°C. Jetquick kit
(Genomed) was used to purify PCR products.

3.3.3 Cloning and sequencing

Due to the occurrence of within individual polymorphisms of directly sequenced PCR
products, all of the PCR products were cloned using pGEM-T Easy Vector System
(Promega) following instructions of the manufacturer. PCR amplification was used to screen
which colonies contained inserts of interest and as a template for sequencing reaction using
primers and conditions as for initial PCR reactions. Five to twenty-three clones from each
individual were sequenced with the same primers as for initial PCR.

Purified PCR products were sequenced by Macrogen (Seoul, Korea). As in trial
dataset forward and reverse sequences generated by ITS 4 and ITS 5 primers respectively did
not differ in information, majority of clones were sequenced only in one direction, that means
either ITS 4 or ITS 5 sequencing primer were used.

The sequences were aligned in ClustalX (Larkin et al., 2007) and then improved
manually in BioEdit v.7.0.0 (Hall, 2004). Gaps were coded subsequently by GapCoder
(Young and Healy, 2003) according to method of Simple indel coding (Simmons and
Ochoterena, 2000).

3.3.4 Data analysis

Within-individual alignment

For each individual in analysis, multiple alignment of all cloned sequences were examined.
Within this alignment duplicated sequences (identical sequences that were presened in the
alignment in more then one copies), pseudogenes, recombinant sequences and unique
seqence types were identified and counted (raw data in APENDIX 1). As pseudogenes and
recombinant sequences behave erratically in phylogenetic analysis, these were removed from
initial alignment (Popp and Oxelman, 2001, 2005, Grimm and Denk, 2008). Duplicated
sequences were removed from subsequent complete alignment as well, as they do not bear
any additional phylogenetic information. Based on number of unique sequence types within
the genome (excluding recombinant and pseudogene sequences), within-individual ITS
polymorphism were assessed.

Recombinant sequences (i.e., products of crossing of two parental sequences
(Kececioglu and Gusfield, 1998), emerging in vivo during the meiosis, or in vitro during the
PCR reaction (Alvarez and Wendel, 2003) were identified by the eye based on two
conditions: 1) two obvious parental sequences of suspected recombinant sequence were
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detected within individual alignment; 2) suspected recombinant sequence had no unique
characters in comparison with the parental sequences.

Pseudogenes (non-functional nrDNA copies) were identified by the eye according to
Bailey et al. (2003) by comparing conserved and relatively unconstrained regions between
each two sequences within individual alignment. Sequences that may have undergone an
overall increase in substitution rate, but that maintain a conserved 5.8S relative to ITS 1 and
ITS 2, can be distinguished from those that have a comparable rate of change across the 5.8S,
ITS 1, and ITS 2 (i.e., pseudogenes).

Dataset reduction .

While first reduction step has been done by removing duplicate sequences, pseudogenes and
unambiguous recombinant sequences, second reduction step has been done by removing
sequence types, that likely do not bear phylogenetic information within present dataset. This
reduction step was based on maximum parsimony analysis of initial dataset (= all sequence
types in dataset excluding duplicates, recombinants and pseudogenes) and subsequent
bootstrap analysis with 1000 replicates. All sequence types, that were in poorly supported
relationships with other sequence type(s) (with bootstrap values under 50%) were removed
from the initial dataset, because deficient support may be caused by absence of related
sequence types in present dataset due to insufficient sampling, or by chimeric origin of the
sequences. In both cases these sequences bear no additional information for remaining
sequences, or can behave eraticaly in phylogeny reconstruction (Alvarez and Wendel, 2003;
Popp and Oxelman, 2005) and thus “reduced dataset” was used for all of subsequent
phylogenetic analysis and for presentation of relationships between species.

Phylogenetic analyses

For phylogeny inference, two frequentlly used methods for sequence data analysis were used,
maximum parsimony and Bayesian analyses. Additionally, neighbour network method was
used for generalization of phylogenetic trees and representation of conflicting signal or
alternative phylogenetic histories, caused e.g. by recombination, hybridization or lateral gene
transfer.

In maximum parsimony (MP) analysis, a heuristic search was used with random
addition of sequences (100 replicates) and TBR branch swapping with the MULTREES
option on, using PAUP* v. 4.0b10 (Swofford, 2002). In MP bootstrap analysis (5,000
replicates) a heuristic search was used with random addition sequences (100 replicates for
each bootstrap replicate), followed by TBR branch swapping, and with MULTREES option
off.

Bayesian analysis was accomplished with MrBayes 3.0(beta) (Huelsenbeck, 2000).
Optimal analysis settings were chosen based on initial hierarchical likelihood ratio tests
(hLRT) and calculating approximate Akaike information criterion (AIC) performed by
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MrModeltest 2.3 (Nylander, 2004). According to both criterion, as a best fitting model
GTR+G was chosen (nst = 6, rate = gamma). Analyses were run for 5,000,000 generations.
The ‘best’ tree-model was determined by the highest -In score when the Bayes analysis came
to stationarity. From a total of 100,002 trees, 6,000 were set for burnin. MrBayes posterior
probabilities (PP) and majority rule consensus trees were constructed based on final 94,002
trees.

Neighbor network

NeighborNet network algorithm (Bryant and Moulton, 2004) implemented in SplitsTree 4
(Huson and Bryant, 2006), was used to compute splits graphs based on uncorrected pairwise
(p) distances (Grimm and Denk, 2008) based on the two ITS datasets. First dataset covers
diploid and hexaploid species only (5 diploids and 14 hexaploids species from subg.
Curcuma, subg. Hitcheniopsis and Curcuma-related genera), second dataset corresponds with
final dataset used in MP an Bayesian analysis, excluding outgroup species (For species
representation in NN analyses see Table 3). Support for grouping in networks was adopted
from maximum parsimony bootstrap analysis (as was described above) and mapped onto
network clusters, irrespective of whether these were supported by splits or not, to compare
possible incongruences arising from methodological differences (Weiss-Shneeweiss et al.,
2008).
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4. RESULTS

4.1. AFLP fingerprinting

4.1.1 Characteristics of AFLP data

The AFLP analysis of 115 individuals representing 25 populations of 19 Indian Curcuma
species resulted in a total of 364 scorable bands, where 350 (96%) were polymorphic. The
average number of bands per individual after resampling was 72.43, with the lowest values
for plants in population of diploid C. vamana (BA = 30.33) and the highest numbers of
fragments for plants in population of nonaploid C. aeruginosa and pentadecaploid
C.raktakanta, both native to Assam (BA = 108 and 103 respectively). Percentage of
polymorphic loci per population ranged from 12% in vegetatively reproducing
pentadecaploid C. raktakanta (in population native to Kerala) to 75% in sexually reproducing
hexaploid C. sulcata. Exclusive bands (EB) varied between zero in several taxa and nine in
C. longa. The highest number of diagnostic bands (DB) was observed in C. bhatti (see
discussion). AFLP characteristics are summarized in Table 2.
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Table 2. Curcuma species in AFLP study and AFLP data characteristics for 115 Curcuma individuals; Group I,
I1, III = genome size groups sensu Leong-Skornitkové et al. (2007); (N), sample size; (BT), total number of
bands present in a given population; bands average (BA), mean number of bands present per individual; % PPL
- percentage of polymorfic bands; exclusive bands (EB), bands present in a given species only, but not
necessarily in all its samples; diagnostic bands (DB), bands present in all samples of a species and absent from
all other species. * Abbreviation following the name of the species correspond to locality of origin; ** Population
inclluded in neighbour-network analysis.

Collection locality of
number species / * origin (N) BT BA %PPL EB/DB

Sulgg. Curcuma x=17

Hexaploid Group I 2n=42
** 84183 C. aromatica K Kerala 3 98 88 17 1/1
** 71484 C. montanaJ Jharkhand 4 119 84.5 49 270
** 73474 C. montana Ch Chhattisgarh 3 84 58.67 49
Nonaploid Group I 2n =63
71431 C. aeruginosa As Assam 9 154 108.2 34
84119 C. aeruginosa K1 Kerala 10 125 93.14 44 4/0
84142 C. aeruginosa K2 Kerala 7 47 34 42
71489 C. leucorhiza J Jharkhand 4 150 85.25 54 0/0
84160 C. longa K Kerala 4 91 76.4 74 9/0
73222 C. longa SL SRILANKA 5 93 73.67 24
84182 C. zanthorrhiza K Kerala 3 46 31.25 38 2/2
12x Group I 2n > 70
71485 C. sp. 'ranchi'J Jharkhand 4 93 74.8 35 1/0
15x Group I 2n = 105
71432 C. raktakanta As Assam 5 115 103 25 1/1
84120 C. raktakanta K Kerala 5 107 81.6 12
Hexaploid Group II 2n =42
** 73453 C. angustifolia U Uttaranchal 5 108 62.8 63 3/0
** 73480 C. angustifolia Ch Chhattisgarh 4 117 75 59
*+ 84143 C. cannanorensis K Kerala 4 105 69.5 50 0/0
** 73403 C. inodora M Maharashtra 5 77 39.6 71 1/0
** 73402 C. pseudomontana M Maharashtra 5§ 85 47 63 2/0
** 73477 C. reclinata Ch Chhattisgarh 2 95 77 37 2/0
** 73467 C. sulcata MP Mad. .Prad. 4 82 44.5 75 0/0
** 84155 C. ecalcarata K Kerala 4 52 34 48 3/3
** 73446 C. bhatii Ka Karnataka 5 95 60.25 33 6/5
Hexaploid Group III 2n =42
** 84145 C. mutabilis K Kerala 4 128 98.78 63 1/1
11x Group III 2n=77
73223 C. oligantha SL SRI LANKA 4 96 75.5 47 0/0
Subg. Hitcheniopsis x=11
** 84156 C.vamana K Kerala 3 39 30.33 32 0/0
TOTAL 115 350 7243 96.15
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4.1.2 Phylogenetic relationships

NJ and MP

The neighbour-joining analysis as well as maximum parsimony analysis revealed essentialy
the same structure (Fig. 8). Two groups were detected, although not supported by bootstrap
values, on the unrooted trees (MP tree not presented). First group covering all taxa belonging
to formerly defined genome size group I (species marked in Fig. 8 as ,,Group I‘) with 2
populations of species C. angustifolia belonging to group II. Second group involved
remaining species belonging to group II, and all species belonging to group III (marked in
Fig. 8 ,,Group II “ and ,,Group III ©). One species belonging to subgenus Hitcheniopsis was
adjacent to this group.

Individuals of most of the previously recognised species clustered together with
moderate to high bootstrap support (bs) 70-100%. Exceptions was species C. longa, of which
both populations were well supported in NJ as well as in MP analysis (bs 70-100%), but did
not cluster together. Some populations of previously defined species clustered together with
population of another species into one well supported cluster (covering all individuals of
these populations) rather than forming species specific clusters. Such situation was observed
between population of hexaploid species C. pseudomontana/C. inodora (bs 82% in NJ, bs in
MP < 50%), between C. cannanorensis/C. mutabilis (bs 89% in NJ and 97% in MP analysis),
and between populations of nonaploid C. leucorrhiza and dodecaploid C. ranchi (bs 62% in
NJ, 71% in MP).

Within ,,Group I species two well-supported clades were detected: 1) hexaploid and
nonaploid species C. aromatica/C. zanthorrhiza had 87% bs in NJ and 72% bs in MP
analysis; 2) three population of nonaploid C. aeruginosa and two population of
pentadecaploid C. raktakanta were supported by 70% bs in NJ and 99% bs in MP analysis.

Within ,,Group II and III* species also two well-supported clades were detected
covering 1) populations of above mentioned C. pseudomontana/C. inodora and 2)
populations of C. reclinata/C. cannanorensis/C. mutabilis/C. sulcata (bs 83% in NJ and 60%
in MP). All subclades within the later clade were also well supported (see Fig. 8).

Population of species C. bhatti, C. ecalcarata, C. oligantha and C. vamana were
supported as individual clusters (100% bs in NJ) with no supported relationships to other
species.
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o001

subg. Hitcheniopsis

. & K(2x)

Ch (6x)

Group 11

Fig. 8. Neighbor-joining tree of 115 Curcuma individuals based on 350 informative AFLP characters; NJ and
MP bootstrap value higher than 50% are presented (NJ / MP). Abbreviation following the name of the species
correspond to locality of origin. In parenthesis, ploidy level of the species is given. Group I, II, III indicate
species belonging to formerly defined genome size groups I, II and III by Leong-Skornitkova et al.
(2007)(details in Table 2)
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Analysis of diploid and hexaploid species
Neighbor network analysis of one diploid and 11 hexaploid species (55 individuals) revealed
overall the same relationships of species belonging to genome size group II and group III as
was detected by MP and NJ analyses of complete dataset. Cluster of intermingling samples
of C. inodora/C. pseudomontana and cluster common to C. mutabilis/C. cannanorensis were
well supported by splits as well as by bootstrap analyses (70% bs and 98% bs, respectively).
In addition to analysis of complete dataset, within genome size group I (marked as
,»Group I species in Fig. 9) poorly supported cluster of C. montana/C. aromatica (64% bs in
NJ) was detected. Nevertheles, this relationship was not supported by any split in NN splits
graph (Fig. 9). The basal relationships of hexaploid species were poorly resolved and more
than two contradicting relationships in the centre of the network were detected. However,
any of these basal relationships were not supported by bootstrap analysis.

F-—=0 01

- subg. Hitcheniopsis

Fig. 9. Neighbour-net splits graph based on AFLP data of Curcuma diploid (C. vamana only) and hexaploid
species. Total of 55 individuals, 350 informative AFLP characters; bootstrap values obtained in NJ bootstrap
analysis of the same dataset (5,000 replicates) are mapped on the corresponding splits. Three alternative basal
relationships of the species suppoorted by splits but not by bootstrap analysis are outlined. Group I, II, III
indicate species belonging to formerly defined genome size groups I, II and III by Leong-Skornitkov4 et al.
(2007)(details in Table 2).
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Principal coordinate analysis
The non-hierarchical analysis PCoA largely confirmed the pattern detected by the neighbour-
joining and MP analyses.

In a view of first two coordinates, most of the individuals of higher polyploid species
(belonging to genome size group I) formed groups according to their population origin,
which clearly differentiated from other species (Fig. 10A). On the other hand, hexaploid
species belonging to genome size group II and III, form two subgroups, which partially
corresponding with clusters in NJ, MP and NN analyses: (1) cluster of C. cannanorensis/
C. mutabilis/ C. sulcata/ C. reclinata and (2) cluster of C. inodora/ C. pseudomontana/
C. bhatti/ C. vamana/ C. oligatha/ C. ecalcarata.

Combination of the first and third coordinate (Fig. 10B) shows obvious separation of
species belonging to genome size group I (black shapes) and group II (white dots).
Individuals from genome size group III (grey shapes) and single representant of subgenus
Hitcheniopsis (C. vamana) were integrated into group II individuals. Two populations of
C. angustifolia (genome group II) appeared in both cases (Fig. 10A and 10B) on the border
with populations of hexaploids from group I and group II.

At least combination of first three coordinates did not separate group G III or
C. vamana from other two groups. First three coordinates explained 10.4%, 5.0% and 4.5%
of the total variation respectively.
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4.2. ITS cloning and sequencing

4.2.1 Characteristics of ITS data

The ITS region was sequenced for 335 clones from 37 individuals representing 32 species.
Overall 179 unique sequences (further referred to ,,sequence types®) were identified by
within individual alignment, of which 25 were evaluated as unambiguous recombinants.
Remaining sequences (156) were duplicates. In entire dataset no pseudogenous sequences
were detected. (see raw data in APENDIX 1, 2)

Dataset for initial maximum parsimony analysis contained 154 ITS sequence types
belonging to 37 individuals. (= all 335 cloned sequences excluding 156 duplicates, 25
recombinants and 0 pseudogenes). After initial phylogenetic analysis by MP method total of
52 sequences with poorly supported relationships in bootstrap analysis were removed from
the dataset (second step of reduction). Final dataset, further used for phylogenetic analyses
by MP, Bayesian analysis and NN algorithm, included 102 ITS sequences representing 34
individuals from 29 species. Due to the second step of reduction all sequence types of three
species were removed from final analyses (C. aff. prakasha (2), C. sp. ,ranchi“ and
C. ecalcarata). These species are highlighted in initial phylogenetic tree, Fig. 11. (details are
summarized in Table 3).

Within-individual ITS polymorphism

The range of within-individual polymorphism in whole dataset were 1-18 different sequence
types per individual. The lowest number of ITS types were detected in diploid species
Stahliantus involucratus (1 unique ITS type), while the highest number of unique ITS types
were detected within genomes of nonaploid C. aeruginosa and pentadecaploid C. raktakanta
(18 unique ITS types) (see Table 3 and raw data in APENDIX 1).

Within-individual polymorphism differed in various groups of taxa. Maximum of 3
different sequence types were detected for species of subg. Hitcheniopsis, species belonging
to Curcuma-related genera and for outgroup species. Different situation was in subgenus
Curcuma. “Medium” within-individual polymorphism was detected in species of genome
size group II and III where 2-7 different ITS sequence types were identified. In hexaploid
taxa belonging to genome size group I was diversity also in range 2-7 sequence types per
individual, while in higher polyploids from group I 3-18 sequence types per individual were
detected.
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Within-species ITS diversity

For four Curcuma species more than one individual belonging to different populations were
analysed. Based on the number of unique sequences identified within the different
individuals of the same species, as well as position of ITS sequence types in initial
phylogenetic tree (Fig. 11) existence of unique sequences in different individuals of the same
species was detected.

In two individuals of C. angustifolia 4 and 3 unique ITS types were detected by
within-individuall alignment. After reduction of dataset, 3 ITS types remained for each
individual, that occured together in two lineages on final phylogenetic tree (Fig. 12, clade I a,
Ib).

In three C. montana individuals 3, 5 and 3 ITS types respectively, were detected by
within-individuall alignment. After reduction one sequence type remained in each individual
and all these sequences occured in final phylogenetic tree within a single lineage (Fig. 12,
cladeI e).

In two individuals of C. aromatica 7 and 3 ITS types were identified by within-
individuall alignment, where 4 and 1 type respectively, remained in the final dataset and
occured in two different lieages. One lineage was formed by sequence types of both
individuals (Fig. 12, clade I ¢), while in second lineage only sequence types of one individual
have occured (Fig. 12, clade I f). :

In two individuals of C. aeruginosa 18 and 6 ITS types before reduction and 10 and 3
types after reduction were detected. In final phylogenetic tree at lest four lineages of
C. aeruginosa were identified (Fig. 12, clade I a, I e, I g, I i). In two of them ITS types from
both individuals have occured together (clade I e and I i), while in other two lineages either
ITS types from one or from another individual were present.
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Table 3. Curcuma species in ITS study and ITS data characteristics; (N) clones, total number of clones
sequenced for each individual; Unig/dupl. clones = number of unique/duplicate sequences identified by within
individual alignment; Recomb. clones = number of recombinant sequences identified by within individual
alignment Within individual polymorphism = number of unique clones excluding recombinant clones (= clones
included in initial dataset); Reduc. step, number of unique clones, that were removed from initial dataset after
initial phylogenetic analyses (see details in methods); Final dataset, number of unique clones included in final
dataset used for phylogenetic analysis; *, Accession numbers assigned to multiple accessions of the same
species used in Fig. 12, 13, 14; **, Individuals included in neighbour-network analysis of diploid-hexaploid
dataset

Collect. nN) Uniq/dupl. recomb. withinind. Reduc. Final
number species (*) clones clones clones  polymorh. step dataset
Curcuma
Subg. Curcuma x=17
Hexaploid Group I 2n=42
*+ 84183 C. aromatica (1) 8 7/1 0 7 3 4
** 84170 C. aromatica (2) 5 4/1 1 3 2 1
** 71484 C. montana (1) 8 6/2 3 3 2 1
** 73479 C. montana (2) 13 8/5 3 5 4 1
** 73425 C. montana (3) 5 4/1 1 3 2 1
** 71443 C. aff. prakasha (1) 8 6/2 0 6 4 2
71476 C. aff. prakasha (2) 5 2/3 0 2 2 0
Nonaploid Group I 2n=63
71431 C. aeruginosa (1) 20 18/2 0 18 8 10
84142 C. aeruginosa (2) 7 7/0 1 6 3 3
71492 C. aromatica 9 5/4 1 4 2 2
73222 C. longa 15 7/8 2 5 1 4
84182 C. zanthorrhiza 5 572 0 3 0 3
12x Groupl 2n>170
71485 C. sp. 'ranchi’ 8 8/4 0 4 4 0
15x Group I 2n=105
71432 C. raktakanta 23 23/5 0 18 4 14
Hexaploid Group II 2n=42
** 73453 C. angustifolia (1) 5 5N 0 4 1 3
** 73480 C. angustifolia (2) 16 7/9 4 3 0 3
** 84143 C. cannanorensis 15 6/9 2 4 2 2
** 73403 C. inodora 15 10/5 3 7 0 7
** 73402 C. pseudomontana 6 2/4 0 2 0 2
** 73477 C. reclinata 6 472 1 3 0 3
** 73467 C. sulcata 9 4/5 1 3 0 3
84155 C. ecalcarata 5 4/ 1 3 3 0
** 73446 C. bhatii 10 2/8 0 2 0 2
** 84157 C. neilgherensis 5 5/0 0 5 2 3
Hexaploid Group III 2n=42
** 84145 C. mutabilis 8 573 0 5 3 2
11x Group III 2n=177
73223 C. oligantha 8 3/5 0 3 0 3
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Table 3. Part 2.
Collect. ™) Unig/dupl. recomb. | withinind. | Reduc. | Final
number species (*) clones | clones clones | polymorh. | step dataset
Curcuma
Subg. Hitcheniopsis x=11
** 84156 C. vamana 13 2/11 0 2 0 2
** 20 C. alismatifolia 10 4/6 1 3 0 3
** 19 C. pierreana 8 3/5 0 3 0 3
Related genera I 2n =42
** 86407 Monolophus scaposus 4 272 0 2 0 2
** 84178 Hitchenia caulina 8 2/6 0 2 0 2
Related Genera I1 2n=22
C086 Stahlianthus campanulatus 8 2/6 0 2 0 2
71449 Stahlianthus involucratus 5 1/4 0 1 0 1
Outgroup species
C073 Hitchenia careyana 8 21/6 0 2 0 2
C056 Globba sp. 8 2/6 0 2 0 2
C071 Alpinia conchigera 8 2/6 0 2 0 2
C058 Zingiber capitatum 8 2/6 0 2 0 2
Total no. of clones in datsets/reductions 335 179/156 25 154 52 102

4.2.2 Phylogenetic relationships

MP analysis of initial dataset

Initial dataset of ntDNA consist of 154 ITS sequences belonging to 37 individuals. Length of
complete alignment was 671 characters (750 characters including gap-coding characters),
where 372 characters were constant, 70 variable characters were parsimony-uninformative
and 308 characters (41%) were parsimony-informative. 50% bootstrap majority-rule
consensus tree is presented in Fig. 11.

Backbone of the initial tree were well resolved and were formed by basal group of
outgroup taxa and ingroup taxa clade (99% bs). Ingroup clade covered three well supported
clades representing from the base by: yet undefined subgenus (single representant
C. pierreana, 100% bs), subg. Hitcheniopsis clade (76% bs) and subg. Curcuma clade (64%
bs), respectively. Within subg. Curcuma two main clades marked as clade I and clade II were
moderately supported (73% bs and 74% bs, respectively). Relationships within both main
clades of subg. Curcuma were rather poorly resolved and supported. Base of each two clades
were formed by large polytomy of sequences belonging to various individuals and species.

As this analysis resulted in a large, unwieldy tree with multiple clones of poor
phylogenetic information value further analysis and descriptions were operated with
,reduced dataset” (= final dataset).
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Fig. 11. Maximum parsimony 50% bootstrap majority-rule consensus tree based on initial ITS dataset (154
cloned sequences) for the 29 Curcuma individuals, 4 individuals belonging to related genera (M. scapo-
sus, H. caulina, S. involucratus, S. campanulatus, highlighted in yellow) and 4 outgroup taxa. Collection
numbers are given before name of the species. Bootstrap values over 50% are indicated. Clones that were
pruned in second step of reduction are highlighted in grey. Three species that were completely removed

from final analyses are highlighted in colour. Names of the accessions correspond to names in raw data
(APENDIX 1, 2)
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MP and Bayes analyses of final dataset
Final dataset consisted of 102 ITS sequences belonging to 34 individuals with complete
length of alignment 671 characters (total of 750 characters including gap-coding characters).

For maximum parsimony analysis this matrix contained 396 constant characters, 52
parsimony-uninformative variable characters and 302 characters (40.2%) that were
parsimony-informative. MP analysis resulted in 100,000 most parsimonious trees
(C1=0.5929, RI=0.8701). Strict consensus tree were computed for presentation of
relationships (Fig. 12). Overall topology of strict consensus tree of final dataset was highly
congruent with the strict consensus tree of the initial dataset, except the absence of the large
polytomies on the base of the clusters within subg. Curcuma clade. Bootstrap values of the
individual clades were equal or higher in comparison with the support values of the same
clades in initial analysis. Here were assumed bootstrap support value of 90-100% to be a
well-supported node, 70-90% to be moderately supported, and 60-70% to be weakly
supported node. Bootstrap value from 50 to 60% was assumed as a poorly supported, but
nonrandom relationship, which will be interpreted with “special attention”.

Bayesian analysis resulted in majority rule consensus tree (from 94,002 trees after
burnin) based on supports of the branches by posterior probabilities (PP) higher than 50%
(Bayesian tree not presented). This consensus tree differs slightly in topology in comparison
with strict consensus tree from MP analyses. However, all well supported clades in MP
analysis (from initial as well as final dataset) were formed by same representants as the
clades that were well supported in Bayesian analysis. Here were assumed a PP values of 99%
and above to be a well-supported node, 95-98% to be moderatly supported, and 90-94% to be
poorly supported.

Two kinds of supported relationships between sequence types were distinguished and
further described: 1) “monophyletic” clades consisting of all of the sequence types belonging
to single individual/species that were detected in initial as well as final dataset. These clusters
are marked in phylogenetic trees (Fig. 11, 12) in upper case leters after number of its superior
clade (e.g. IIA indicate monopyletic cluster A of species C. bhatii within clade II of subgenus
Curcuma). 2) “paraphyletic” clades that consist of sequence types belonging to various
individuals of the same or different species and whose other sequence types are present in
more than one cluster. These clusters are marked in phylogenetic trees in lower case letters
after number of its superior clade (e.g. Ib indicate paraphyletic cluster b of clade I of
subgenus Curcuma, that covered 5 sequence types of two individuals of C. angustifolia,
however other sequence types of this species occured in another well supported clade).
Topology and supported relationships of the sequences types were commented from the basal
groups of the strict consensus tree (Fig. 12) to the terminate ones.
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Ingroup clade of the ITS phylogeny was well supported by 100% bs (PP 99%) in the
same way as in initial dataset. This clade involves taxa from both subgenera of Curcuma
(subg. Curcuma and subg. Hitcheniopsis), as well as four species from related genera
Hitchenia (H. caulina), Monolophus (M. scaposus) and Stahlianthus (S. involucratus, S.
campanulatus), which were well dispersed among Curcuma species.

Basal group of ingroup species were represented by Curcuma pierreana that is not yet
well classified and most probably belongs to new subgenus, species belonging to subg.
Hitcheniopsis (C. alismatifolia, C. vamana) and two species belonging to related genus
Stahlianthus (S. involucratus and S. campanulatus) (74% bs, PP 72%). The group of species
belonging to subg. Curcuma was separated from subg. Hitcheniopsis group with bootstrap
support 65% (PP 99%). Cloned ITS sequences of subg. Curcuma species were split into two
well supported groups marked as clade II (88% bs, PP 99%), which is basal group of
Curcuma clade and clade I (90% bs, PP 99%), which is rather terminal.

Clade II (88% bs, PP 99%) involved exclusively ITS sequence types of hexaploid
taxa (and one endecaploid species), which were apriori classified to genome size groups II
and III based on 1Cx values in Leong-Skorni¢kova et al. (2007). In general this clade was
represented by the same species that clustered together in AFLP analysis (although not
supported by bootstrap) and that formed one of the two main groups in NJ tree (Fig. 8 and
14). In cladell two species belonging to related genera Hitchenia (H. caulina) and
Monolophus (M. scaposus) that were not sampled in AFLP analysis were involved. Due to
reduction of initial dataset all of the sequence types belonging to C. ecalcarata were
excluded from clade II (see Fig. 11, for plausible reasons see discussion).

Two monophyletic clades of species C. bhatii (IIA, 86% bs, PP 100%) and
C. oligantha (11B, 81% bs, 100%) respectively were detected within clade II. Five remaining
clusters within clade II (Ila — Ile) were paraphyletic. Clade Ila ( 74% bs, PP 100%) covered
all sequence types of H. caulina, M. scaposus and one of two sequence type of
C. pseudomontana. Clade IIb (84% bs, PP 100%) contained 2 sequence types of
C. cannanorensis. Remaining 2 sequence types of this species were removed by second step
of reduction due to poorly supported relationships with other sequence types present in initial
dataset (see Fig. 11). Clade II ¢ (66% bs, PP 83%) contained single sequence types of
C. neilgherensis and C. mutabilis respectively. Other sequence types of these species are
within the clade IId (95%, PP 100%), another 2 sequence types of C. neilgherensis and 3
sequence types of C. mutabilis were removed throughout second reduction step. Clade Ile
(82% bs, PP 99%) covered second sequence type of the C. pseudomontana which is basal to
clade of all the sequence types of three species C. inodora, C. sulcata and C.reclinata.

Clade I (90% bs, PP 99%) involved ITS sequence types of species, which are
characterized by genome sizes as members of genome size group I (Leong-Skornikové et
al., 2007), with exception of taxon C. angustifolia that belongs to genome size group II. In
comparison with AFLP results group of same species in general clustered together in NJ tree
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(Fig. 8), although not supported by bootstrap analyses. As mentioned above group I is
represented by taxa with high within-individual ITS polymorphism. Majority of sequence
types that belongs to single individual represented more than one cluster and frequently
clustered together with sequences types from different species/individuals. All of the
sequence types of two species (C. aff. prakasha (2), C. sp. ,,ranchi*) and several sequence
types from other species were excluded from the final analysis due to the poor support in
initial phylogenetic analysis. Nine well supported clades within clade I (Ia — Ii), will be
described bellow. All of these clades are “paraphyletic” in the sense mentioned above.

Clade Ia (56% bs, PP 99%) contained 4 sequence types of pentadecaploid
C. raktakanta, one sequence type of nonaploid C. aeruginosa and 2 sequence types of
hexaploid C. angustifolia. Remaining sequence types of C. angustifolia are involved in clade
Ib (98% bs, PP 100%). Clade Ic (93% bs, PP 73%) covered two sequence types from two
different individuals of hexaploid C. aromatica. Two of four ITS types of nonaploid C. longa
are involved in clade Id (99% bs, PP 90%). Remaining sequence types of C. longa clustered
together with hexaploid C. aff. prakasha (71443), nonaploid C. aromatica and nonaploid
C. aeruginosa sequence types (cluster Ig, 86% bs, PP 100%). Clade Ie (81% bs, PP 96%)
involved two well supported subclusters of C. aeruginosa sequence types and three seq.
types from three different individuals of hexaploid C. montana respectively. Sequence types
of hexaploid C. aromatica and nonaploid C. zanthorrhiza are strongly supported in a cluster
If (99%, PP 97%). Clade Ih (60% bs, PP 98%) is formed by sequence types of C. raktakanta
and C. zanthorrhiza, while another sequence types of C. raktakanta clustered together with
C. aeruginosa ITS types in cluster Ii (88% bs, PP 100%). These two clades formed poorly
supported terminal clade of the tree (63% bs, PP 96%).
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Analysis of diploid - hexaploid dataset in comparison with final dataset

Two datasets of ITS sequences have undergone neighbour network analyses in order to
compare non-hierarchical relationships between sequence types of diploids and hexaploids
species within dataset that do not cover higher polyploid species, and within dataset that
cover all of the higher polyploid species.

NN analysis of diploid-hexaploid dataset resulted in network of 58 ITS sequence
types belonging to 19 species (see Fig. 13A and Table 3)(12 hexaploid species belonging to
subgenus Curcuma, 2 hexaploid species belonging to Curcuma-related genera I (Monolophus
scaposus, Hitchenia caulina), 2 diploid species belonging to subg. Hitcheniopsis (C. vamana,
C. alismatifolia), one diploid C. pierreana of undefined position within genus Curcuma and
2 diploid species classified as Curcuma-related genera II (Stahlianthus campanulatus and
Stahlianthus involucratus).

ITS sequence types of six hexaploid species (C. aromatica, C. aff. prakasha,
C. angustifolia, C. pseudomontana, C. mutabilis, and C. neilgherensis) occured in more than
one lineage that were supported by splits and by bootstrap analysis. All sequence types of
remaining 8 hexaploid taxa and 5 diploid taxa occured generally within single lineage. All
sequence types of three taxa C. sulcata/C. reclinata/C. inodora occured in common terminal
lineage, together with one sequence type of C. pseudomontana on the base of this lineage.

Second neighbour network dataset consisted of all sequence types involved in MP and
Bayesian analysis, exluding outgroup taxa (Fig. 13B). Overall 94 sequence types from 30
species covering five ploidy levels (2x, 6x, 9x, 11x, 15x) were analysed. In general, NN
revealed same structure as MP and Bayesian analysis. Therefore well supported clusters that
were described above (clusters I a — I i of clade I and clusters Ila — II e of clade II) could be
mapped onto splits of the network. Additionally to phylogenetic trees, lineages, from which
plausibly higher polyploid taxa arised, are more clearly depicted.
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4.3. Comparison of results from AFLP fingerprinting and ITS sequencing

Two different types of molecular markers were used for resolving phylogenetic relationships
within genus Curcuma and to prove monophyletic origin of taxa belonging to genome size
groups I, II, IIT). Results of both analyses provided in general the same insight into
relationships among the genome size groups, while insights into phylogenetic relationships
within these groups slightly differed in AFLP and ITS analyses respectively.

AFLP data in this study provided most reliable information at population (and within
species) level, because of relationships of individuals within populations and relationships of
populations within species were best resolved and supported by all AFLP data analysis
methods. Relationships among species (at infrageneric-level) were well resolved, but
frequently poorly supported. However, clustering of species belonging to genome size group
I in one cluster and species belonging to genome size group II and III in second cluster were
confirmed by NJ analysis (although not supported by bootstrap) as well as other methods of
AFLP data snalysis (MP, NN, PCoA, Fig. 8, 9, 10A, B). Species C. angustifolia (genome
size group II) exhibited border position to group I and group II species in PCoA analysis,
while in phylogenetic analyses were incorporeted into genome group I species. Genome size
group III were not supported as a separate group by any method of AFLP data analysis. In
question how are the phylogenetic relationships between species within and among genome
size groups, AFLP marker outline some well supported relationships between hexaploid
species belonging to genome size group II and III and between hexaploids and higher
polyploids belonging to genome size group 1.

Although highly supported clusters covering species of different ploidy levels were
detected (C. raktakanta/C. aeruginosa, C. aromatica/C. zanthorrhiza) character of origin of
Curcuma polyploids cannot be determined unambiguously based on AFLP marker only.
Similarly, two pairs of populations likely influenced by hybridization/introgression were
hinted by AFLPs (C. pseudomontana/C. inodora and C. mutabilis /C. cannanorensis) but
exact hybridization events cannot be proven by AFLP only. Reticulate character of evolution,
were partially outined in analysis of hexaploid species represented by contradicting
phylogenetic relationships in neighbour-net splits graph.

Analysis of cloned ITS sequences from several Curcuma individuals yielded
complementary data to AFLP and provided reliable informations at within individual-level
(due to analysis of several clones from single individual), within species — level (where two
and more individuals of single species were cloned and analysed), infrageneric level (where
several species of genus Curcuma were analysed) and also generic level — where taxa
belonging to related genera were analysed. Relationships at all these levels were moderately
to well supported by bootstrap analysis. Based on ITS results two monophyletic clades with
plausible independent evolutionary history were detected. First clade covered all species
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belonging to genome size group I and single species belonging to group II, C. angustifolia.
Second clade covered remaining species of genome size group II and all species belonging to
group III. This well supplement results from AFLP analysis. Relationships between species
within these clades were also well resolved and were not in conflict with AFLP results.

However, contrary to AFLP data, results from cloning analysis of ITS region
provided enormously complex insight into relationships between Curcuma species (where
diploid taxa involved two or more different ITS types within the genome, while higher
polyploid taxa involved up to 18 different ITS sequence types occuring in two or more
different evolutionary lineages). Based on ITS results it was also possible to identified
species of plausible hybrid or allopolyploid origin (majority of taxa belonging to genome
group I and also hexaploids from group II), or species, that more likely evolved from single
ancestor by another processes of speciation (species belonging to subg. Hitcheniopsis, and
C. pierreana). Reticulate pattern of evolution in Curcuma species is evident from ITS results.
This is particularly visible e.g. in NN analysis (Fig. 13A, B), where majotity of higher
polyploids (but also some hexaploids) occured in two or more independent lineages and thus
descended plausibly from more than one ancestor (Further hypothesis about evolutionary
processes will be discussed).

For visualization of congruences and discongruences between AFLP and ITS results
respectively, comparison of the NJ tree based on 115 Curcuma individuals belonging to 19
Indian species (subg. Curcuma) and MP strict consensus tree from 102 cloned sequences
belonging to 21 Curcuma and 4 species of Curcuma-related genera is presented in Fig. 14.

Fig. 14. Comparison of AFLP fingerprinting method and ITS sequencing in genus Curcuma. On the left,
neighbour-joining tree based on 350 informative AFLP characters covering 115 Curcuma individuals belonging
to 19 Indian Curcuma species. On the right, maximum parsimony strict consensus tree of 100,000 most
parsimonious trees based on 102 ITS sequences from 21 Curcuma species, 4 species belonging to related genera
(M. scaposus, H. caulina, S. involucratus, S. campanulatus, highlighted in yellow) and 4 outgroup taxa (not
shown). Independent evolutionary history of two groups of Indian Curcuma species (genome group II + III and
genome group I + C. angustifolia, respectively) were justified by both method. Complex evolutionary history of
Curcuma species were outlined rather by ITS cloning and sequencing analysis. Marked clades and bootstrap
support values are adopted from particular analysis (Fig. 8 and 12)
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S.  DISCUSSION

Based on current cytological data (Leong-Skornigkova et al., 2007) and with solid taxonomic
background (Skomiékové 2007, Skorni¢kova et al., 2003a, b, 2004, 2005a, b, ¢), the aim of
present study is to shed light into phylogenetic relationships of selected Curcuma species.
Goals of this study are - to test monophyletic origin of three genome size groups of taxa
defined in (Leong-Skornitkova et al., 2007), which may have some value for taxonomical
classification of subgenus Curcuma and to outline basic phylogenetic relationships within
selected members of the genus Curcuma. Plausible evolutionary phenomenons, which
influenced phylogeny of Curcuma species are proposed for discussion and further analysis.
Second aim of the study is at least partially resolve question of generic boundaries between
genus Curcuma and its related genera Hitchenia, Stahlianthus and Monolophus.

S.1. Phylogenetic relationships within genus Curcuma

Phylogenetic relationships in Curcuma are complex, mainly due to polyploidy, that has
played a significant role in evolution of the genus, similarly as in other genera within
Zingiberacea [e.g. Globba (Lim, 1972a,b; Takano, 2001; Takano and Okada, 2002),
Hedychium (Mukherjee, 1970; Chen and Chen, 1984)]. As a consequence of
polyploidization, different modes of reproduction (sexual and vegetative) have evolved in
different species and these exhibit various levels of morphological variability. Taxonomical
problems resulting from this pattern were described in chapter 2. To prove natural grouping
of the genus according to Leong-Skorni¢kova et al. (2007) AFLP fingerprinting and ITS
sequencing were used. Combination of these two markers provided two slightly different
insights into phylogenetic relationships in the genus Curcuma. AFLP method did not resolve
origin of the polyploids unambiguously. On the other hand, AFLP profiles of individual
Curcuma species corresponded well with situation that can be observed in the field in present
time. For instance, based on AFLP profiles morphologicaly highly variable species exhibit
significantly higher within-population genetic variability than morphologicaly nearly uniform
taxa that exhibit low within-population genetic variability (data not shown, Zaveska et al., in
prep.). Further, individuals of species that occuring sympatrically in present time and either
share recent common ancestor or are influenced by itrogression/hybrididzation, have nearly
the same AFLP profiles (e.g. populations of species C.mutabilis/C. cannanorensis,
C. pseudomontanalC. inodora, C. zanthorrhizal/C. aromatica, C. aeruginosa/C. raktakanta).
Finaly, species that evolved independently in the past, e.g. due to isolation or as an endemic
species with some specific ecological requirements (which can also cause considerable
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morphological differences) exhibit higher number of species-specific bands in AFLP profiles
(e.g. C. bhatti — specific habitat, that influenced overall morphology — 5 species specific
AFLP bands; C. ecalcarata — unique shape and structure of the anther — 3 species specific
bands). Nature of AFLP marker, where high number of fragments is aquired from different
parts of the whole genome and subsequently is compared between individual samples
(Robinson and Harris, 1999) is likely the reason of the ,,generallized* pattern observed in
Curcuma species.

On the contrary, based on ITS results species of plausible hybrid/allopolyploid origin
or species that more likely evolved from single ancestor was possible to identify more
exactly. Reticulate pattern of evolution in Curcuma species is evident. However, specific
evolution of nfDNA within the genome partially contributes to complexity of relationships
detected by phylogenetic analyses (Gottlieb et al., 2005). Overall, character of ITS data in
Curcuma species mirrored cascades of ancient or recent allopolyploidization or hybridization
events, various degrees of homogenization of rDNA arrays (e.g. in hexaploids from group
IT), maintenance of some parental ITS types in allopolyploid genomes (e.g. in hexaploids and
higher polyploids of group I) or parental ITS types under various degrees of recombination
processes (production of chimeric ITS sequences). All these events are represented in
particular species by different level of within individual ITS polymorphism. Character of
nrDNA data was taken into account, when gene tree of ITS region was interpreted as an
evolutionary hypothesis for Curcuma species.

For further studies, exact pattern of the relationship network cannot be infered only
based on one rDNA region, but rather several DNA regions from different parts of genomes
(cpDNA, nDNA) should be compared (similarly as in Guo et al, 2004; Hodkinson et al.,
2002 and many others) and preferably more single-copy nuclear region should be employed
for inference of exact relationships (Strand et al. 1997, Small et al. 2004) among Curcuma
species.

5.1.1 ITS polymorphism in Curcuma species

Intra-individual variability of ITS sequences were observed in several groups of angiosperms
[e.g. Grimm and Denk, 2008 (Platanus, Platanaceae); Denduangboripant and Cronk, 2000
(Aeschynanthus, Gesneriaceae); Cambell et al., 1997 (Amelanchier, Rosaceae); Sang et al.,
1995 (Paeonia, Paeoniaceae)]. In the investigated Curcuma species, various levels of within-
individual ITS polymorphism were observed. These vary according to ploidy level, hybrid
origin and/or preferential mode of reproduction. The ,,distribution of different within-
individual ITS polymorphism partly corresponds with phylogenetic pattern of Curcuma
species. While the species occuring in basal part of the phylogeny (subg. Hitcheniopsis and
genome size group II and III from subg. Curcuma) are diploids or hexaploids reproducing
mainly sexually, species in the terminal lineage (belonging to genome size group I) are either
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facultative asexual species (hexaploids) or compulsory vegetatively reproducing taxa (all of
the higher polyploids) (see Fig. 14).

In majority of sexually reproducing species, maximum of 3 different ITS types per
individual were present in species of subg. Hitcheniopsis and maximum of 7 different ITS
types per individual were present in hexaploids from genome group II and III of subg.
Curcuma (clade II in phylogenetic tree, Fig. 12). Majority of these within-individual
sequence types formed monophyletic clusters on the final phylogenetic tree (both species of
Stahlianthus, C. pierreana, C. alismatifolia, C. bhatii, C. oligantha, and common cluster of
C.inodora/sulcata/reclinata, e.g. Fig. 12). These species could be of paleo-allopolyploid
origin where sequence types from ancient ancestors were almost, but not completely,
homogenizied due to concerted evolution, which is facilitated by sexual reproduction
(Baldwin et al., 1995). This explanation is more likely than origin of these species from
single ancestor, as differences in ITS sequence types were dettected even on diploid level
(see raw data in APENDIX 1). From single ancestor migt originate diploid Stahlianthus
involucratus (subg. Hitcheniopsis) that possessed single unique ITS sequence type within the
genome.

Within sexual species higher within-individual polymorphism and/or occurence in
more than two (paraphyletic) clades observed in C. neilgherensis (4 sequence types) and
C. mutabilis (5 sequence types) might be consequence of interspecific hybridization (e.g.,
Sites and Davis 1989; Arnold, Bennett, and Zimmer 1990; Delseny et al. 1990; Rieseberg,
Carter, and Zona 1990; Crease and Lynch 1991; Rieseberg 1991; Soltis and Soltis 1991; Kim
and Jansen 1994; Sang et al., 1995). In case of C. inodora that have 7 different ITS types but
occured in monophyletic clade with C. sulcata and C. reclinata, (Fig. 12, 13A, clade II e)
hybridization or introgression with closely related C. pseudomontana might be the reason of
high within-individual polymorphism but of low diversification of these ITS sequence types.

In taxa belonging to genome size group I, which encompasses hexaploids as well as
higher polyploid taxa, more extensive within-individual ITS polymorphism was detected.
Maximum of 7 different haplotypes within genome were detected within hexaploid species,
while maximum of 18 different haplotypes were observed within group of higher polyploids.
The numbers of different ITS sequence types within group I species genomes were
frequently equal or higher than ploidy level of particular species. Thus higher number of
haploid sets of chromosomes is not only single source of extensive ITS polymorphism within
these species, but rather specific evolutionary processes of ITS region contributed to
generating extensive within-individual polymorphism of ITS sequences. Campbell et al.,
(1997) summarized that within-individual polymorphic ntDNA may occur in transition
stages of concerted evolution; when mutation rate exceeds the rate of concerted evolution, as
in length variants in the intergenic spacer; as a result of interspecific hybridization; when
pseudogenes evolved or when location of nrDNA loci on nonhomologous chromosomes
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potentially disrupts concerted evolution. High incidence of hybridization and/or
allopolyploidization events could be possible explanation of high within-individual
polymorphism in Curcuma species belonging to genome group I. However, many
allopolyploids for which ITS sequence data are available (e.g., Baldwin 1992; Hsiao et al.
1994; Sun et al. 1994; Baldwin and Robichaux 1995; Wendel et al., 1995) do not show such
extensive nucleotide site polymorphism as present in Curcuma. Similar pattern of
polymorphic ITS sequences have been found e.g. in Amelanchier (Rosaceae) (Campbell et
al.,, 1997) or Arnica (Asteraceae) (Ekenas et al., 2009), where in both cases the ITS
polymorphism was explained by hybridization in combination with reduced concerted
evolution due to agamospermy. As generalized by Baldwin et al. (1995), vegetative
reproduction is likely to be a reason for maintenance of parental ITS sequences in the
hybrids. Sang et al. (1995) argued, that in polyploid Peonia frequent reproduction via
rhizomes may prolong generation time significantly, which might cause slow rates of
concerted evolution. As Curcuma hexaploids are facultatively vegetatively reproducing
species and all of the higher polyploids are reproducing exclusively vegetatively by rhizomes
(see Table 1), it is very likely that mode of reproduction in Curcuma is linked with processes
arranging maintenance of high number of ITS haplotypes within single genome.
Additionally, Campbell et al., (1997) mentioned that polymorphism does not have to be
clearly associated with vegetative reproduction or polyploidy, as the impact of hybridization
on polymorphism may depend on the sequence divergence of the parents.

Nevertheless, the level of homogenization (concerted evolution) and other processes
that impact evolution of ITS region does vary between species and probably are not strictly
correlated with the age of the group. Dadejova et al. (2007) summarized that allopolyploids
of Arabidopsis and Brassica apparently have no rDNA unit loss or concerted evolution,
despite an evolutionary history lasting several thousands of generations (e.g. Alvarez and
Wendel, 2003). By contrast, studies on some recently formed allopolyploids (Kovarik et al.,
2005), synthetic interspecific hybrids and polyploids (Lin et al., 1985; Cluster et al., 1996;
Weiss and Maluszynska, 2000; Skalicka et al., 2003) reveal evidence of astonishingly fast
genetic change influencing thousands of rDNA units perhaps in just a few generations
following allopolyploidy. The reasons for interspecies differences remain enigmatic but
evolutionary change probably occurs through a range of processes, including locus loss/gain,
amplification/reduction in repeat copy number, gene conversion and recombination. Thus for
realisation of possible options of evolutionary processes in ITS arrays within Curcuma’s
genomes further extensive studies should be performed. Then more accurate interpretations
of ITS gene tree could be applied for inferring evolutionary relationships of Curcuma
species.

Intergenic recombination between different repeat types is another possible factor
which increased the number of haplotypes within the genome of Curcuma species. Following
hybridization, two or more repeat types can be maintained but undergo various degrees of
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recombination (Alvarez and Wendel, 2003). In several investigated Curcuma species
recombinant sequences unambiguously identifiable by comparison with parental sequence
types were detected (see Table 3 and raw data in APENDIX 1). However, in several
individuals, mainly higher polyploids (e.g. pentadecaploid C. raktakanta and nonaploid
C. aeruginosa) occurence of plausible recombinants that exhibiting unique characters
(mutations/indels) was also detected. These recombinants may represent transition stages in
the homogenization of the ITS region (see Strachan, Webb, and Dover 1985). On the other
hand, these sequence types could be related to ITS types of some ancestor that was not
included in this study or has declined. For further studies enlarge sampling of hexaploid
species (possible ancestors of nonaploids as well as higher polyploids) and enlarge sampling
of clones from single individuals might help with identification of “true ITS types” originate
from ancestral genomes and their recombinants. '

5.1.2 Subg. Hitcheniopsis

Two species currently recognized as members of the subgenus Hitcheniopsis were included
in this study - C. vamana and C. alismatifolia. Major characters of the subg. Hitcheniopsis is
absence of epigynous glands and anthers without anther spurs. C. vamana is the only
representative of subgenus Hitcheniopsis in India, and single diploid species in India
(2x = 22). Although its geographical distribution overlaped with distribution of typical Indian
species from subg. Curcuma, there is no evidence of any participation of C. vamana diploid
genome in any of the genomes of hexaploids or higher polyploids from subg. Curcuma.
C. alismatifolia (2n=2x = 36), which is native of Thailand, Laos and Vietnam clustered
perfectly with C. vamana. Two species of the genus Stahlianthus (2n=2x=22), S.
involucratus and S. campanulatus, also clustered together with members of the subgenus
Hitcheniopsis (see below section “Taxonomic position of Curcuma-like species®). The genus
Stahlianthus is currently recognized by highly reduced bracts, of which only two form an
inflorescence head. However, anther structure as well as absence of epigynous glands, which
are considered as rather conservative morphological characters, support this grouping.

Novel subgenus?

Curcuma pierreana clustered at the base of all other Curcuma. This species belong to a small
group of taxa native to Indochina. These taxa have well developed epigynous glands as
species in subg. Curcuma. Their anther structure is also closer to subg. Curcuma with well
develloped connective formed into two tiny hair-like anther spurs. Preliminary study of
Sirirugsa et al., (2007) suggest that these taxa form separate clade and should be recognized
as separate subgenus. Up to date there are no chromosome counts nor genome size
information available on these taxa.
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All above mentioned species are probably not influenced by such extensive
polyploidization and hybridization as was detected in species belonging to subg. Curcuma
and probably evolved in bifurcate model of evolution, that is possible to depicted by
phylogenetic trees. (see species highlighted in grey in Fig.12).

5.1.3 Subg. Curcuma: Genome size groups in the light of molecular phylogeny
Genome size group I

Previously defined genome size group I is covered by four hexaploid species and seven
higher polyploid species (five nonaploids, one dodecaploid and one pentadecaploid) in
present study. All species had same interval of 1Cx value 0.30 — 0.33 pg.

All the methods of AFLP data analysis (PCoA, MP and NJ phylogenetic trees) as well
as phylogenetic analysis of nuclear ribosomal DNA revealed in general the same pattern. All
taxa belonging to the genome size group I form monophyletic clade, however, with inclusion
of species C. angustifolia that belongs to genome size group II. According to 1Cx-values this
species is border-line case between genome group I and group II species (O. Sida, pers.
comm.). Reasons for inclusion of the species within group I remained unresolved, however,
evidence about capability of C.angustifolia to hybridize with species from group I (Fér et al.,
unpubl. data) suggested that genome size of C.angustifolia could increase as a consequence
of genome reorganization after hybridization followed by hybrid speciation (e.g. Rieseberg,
1997).

Hexaploids from genome size group I

Relationships between hexaploid species from group I were not clearly resolved. This could
be caused by absence of recent common ancestor in the present dataset, and the question is
whether this ancestor still exists in present time or has declined.

Relationship of C. aromatica and C. montana were supported in analyses of
hexaploid datasets by both AFLP (65% bs, Fig. 9) as well as by ITS (50% bs, Fig. 13A)
marker. This relationship however were not supported by any analyses of complete dataset.
The reason of this poorly supported but non-random relationship might be ancient common
ancestor of these species and their disjoint geographical distribution [C. aromatica from
South-west of India (Kerala) and all individuals of C. montana from Central India
(Jharkhand, Chhattisgarh, Orissa)]. According to ITS analyses hexaploid C. aromatica is
probably of paleo-allopolyploid origin, as its ITS sequence types occured in at least two
independent lineages on phylogenetic tree (Fig. 12, clades I ¢, I f) and neighbour network
split graphs (Fig. 13A, B).
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In addition to AFLP sampling, two hexaploid species tentatively identified as C. aff.
prakasha (1) (71443) and C. aff. prakasha (2) (71476) were included in ITS study. C. aff.
prakasha (2) (71476) was excluded from the final analysis because of no occurence of
supported relationships with any ITS sequences types from different individuals. On the
contrary sequence types of C. aff. prakasha (1) (71443) have occured in at least two lineages
(Fig. 12, cluster Ig, basal to cluster Ic and Id) where one lineage was shared with sequence
types of C. aromatica (74% bs in hexaploid dataset, Fig. 13A). Therefore, paleo-
allopolyploid origin of this taxon is very likely.

Hexaploid C. angustifolia, previously defined as a member of genome size group II,
have been according to molecular analysis included within species from genome size group I
(88% bs in hexaploid dataset, Fig. 13A, 90% in reduced dataset, Fig. 12). Sequence types of
this species occured in two slightly diversified lineages. However these probably originate
from single recent ancestor (see hexaploid dataset analysis, Fig. 13A).

All of above mentioned species [excluding C. aff. prakasha (2)] have participated, in
different manners and frequencies, on genomes of various higher polyploids.

Hexaploid C. aromatica and its “relatives”
Hexaploid C. aromatica and nonaploid C. zanthorrhiza (in AFLP 87/89% bs, Fig. 8) occured
sympatrically in south-western India (Kerala, Idukki Dt.). According to ITS data well-
supported relationships between some sequence types of these two taxa were detected
(cluster I f, 99% bs, Fig. 12). As C. zanthorrhiza probably contained part of the genome,
which is nearly the same as part of the genome in C. aromatica (the most similar sequence
types of C. aromatica and C. zanthorrhiza differed by maximum of 3 point mutations, see
raw data in APENDIX 2) it is likely that these two taxa have a common ancestor or that
C. aromatica is one of direct parental species of C. zanthorrhiza. Participation of another
genomes in C. zanthorrhiza is plausible, as other sequence types of C. zanthorrhiza occured
in another lineage together with C. raktakanta (cluster Ih, 60% bs, Fig. 12, 13B).

Different ploidy levels (6x and 9x) were documented in C. aromatica (Skornitkova,
2007). In addition to AFLP sampling, nonaploid species of C. aromatica belonging to
C. aromatica polyploid complex were included in ITS study. Contrary to the presumption,
none of ITS sequence types of nonaploid C. aromatica were in supported relationship with
sequence types of hexaploid C. aromatica. It is not surprising, because taxa belonging to
“C. aromatica complex” were established based on morphological match with rather scanty
original description and nomenclatoric resolution for the name C. aromatica is wanting
(Skornitkova, pers. comm.). Therefore “C. aromatica complex” is artificial group of species
without any recent phylogenetic connections and should be the point of further studies.
Alternative parental taxa or taxa which share common ancestor with nonaploid C. aromatica
is C. aff. prakasha (1) (cluster I g, 82% bs, Fig. 12, 13B).
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Nonaploid C. aeruginosa and its ,relatives*

Individuals from two populations of nonaploid C. aeruginosa were analysed by both AFLP
and ITS markers. Results obtained from both markers strongly supported relationship with
pentadecaploid species C. raktakanta (Fig. 8, 12 and 14). C. aeruginosa and C. raktakanta
occur sympatrically on two very distant localities (2000 km faraway Assam in North-east of
India and Kerala in South-west of India) and morphologically are highly simmilar. They
probably shared a common ancestor(s). In ITS analyses, two species related to both
C. aeruginosa and C. raktakanta were detected in two independent lineages [hexaploid
C. angustifolia lineage (clade I a, Fig. 12) and nonaploid C. zanthorhiza lineage (63% bs and
PP 96% of cluster covering I h and I i clades, Fig. 12, 13B ].

In addition, sequence types of C. aeruginosa were detected in another two
independent lineages. Firstly, in moderately supported relationships with hexaploid
C. montana (Fig. 12, clusters I e), secondly in well supported relationship with nonaploids
C. longa (sampled in Sri Lanka) and C. aromatica and hexaploid C. aff. prakasha (1) (clade 1
g, Fig 12, 13B). As is visible from Fig. 13A and 13B, C. aff. prakasha (1) is one of the
potencial parental species of these higher polyploids or at least share with them common
ancestor. Geographically, neither hexaploid C. montana, nor hexaploid C. aff. prakasha have
been detected in sympatry with above mentioned higher polyploids. Nevertheless, data about
geographical origin of the populations/species could be misleading for inferring the
evolutionary history of the species, as many of nonaploids (higher polyploids) are
economicaly used and human factor take part in their current distribution.

Finaly, in AFLP analysis there was observed relationship between nonaploid
(C. leucorrhiza) and rare dodecaploid species (C. sp. ,,ranchi®) from nearby localities that are
morphologicaly closely related vegetatively reproducing species (BS 61% in NJ and 69% in
MP, Fig. 8). As in ITS study no individual of C. leucorrhiza were analysed and all
haplotypes of C. sp. ,ranchi“ were excluded due to no supported relationships with ITS
sequence types in present dataset no conclusions can be drawn about origin of C. sp. ,,ranchi“
and its relationship to C. leucorrhiza.

Overall, all indications supports hypothesis formulated in Leong-Skornitkova et al.
(2007) that higher polyploids and hexaploids with same 1Cx values originate from the same
lineage. Plausible ways of polyploids formation will be discussed below.

Genome size group II and II1

Genome size group II previously defined by Leong-Skornigkova et al., (2007) contained nine
hexaploid species with interval of 1Cx value 0.36 — 0.39 pg. Species of this group together
with two species belonging to genome size group III (C. mutabilis, C. oligantha) and two
species belonging to Curcuma-related genera (Monolophus scaposus, Hitchenia caulina)
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were highly supported as a monophyletic group in ITS analysis (Fig. 12, 88% bs, PP 99%).
In AFLP analysis, in general same species (excluding species from Curcuma-related genera)
clustered together (although not supported by bootstrap) in NJ and MP trees (Fig. 8) and have
formed the group in PCoA analysis (Fig. 10B).

Genome size group III with homoploid genome size in range 0.41 — 0.43 pg
comprised of only few taxa in India and was thus represented in the study by one hexaploid
(C. mutabilis) and one endecaploid (C. oligantha) species. Both AFLP and ITS data did not
support group III as independent monophyletic group. On the contrary, some relationships
between species belonging to group III and group II were strongly supported.

Species originally belonging to related genera, Monolophus scaposus and Hitchenia
caulina, (analysed only in ITS study) were strongly supported as ingroup taxa within subg.
Curcuma clade. According to cytologic data (genome sizes, number of chromosomes, ploidy
levels) both taxa fit well to genome size group II, as both have 1Cx values in range 0.36 —
0.39 pg and 42 chromosomes. It correspond with hexaploids from subgenus Curcuma.
Morphological differences that lead to classification of these species to separate genera are
adaptations to specific environment coupled with specific mode of pollination. As inclusion
of these taxa into genus Curcuma was justified (see below in section”Taxonomic position of
Curcuma-like species®) these will be regarded as a members of genome group II species of
subg. Curcuma.

AFLP data outlined some general relationships among species from group II and III,
while ITS data revealed relationships complicated by presence of multiple haplotypes within
individuals and their linked relationships. Clear and well supported relationships based on
AFLPs were observed between sympatrically occuring C. pseudomontana and C. inodora
(NJ 82% bs, Fig. 8) and between morphologically similar taxa C. sulcata/C. reclinata/
C. cannanorensis/C. mutabilis (83% bs in NJ and 58% in MP, Fig. 8). Remaining taxa of
genome group II and III, which in general differed from other group II and III species by
unique morphological characters and/or by high number of AFLP species specific bands
(EB/DB, see Table 2), were supported as separated clusters with 100% bootstrap and their
relationships to other group II species remains unresolved (Fig. 8, 14).

According to ITS results C.inodora, C.sulcata and C. reclinata formed
monophyletic cluster (subcluster of I e, 55% bs, PP 91%, Fig. 12), where all of the sequence
types of these three species are included. Basal to this cluster is one of two sequence types of
C. pseudomontana that probably shared common ancestor with these species (cluster II e,
82%, Fig. 12). According to Skornitkova (pers. comm.) C.inodora, C.sulcata and
C. reclinata could be regarded as a single taxon, due to highly similar morphology.
According to AFLP results, at least populations of C. inodora and C. pseudomontana that
occurs sympatricaly in Maharashtra, Western Ghats (Santapau, 1952) were probably under
introgression or hybridization processes in recent time. Hybridization between these two
species could also explain poor bootstrap support for C. pseudomontana/C. inodora and
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C. sulcata/C. reclinata clusters in NJ analyses of AFLP data (Fig. 8, 9), as well as basal
position of C. pseudomontana to C. inodora/C. sulcata/C. reclinata clade in ITS analysis
(Fig. 12, 13A). In addition, C. pseudomontana is probably of paleo-allopolyploid origin, as
shared one of the two ITS types with M. scaposus a H. caulina (clade II a, 74% bs, PP 100%,
Fig. 12). Morphologically these species are totaly different.

Sequence types of two species, C. neilgherensis and C. mutabilis, appeared in the
clades IIc (66% bs) and IId (95% bs) in ITS phylogenetic tree (Fig. 12). Many sequence
types of these species that had no supported relationships to other sequence types in dataset
were, however, removed from final dataset. According to AFLP results relationships of
C. mutabilis and C. cannanorensis was strongly supported, but not supported in ITS analysis
(although occuring in common lineage in ITS hexaploid dataset, Fig. 13A). Both species,
C. mutabilis and C. cannanorensis, are endemic species of Western Ghats from northern part
of Kerala. Even though their sympatric occurence have not been encountered so far, they are
distributed in adjacent districts of Kerala and introgression or hybridization processes could
happen in the past. It can be hypothesised that different homoploid genome size of
C. mutabilis (in comparison with group II species) could be consequence of genome
reorganization after hybridization followed by hybrid speciation (e.g. Rieseberg, 1997). For
unambiguous detection of relationships between C. neilgherensis/ C. mutabilis /
C. cannanorensis further studies are necesarry.

Two species, C. bhatii and C. oligantha, formed monophyletic clusters of all their
sequence types and seems to be basal to other genome size group II and III species (in ITS
study, Fig. 12). Seed-setting stenoendemit of Western Ghats, C. bhatii is different from other
seed-setting Indian Curcuma species by its highly specific habitat (exposed lateritic slopes,
see Fig. 1) afecting its overall morphology (the smallest Curcuma species not exceeding 15
cm, with small, but branched rhizomes, producing only central inflorescence with green and
sparsely connated bracts), which previously resulted in treating this species as a member of
separate monotypic genus Paracautleya. This is congruent with the highest number of
diagnostic bands observed by AFLP fingerprinting (DB = 5). Regardless, these species was
strongly supported as ingroup species within subg. Curcuma in ITS analysis and its
morphological differences that lead to classification of these species to separate genera could
be assumed as adaptations to specific environment (simmilarly as in case of M. scaposus and
H. caulina).

C. oligantha is so far the only species with 77 chromosomes (and 11 ploid level). This
species is Sri Lankan endemit, capable of setting seeds. Origin of C. oligantha is still
enigmatic, as no plausible ancestors within our dataset were detected. Contrary to high ploidy
level, within-individual ITS polymorphism is rather low, probably due to higher rate of
concerted evolution, facilitated by sexual mode of reproduction (Baldwin et al., 1995).

C. aurantiaca (= C. ecalcarata) belonging to genome size group II has some unique
morphological characters (shape and structure of the anther without anther spur) within the
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nominate subg. Curcuma and exhibit 3 diagnostic AFLP bands (which is second highest
number of DB in AFLP dataset, see Table 2). Apart of India, this species is found in other
Asian countries including Indonesia, Thailand and Burma. In AFLP analysis relationship of
this species to other Curcuma species was unresolved. In ITS analysis all sequence types of
this species were removed from the final dataset, as these did not form any supported
relationships with any of the sequence types from other species included in present study.
Relatives of this species are likely to be native in other parts of Asia rather than India and
further studies are necessary.

5.1.4 Hypothesis about evolution of Curcuma species

Hypothesis about formation of polyploids in Curcuma do not differ much from ideas
presented in recent study (Leong-Skornitkova et al., 2007). As unreduced gametes are
believed to be a major mechanism of polyploid formation (Bretagnolle and Thompson 1995),
it is plausible that major of nonaploid cytotypes probably originated by a fusion of reduced
and unreduced gametes of hexaploids (in most of cases from different species) giving rise to
allopolyploids. Formation of autopolyploids cannot be ruled out, but these cases would be
probably less frequent as suggested by ITS data in this study. Both nonaploid (unreduced
gamete) and hexaploid (reduced and unreduced gamete) plants were probably involved in the
genesis of rare dodecaploid and pentadecaploid species. Although the vast majority of
nonaploid species undergo asexual propagation via rhizome branching and produce a high
percentage of aborted pollen grains (Prana, 1977; Nasir Uddin, 2000), it is plausible, that
even a small fraction of viable pollen may eventually lead to the formation of higher
polyploids (Leong-Skornitkova et al., 2007). Moreover, ITS analysis suggested strong
reticulate pattern in evolution of Curcuma species where relationship among Curcuma
species are complicated by paleopolyploid character of many hexaploid species and by
hybridization events.

As many of nonaploids (higher polyploids) are economicaly used and thus cultivated,
human factor plays a big part in their current wide distribution. Secondary contacts among
previously isolated populations could play role in formation of the polyploids as well. How
many geographic centres of origin of higher polyploids there were or if recurrent formation
of the polyploids was possible still remains a question. Within the sampling, however, at
least four localities with sympatric occurrence of taxa with different ploidy levels and thus
potential centres of polyploid formation were detected. In general, the results supports
relationships of taxa with different ploidy levels just from these localities (e.g.
C. aeruginosa/C. raktakanta in Assam and Kerala, C. aromatica/C. zanthorrhiza in Kerala),
where individuals grow in sympatry.

Majority of hexaploids are exclusivelly sexually reproducing taxa, many of which
were suspected to be able to freely hybridize in overlapping areas (Skorni¢kova 2007,

-63 -



Evolution of Indian Curcuma L.

Skornitkova and Sabu, 2005b and Skornitkové et al., 2007). Presented results suggested
plausible hybridization events in at least two pairs of species with sympatric occurence,
between C. inodora and C. pseudomontana and between C. cannanorensis and C. mutabilis.
However, in both cases paleo-allopolyploid origin of these species cannot be ruled out.

Exact pathways of the reticulate evolution in Curcuma, caused by polyploidization
and hybridization cannot be infered only based on one rDNA region and AFLP
fingerprinting. Rather several DNA regions from different parts of genomes (cpDNA,
nDNA) should be compared and preferably more single-copy nuclear region should be
employed for inference of exact reticulate relationships among Curcuma species.

5.2. Taxonomic position of Curcuma-like species

The taxonomic position of some species with Curcuma-like morphology has long been
discussed (summarized in Skorni¢kova, 2007). Traditionally, they have been placed into
separate genera such as Hitchenia, Monolophus, Kaempferia, Paracautleya and Stahlianthus.
However, a phylogenetic analysis of the tribe Zingibereae based on internally transcribed
spacers and frnL—trnF gene sequences (Ngamriabsakul et al., 2004) did not support their
independent generic status as these taxa were well nested within the Curcuma complex. This
situation was in general confirmed by cytological study (Leong-Skorni¢kova et al., 2007),
where genome sizes of the three controversial species Hitchenia caulina, Monolophus
scaposus (= Kaempferia scaposa) and Paracautleya bhatii (= Curcuma bhatii) were found
to match hexaploid Curcuma taxa from the genome size group II. In addition, all had the
hexaploid number of chromosomes (2n =42) and similar geographical distribution in the
Western Ghats (India), a biodiversity hotspot for Curcuma. By contrast, Stahlianthus
involucratus possessed unique holoploid and homoploid genome sizes (Cx =1Cx = 1.56 pg),
dissimilar to any other species involved in the cytological study. The diploid number of
chromosomes (2n = 22) was shared only with south Indian C. vamana, but this species has a
different Cx-value and overall morphology.

In the present ITS study all of these taxa were involved in phylogenetic analysis to test the
hypothesis about their close relationship to genus Curcuma. Paracautleya bhatii, which was
recently classified as a member of genus Curcuma (Skornitkova and Sabu, 2005a), were
involved also in AFLP study. According to results from both molecular markers, this taxon is
unambiguosly member of genus Curcuma subg. Curcuma, belonging to genome size group
1. Hitchenia caulina, and Monolophus scaposus were involved in ITS study as a members
of related genera. Their position within genus Curcuma as a members of genome size group
II (,,in molecular sense*) were well supported, similarly as in case of C. bhatii, therefore
inclusion of these species into genus Curcuma is justified by this work.

Two species of Stahlianthus (S. involucratus and S. campanulatus) were another
representants of related species in ITS study. Their position in phylogenetic reconstruction
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indicated close relationship to taxa belonging to subg. Hitcheniopsis. Also Curcuma vamana
that shared the same diploid number of chromosomes with Stahlianthus involucratus, but
differ by genome size was classified as a member of subg. Hitcheniopsis. Further cytological
study of the genus Curcuma subg. Hitcheniopsis is in progress by Sida et al.

6. Conclusions

Analysis of selected species of genus Curcuma by two independent molecular markers
(AFLP fingerprinting and cloning and sequencing of ITS region nrDNA) revealed very
similar pattern. Species of subgenus Curcuma were split into two lineages, that probably
evolved independently. The evolution force in the first lineage was mainly
allopolyploidization traceable in both, higher ploidy levels as well as hexaploid taxa. Second
lineage was most plausibly influenced mainly by paleo-allopolyploidization on hexaploid
level or hybridization/introgression between hexaploid species with sympatric occurence.

These two lineages are formed by three groups of species (genome size group I, II,
IIT) previously defined by Leong-Skorni¢kova et al. (2007) that differ by homoploid genome
size. First lineage covers all species belonging to genome size group I with lowest homoploid
genome sizes, but includes also single species C. angustifolia with higher homoploid genome
size perfectly matching group II species. Second lineage covers all other group II species and
two species belonging to genome group III that have the highest range of homoploid genome
size. None of phylogenetic analyses supported genome size group III as independent
evolutionary lineage. Although there is no detailed knowledge about evolution of the genome
in the genus Curcuma, deviations in genome sizes could be e.g. consequences of genome
reorganisation after hybridization, followed by hybrid speciation (Rieseberg, 1997) as all
above mentioned species are most likely either of allopolyploid or hybrid origin. These
sexceptions® have caused, that genome size groups defined in Leong-Skornitkova et al.
(2007) cannot be regarded as a monopyletic group in ,,molecular sense“ outlined by this
study.

Yet the determination of cytological characteristics (including homoploid genome
sizes) provides primary insights to Curcuma species relationships and should be extended to
the rest of the genus Curcuma s.l. in its complete distribution range. These primary insights
should be subsequently verified by molecular studies. Similarly, AFLP fingerprinting and
ITS sequencing differed slightly in outcomes, that were further interpreted as phylogenetic
hypothesis. Therefore, combination of these markers, rather than using them separately, can
provide more reliable phylogenetic hypothesis.

However, exact pattern of the complex relationship network of Curcuma species
cannot be infered based on one rDNA region and AFLP analyses only. Several DNA regions
from different parts of genomes (cpDNA, nDNA) should be compared (similarly as in Guo et
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al, 2004; Hodkinson et al., 2002 and many others) and preferably more single-copy nuclear
region should be employed for inference exact relationships (Strand et al. 1997, Small et al.
2004) among Curcuma species.

Sequencing of ITS region provided unambiguous hypothesis that species belonging to
Curcuma-like genera, covered in this study have evolved either in lineage of subgenus
Curcuma (Hitchenia caulina, Monolophus scaposus) or within the lineage of subgenus
Hitcheniopsis (Stahlianthus involucratus, Stahlianthus campanulatus). This result is in
agreement with previous hypothesis based on molecular markers (Ngambriabsakul et al.,
2004) as well as cytological study by Leong-Skorni¢kova et al. (2007). Generic delimitation
of the genus Curcuma and independent generic status of Hitchenia, Monolophus and
Stahlianthus have to be further studied, with inclusion of more species from several other
closely related genera including Smithatris, Laosanthus, and several Kaempferia species.
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2.  Apendix

Apendix 1. Within-individual ITS polymorphism. For each individual in ITS study
(corresponding to collection number, see Table 1 or 3) unique sequences (uppercase letters),
duplicate sequences (,,DUPLICATE") and recombinant sequences (,,RECOMBINANT*) were
examined by within-individual alignment. Question mark were put, where recombinant
sequences were suggested but not unambiguously determinable. Within-individual
alignments for outgroup species are not presented. Only variable sites are presented.

HEXAPLOIDS GENOME GROUP I

10 20 30 40 50
AU DUUDY DU FUUU DUUEN DR DU U DO PO
84183arom6xl ACATAGCTA CA ATACT - ATAACC TTG C-ATTGATCCC A
84183arom6x7 ACATAGCTA CA ATACT ATAACC TTG C ATTGATCCC A DUPLICATE
84183aroméx3 ACATAGCTA CA ATACT ATAACC TTGGTT CT GTT B (RECOMBINANT A/D)
84183arom6x5 ACATAGCTA CA -ATACT ATAACC CCTGTT CC GCCCG C
84183aroméx6 ACATAGCTA CAACATACT ATAACC TTGGTT CT- - GTT D
84183arom6x2 ACAT TTA CAACATG-C ACGATT CTG C-ATTGATCCC E
84183arom6x4 ACAT TGCC -CG TTTCTACAGTTTGAGCCG C-ATTGATCCC F
84183aroméx8 CGT TTA-CAACATG -C- - - -GCAGCTTGAGCCG - CAAC GCCCG G
10 20 30
U FUURY DU FUUDY DTN FUUEE D [..
84170aromat2 TTA-GCCCAACATAG- C AGTGA- T A
84170aromat4 TTA-GCCCAACATAG C - -AGTGA T A DUPLICATE
84170aromats TGCCGCC- - - - - CAG- TTTCTGGTGA- -T---- RECOMBINANT A/B
84170aromatl TGCCGCC -CAG- TTTCTAACAGTGAGCTCAA B
84170aromat3 AGCTA-GCCCA- -ATGACC - -AGTGA- - -T---- C
71484montanal C AGTTGGAT TGCG A
71484montana3 C - AGTTGGAT TGCG A DUPLICATE
71484montana7? CCAGGTCGGAT RECOMBINANT B/C
71484montanaé CCAGGTCGGATTGAT B
71484montana4 CCAGGTCGGATTGAT B DUPLICATE
71484montana2 T GATCGGATTGAT RECOMBINANT C/B
71484montana5 T -GACCTAGC - - Cc
71484montana8 T - GACCTAGCTGGT RECOMBINANT C/B
10 20 30
R DU P DUURN DU BTN D
73479mon4 CCACGGGCGTCAGTGAT - - GCAAC TGATC A
73479monl0 CCACGGGCGTCAGTGAT GCAAC TGATC A DUPLICATE
73479monl3 TC GGGCGCCAGTAGT - -GCGAC TGATC B
73479mon3 TC - GGGCACCATTAGT -GCGAC TGATC B DUPLICATE (1 point mutation)
73479monl4 TC GGGCACCATTAGT GCGAC TGATC B DUPLICATE (1 point mutation)
73479mon?7 TC -GCCAGTAGT GCGAT CGATC C
73479mon8 TC GCCAGTAGT - GCGAT CGATC C DUPLICATE
73479monS TC GCCAGTAGT - - GCGAT CGATC C DUPLICATE
73479monl2 TC - - -GCCAGTAGT -GCGAT CGATC C DUPLICATE
73479monl5 TC- -GGGCACTAGTGAT  ATGAT ---CD
73479mon2 TC GGGCGTCAGTGACCTGTGATTCAATGATG E
73479monl CCACGGGCGTCAGTAGT - GCGAT CGATC RECOMBINANT A/C
73479mon9 CCACGGGCGTCAGTGAT GCGAT CGATC RECOMBINANT A/C
10 20 30
RN DU DN DU DO T
73425montanaS5 GATGTGGCATTGCGTGAGCTCAATGATTGCG
73425montana2 TT CCACGGTAGCTCAATGAT B
73425montanal CT CACCGTAGGGAT - C
73425montana4 CT CACCGTAGGGAT C DUPLICATE
73425montana3 CT CACCGTGGGGATTCAATGATTGCG RECOMBINANT C/A
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10 20 30 40 50 60
RN DU DTN TUUD DR DUDUR SO DU DUUDN DN BTSN SRR
71443affprak4 AGAGCCGCCG CGCCTGGGG GCCCAAG AGGGCCCTG A
71443affpraké GCATCATAGAGCCGCCG - CGCCTGGGGTCTTGCCCAAGTTTCTGAGGGCCGCGCCCCG B
71443affprakl GCATCATGGAGCCGCACATGTCGCCCGGGGTCTTGCCCAAGTTTCTGAGGGCCGCACCC C
71443affprak5 GCATCATAGAT AGCACATG CGCTCGGGG GCCCGAGCCTCTGAGGGCCGCGCCC D
71443affprak8 GCATCATAGAT AGCACATG CGTCTGGGG GTCCAGATTTC GGCTGCGCCC E
71443affprak2 GCA TATGG TG CGTCTGGAA GCTTAAACTCT AAGTCTGTTT F
71443affprak7 GCA TATGG TG CGTCTGGAA GCTTAAACTCT AAGTCTGTTT F DUPLICATE
71443affprak3 GCA TATGG TG CGTCTGGAA GCTTAAACTCT AAGTCTGTTT F DUPLICATE
10 20
N U D P
71476affprak2 -C - TTCAAGCCGCA
71476affpraks C TTCAAGCCGCA A DUPLICATE
71476affpraks C TTCAAGCCGCA A DUPLICATE
71476affprakl CAATCTTCTT T B
71476affprak3 CAATCTTCTT T B DUPLICATE

HIGHER POLYPLOIDS GROUP I

10 20 30 40 50 60 70 80 90 100
R DU DN OSSN DUSIN PUUSR OSSN PURSN OSSN PUUSE BUUIY PUSEE DEDES PUUES DUSES FUSUN BUSN PUUN DSOS PUURN
71431_19 ATACACCGTAGCCAT AAC ACTGTGGT -GGCTACACTCCCAG GGTTGCTIGT GGATGTGTGAT -GATTGCGGAGTCCT
71431_20 ATACACCGTAGCCAT AAC ACTGTGGT GGCTACACTCCCAG GGTTGCTGT - GGATGTGTGAT GATTGCGGAGTCCT
71431_S CATATTGTA TAGCCAACATG ACTGTGGT GGCTACACTCCCAG GATTGCTIGT GGATGTGTGAT GATTGCGGAGTCCT
71431_13 CATATTGTA TAGCCAACATG ACTGTGGT GGCTACACTCCCAG GGTTGCTICT GGATGTGTGAT GATTGCAGAGTCCT
71431_10 CATATTGTA TAGCCAACATG G CGCeGT GGCCACGTTTCCAG GGCCACTGC -] [-[e.-] ccee
71431_16 CATATTGTA TAGCCAACATG G CACGGT AGCCACGTTTCTAG -GGCCAATGC -] .- - cC
71431_18 CATATTGTA -  TAGCCAACATG G CGCeGT GGCTACACTCCCAG G@GCTACTGC GGATGTGTGATTGATGATTGCAGACCCCC
714317 CATACTGTA - TAGCCAACATG G CGTGGT GGCCGCATTTCCAG GQACTACTGC GGATGTGTGATTGATGATTGCGGAGCCCC
71431_3 CATACTGTAGCCGC CGTG- -@-CaTeaT GGTTACACCTTCAG AAGTGCTCT GGATGTGTGAT- - - -GATTGCGGAGTCCT
71431_15 - -ACTATGGCCGC -CATG -GCTGTGGT- - - - GGCTACACTCCCAA -@GTTGCTGC - - GGATGTGTGATTGATGATTGCAGACCCCC-
71431_4 ATATACCGTAGCCAT -AAC ACTGTGGTTCTTGGTTACACCTTCAG AAGTGCTCTGCAAGGATGCGTGAT GATTGCAGAGCCCCCG
71431_2 A CCGTAGCCAT AAC ACTGTGGT GGCTACACTCCCAG GGCTGCTGC -QGGATGTGTGAT- -GATTGCGGACCCCC
71431_8 ATATACCGTAGCCAT AAC ACTGTGGT GGCTACACTCCCAG GGTTGCTGC - - - -GGATGTGTGAT GATTGCGGACCCCC
71431_17 ATACACCGTAGCCAT - AAC -ACTGTGGT GGCTACACTCCCAG- GQGTTGCCOTTCAAGGATGTGTGAT - - - GATTGCGGAGTCCT -
71431_1 A - CCGCAGCCAT - AACTTG AACTGTAGT -QGCTACACTCCCAG- -GGTTGCTGT- -Q@ATGTGTGAT - - - GATTGCGGAGTCCT
71431 9 CATACTGTAGCCGCCAACATG - -G-CGTGGT GGCTACACTCCCAG- - - -GGTTGCTGTA- -GGATGTGTGAT- - - GATTGCGGAGTCCT
71431_6 - CATATTGTA - TAGCCAACATG -G CGCaAeT - GGCCATGTTTCCAGTGAGGGCCGCTGC- - -GGATGTGTGATTGATGATTGCAGACCCCC
71431_14_BAD CATACTGTAGCCGCCAACATG- @ CGCGAT- - - GACCACGTTTCCAGTGAGGGCCGCCGTTCAAGGATGTGTGAT - - - - GATTGCGGAGTCTT
71431_11 CATACTGTAGCCGCCAACATG - - G- TGTUGTTCTTOGCCACGTTTCCAGTGAGGGCCGCTGT - - - - GAATGTGTGAT- - - - GATTGCGGAGTCCT - -
71431_12 CATACTGTAGCCGCCAACATG -G- TGTGGTTCTTGGCCACGTTTCCAG- - - -GGCTGCTGCGCAAGGATGCGTGAT GATTGCGGAGCCCCCG
71431_19 A
71431_20 A DUPLICATE
714315 B
71431_13 B DUPLICATE
71431_10 ?
71431_16 ?
71431_18 S
71431 7 TGCG ?
71431_3 ?
71431_15 ?
71431_4 ?
71431 2 ?
714318 ?
71431_17 ?
71431_1 ?
71431_9 ?
71431_6 ?
71431_14 ?
7143111 ?
71431_12 ?
10 20 30 40 50 60 70

84142 _aerugin8 CAT- lmcl'rcmtl:n A(ISATGTCCG CCCACCAGTTCCAG -(|!A~ RIS l - l --CCCGCC A
84142 _aerugin4 CAT CTTCGTCAGCG CCCGTGTCTG TTAGTCGATTCTGA CAGACCCTGTGTGATTGATGATTGGACCC B
84142 _aeruginé CAT CTTCGTCAGCG-CCCGTGTCCG CTCACCGATTCTGG CAGACCCTGTG TGATGATTGGAGTT RECOM. B/A/D/E
84142 aerugin3 CATA TTTCA GCAGCCCATGGCTG TTAGTCAGTTCCAG TAGACCCTGTG TGATGATTGGAGTT C
84142 aerugin? CTTCAGCCCGC GTGTTCG CTCACCGACTCTGG CAGACCCTGTGTGATTGATGATTGGACCC D
84142_aeruginl CAT TTTCATCAGCA -ACATGTCCG CCCACCAGTTCTGGGTTCGACCCTGTG TGATGATTGGAGTT E
84142 aerugin2 CATAGCC TCAGCA TCAACTCCACTTCACTAACCTTGG TAGACCCTGTG TGATGATTGGAGTT F

10 20 30 40
R [P I P [ [ R e e
71492arom9xl AGGC TTAAACTTACCTTAAG: GCT GTT A
71492arom9x5 AGGC TTAAACTTACCTTAAGAGC GCT GTT A DUPLICATE
71492arom9x2 CATAGGC TTAAACTTACCTTAAGAGC GGC CCC B
71492arom9x3 CATAGGC TTAAACTTACCTTAAGAGC GGC CCC B DUPLICATE
71492arom9x7 CATAGGC TTAAACTTACCTTAAGAGC GGC CCC B DUPLICATE
71492arom9x4 CATGATAGCCCAACACCGGGTCCGTTTCAGGGCC GGC ccec C
71492arom9x8 CATGATAGCCCAACACCGGGTCCGTTTCAGGGCC GGC CCC C DUPLICATE
71492arom9x6 CATAATAGCCCA ACCGGGTCCGTTCCGGAGTTGTAGTTCAAGTT D

71492arom9x9 CATAATAGCCCA ATCGGGCCCGTTTCAGGGCC GGC CCC RECOMBINANT D/B/C
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732221onga?
732221ongals
732221ongalé
732221ongall
732221ongall
732221ongal
732221ongal
732221ongas
732221ongas
732221ongaé
732221onga4
732221ongal4
732221onga2
732221ongall
732221onga3
732221ongal2

84182zanthor5
84182zanthor2
84182zanthor4
84182zanthorl
84182zanthor3

71485ranchil
71485ranchis
71485ranchi9
71485ranchis
71485ranchié
71485ranchi2
71485ranchi4
71485ranchi3

71432_raktald
71432_rakta22
71432_rakta$
71432_raktals
71432_raktal
71432_raktas
71432_rakta23
71432_rakta?
71432_raktall
71432_raktalé
71432_rakta20
71432_raktal
71432_rakta¢
71432_rakta2l
71432_raktal2
71432_raktall
71432_raktals
71432_raktald
71432_raktaé
71432_rakta2
71432_raktal?

10 20 30 40
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACGTAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATCTGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATATGATCC
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCCTCAATATGATCC
CATAACATAGCCCGCCCCGAGTTATACTCA GGTTC TT
CATAACATAGCCCGCCCCGGATTGCACTTA -GGTTC TT
CATAACATAGCCCGCCCCGGGTTGCGTCCGCTGCTTC TT
CATGACATAGCCCGCCCCGGGTTGCGTTCA AGTTC TT
-GACGGC - TTAGGTTGTACTCA GGT TC TT
CATAACATAGCCCGCCCCGGGTTGTACTCA: GGCTCAATCTGATCC
GACGGC TTAGGTCGTACTCA GCCTCAATCTGATCC
10 20
N

TATAGCCCAAGAGATCTGT C

TATAGCCCAAGAGATCTGT C

TGGC
GGGC

GG GCCCGT CTGAT!
GG GCCC AA

DUPLICATE
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DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE

DUPLICATE

NOWWPPPPPPP

MUT?
RECOMBINANT
D

E

A/C

RECOMBINANT
RECOMBINANT E/A

G A
G A
C B
G C
TGGC GG GCCC AA G C DUPLICATE (1 mutation)
10
U
CTT A
CTT A DUPLICATE
CTT DUPLICATE
ACTCT
ACTCT
ACTCT
AGACCCCTGAT C
ACCCTTGAT D (or RECOMBINANT B/C)

DUPLICATE
DUPLICATE

Wwwwd

20

EEEEEEEE

'5

HEXAPLOIDS GROUP II

73453angustl
73453angust3
73453angust2
73453angust$s
73453angust4

73480angu3
73480angu4
73480angul0
73480angul4
73480angu2
73480angu?
73480angus
73480angué
73480angul
73480angul2
73480angul3
73480angulé
73480angud
73480angull
73480angus
73480anguls

A

A DUPLICATE
A DUPLICATE
A DUPLICATE

DUPLICATE
DUPLICATE

COMB. (1mut)

-v-ow-o-o'on:‘o-o'nzwunwwll

10 20

O D D DU D

C -GT- GCCCCAATTAA C A

c GT -GCCCCAATTAA C A DUPLICATE

C GCAACCCCCAACTAA C B

[} GCAACCCCCAATTAACT C (or RECOMBINANT B/A/D ?)
ATGCCAGTGGTTAAGGTCGGCT D

10 20

ATGCCAGTGGCTTAAGAGGCGGATCTAT A
ATGCCAGTGGCTTAAGAGGCGGATCTAT A DUPLICATE

C GCAACCCCCCAAG GGC TGC B

(o] GCAACCCCCCAAG GGC TGC B DUPLICATE

(o] GCAACCCCCCAAG GGC TGC B DUPLICATE

c GCAACCCCCCAAG GGC TGC B DUPLICATE

[+ GCAACCCCCCAAG GGC TGC B DUPLICATE

C GCAACTCCCCAAG GGC TGC B DUPLICATE (1 point mutation)
[+ GCAACCCCCCAAGGCGGGC CGC C

C GCAACCCCCCAAGGCGGGC CGC C DUPLICATE

c GCAACCCCCCAAGGCGGGC CGC C DUPLICATE

C GCAACCCCCCAAGGCGGGC TGC RECOMBINANT C/B
AC GCAACCCCCCAAGGCGGATCTAT RECOMBINANT A/C/A

(o] GCAACCCCCCAAGGCGGATCTAT RECOMBINANT C/A

C GCAACCCTAAGAAGCGAGC CGT RECOMBINANT C/A/C/A
C GCAACCCTCAGAGGCGGGTCTAT RECOMBINANT C/A/C/A (1 mutation)
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10 20
FR I P [ I I
84143_canna2 G ACTACTCG A
84143_canna? G ACTACTCG A DUPLICATE
84143_canna8 G ACTACTCG A DUPLICATE
84143_canna3l G ACTACTTCGCGTGAAAGTACCGTGTC B
84143_canna4 G ACTACTTCGCGTGAAAGTACCGTGTC B DUPLICATE
84143_cannal2 G ACTACTTCGCGTGAAAGTACCGTGTC B DUPLICATE
84143_cannalé G ACTACTTCGCGTGAAAGTACCGTGTC B DUPLICATE
84143_canna5 G GCTACTTCGCGTGAAAGTACCGTGTC B DUPLICATE
84143_cannal0 G GCTACTTCGCGTGAAAGTACCGTGTC B DUPLICATE
84143_cannaé G GTTACCCGGCGTGAAAGTACCGTGTC B DUPLICATE
84143_cannall G GTTACCCGGCGTGAAAGTACCGTGTC B DUPLICATE (1 mutation)
84143_cannal G ACTACTTC RECOMBINANT B/A
84143_cannal3 A ACATCTCG (o]
84143_cannal5 G GCTATTCG D
84143_canna$9 G GCTATTCG D DUPLICATE
10 20
[ [P I I I
73403_inodl0 TT GGA TGGAGTCAATGTAGC A
73403_inod2 TT GGA TGGAGTCAATGTAGC A DUPLICATE
73403_inodl3 TTAGGA TGGAGTCAATGTAGC A DUPLICATE (1 indel)
73403_inod4 TT GGACTAGGGCCAATGCGGC B
73403_inod3 TT GGACTAGGGCCAATGCGGT B DUPLICATE (1 mutation)
73403_inodll TT GGA TGGAGCCAATGCGGC RECOMBINANT A/B
73403_1inod5 TT AAA TGGAGTCAATGCAGC C
73403_inod9 TT AAA TGGAGTCAATGCAGC C DUPLICATE
73403_inodl2 TT GGA TGGAGTCAATATGGC D
73403_inodé TT GGA TGGAGTCAGCATAGC D DUPLICATE (1 mutation)
73403_4inodl TC - AAA - CGGAGTCAATGTAAC E
73403_inoa?7 TT AAA TGGAGCCAATGTAGC RECOMBINANT C/B/A
73403_inodl4 TT AAA TGGAGCCAATGCGGC RECOMBINANT Cc/B
73403_inods TT GGG TGTATTCGATGTAGC E
10
P I [
73402pseudo7 TAAACTGGGTAC A
73402pseudo5 TAAACTGGGTAC A DUPLICATE
73402pseudo2 TAAGCTGGGTAC A DUPLICATE (1 mutation)
73402pseudo3 CTTATCAAACGT B
73402pseudo4 CTTATCAAACGT B DUPLICATE
73402pseudo6 CTTATCAAACGT B DUPLICATE
10
[ I
73477recli4 ACGGA-GATGCGG A
73477recli5 ACGGT GATGCGG A DUPLICATE (1 mutation)
73477reclil GCGGA GATGTAG B
73477recli3 GCGGA-GATGTAG B DUPLICATE
73477recli6 GAAAACAGCATAA C
73477recli?7 GCAAACAGTGCGG RECOMBINANT A/C/A
73467sulcataé GACCG A
73467sulcata? GACCG A DUPLICATE
73467sulcata9d GACCG A DUPLICATE
73467sulcatas GATCG B
73467sulcatal0 GATCG B DUPLICATE
73467sulcata3 GATCG B DUPLICATE
73467sulcata2 GATCG B DUPLICATE
73467sulcata4 AGTTA C
73467sulcatas GATTA RECOMBINANT A/C
R I
84155_ecal_1 TAC A
84155_ecal_3 AGAATAC A DUPLICATE (2 mutation)
84155_ecal_5 AAGGTAC RECOMBINANT A/B/A
84155_ecal_2 GAGGTGC B
84155_ecal_4 AGGGCGT C
73446bhatté GTGTAC A
73446bhatt9 GTGTAC A DUPLICATE
73446bhatt3 GTGTAC A DUPLICATE
73446bhatt5 GTGTAC A DUPLICATE
73446bhatt2 GTGTAC A DUPLICATE
73446bhattl GTGTAT A DUPLICATE (1 mutation)
73446bhatts GCGTAC A DUPLICATE (1 mutation)
73446bhatt4 GTTGGC B
73446bhatt?7 GTTGGC B DUPLICATE
73446bhattl0 ATTGGC B DUPLICATE (1 mutation)
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84157neilghl
84157neilgh2
84157neilghs
84157neilgh3
84157neilgh4

10 20 30
R DU DUUEN BTN DTN TR DTN DU DN DU
CAG AGTGTTAACGTGCGTGTCGCGTGAAAGTGCCGTGTC A
TAGC GATATTAGTGTAGACGTCGCGTGAAAGTGCCGTGTC B
CGGC AGTGTTAACGTAGGTGTC Cc
TAGC GATATTAGTATAGGTGTC D
CATTATAGCCCAAGGCGCCCGTGCAGGT GTC E

HEXAPLOID GROUP III

1

84145_mutabé
84145_mutab?
84145_mutab4
84145_mutabl
84145_mutabs
84145_mutab2
84145_mutab3
84145_mutabs

TATGA  CGTTACAGAT
TATGA CGTTACAGGT
TATGAGCGTTACAGGT
TACGA CGTTACAGAT
TACGA CGTTACAGGT
TGCGA CGTCGCAGGT
CACAG TACTACAGGT
TATGA CGTTGTGAGCGCGTGAAAGTGCCGTGTC

0 20 30

ENDECAPLOID GROUP III

73223_o0liglilxl
73223_oliglix3
73223_oliglix2
73223_oliglixs
73223_oliglix7
73223_o01igl1x5
73223_olig11x6
73223_o0ligllx4

10

S

TTTGCGGAGC
TTTGCGGAGC
TTTGCGGAGC
TCTGCGGAGC
CTTGTGGAGC
TTCACGGAGC
TTTACGGAGC
TTTGCTATAT

DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE

DUPLICATE

NWWYPP»Pyp

SUBGENUS HITCHENIOPSIS

84156vamanal
84156vamana3
84156vamana4
84156vamana5
84156vamanaé
84156vamana?7
84156vamanas
84156vamana$
84156vamanal2
84156vamanall
84156vamanall
84156vamanal3
84156vamana2

20_alismat9
20_alismatl0
20_alismat5
20_alismat?
20_alismat3
20_alismat4
20_alismaté
20_alismatl
20_alismat2
20_alismats

19_pierreana$
19_pierreana?
19_pierreana3
19_pierreanas
19_pierreana2
19_pierreanal
19_pierreanaé
19_pierreana4

RELATED GENERA

86407Mscaposul
86407Mscaposu4
86407Mscaposu2
86407Mscaposu3

]
LI R R S S ]

DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE

DUPLICATE
DUPLICATE
DUPLICATE

DUPLICATE
DUPLICATE
DUPLICATE
DUPLICATE

DUPLICATE

DUPLICATE
DUPLICATE

NAQAwWwWY» PPy

DUPLICATE

DUPLICATE
DUPLICATE

DUPLICATE

NNOWwwy Yy

I

A
A DUPLICATE
B
B

DUPLICATE

A
A
A
B
B
C
D
E

(2 mutations)

(1 mutation)

(2 mutations)
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DUPLICATE
DUPLICATE (1 indel)

DUPLICATE

DUPLICATE (1 mutation or recombinant C/B)
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84178Hcauli3
84178Hcaulié
84178Hcauli2
84178Hcaulil
84178Hcauli4

TAGC AGA A
TAGC AGA A DUPLICATE
TAGC AGA A DUPLICATE
CTA GGAG B
CTA GGAG B DUPLICATE

RELATED GENERA II

C086_Scampl
C086_8Scamp3
C086_Scamp4
C086_8Scamp7
C086_8camp8
C086_8campé
C086_8ScampS
C086_8camp2

Stahlianthus involucatus — no variable sites

TGGGAC A

TGGGAC A DUPLICATE

TGGGAC A DUPLICATE

TGGGAC A DUPLICATE

TGGGAC A DUPLICATE

TGGGGC A DUPLICATE (1 mutation)
CAAGAT B

CAAGAT B DUPLICATE

-78 -

Evolution of Indian Curcuma L.



Evolution of Indian Curcuma L.

Apendix 2. Multiple alignment of final dataset. Total of 102 unique ITS sequence types from
34 individuals. Total of 354 variable characters is presented.

10 20 30 40 50 60 70 80 90

C073_Ncarey_A TTAAAGAG CATAAACOTOTGATTTGATTCC
C073_Ncarey_B TT.AAGAG ...AC.....G.TT..T.C.
CO86_Stahlianthus_A ..

20_slismatifolia A
20_alismatifolia_B
20_alismatifolia C
71449_8invol
$4156_vamana_A
84156_vanana_B
84170_aromat_C
84183aroméxd
84183aroméxs
71443a2fpraks
71431_16

s4142_8

71431_10
71484_smontans_C
73479_mon_B
73425_montana_B
7322210ngasR1?
7322210ngasR1s
84183aroméx3
84183aronéxé
84182_santhor_A
84183aroméxs
84183aroméxl
73433angust2
73453angusts
73480_angu_B
73480_angu_a
73453angust4
73480_angu_C
73453angustl
71443affprak2
71492_aromdx_A
71431_4

714313
71492_arom9x_B
7322210ngasRI10
7322210ngasRIé
7322210ngasRI2
71443affpraké
71431_11
71431_14_BAD
71431_A

71431_17
71432_1_11
71432 A
71432_1_12
71431 2

71431
71432

lee-

oa

a88uu8hhhaboa”
(2}

ana

sjs?s@z:ssjsi

«T....Co
T .C..

71432_x__16
71432_x__20
71432_1_ 13

EERRRRERESS

RRERERER:

71432_x__17
71432_2

71432_6

841423

86407 _Mscaposu_A
$6407_Mscaposu_3
84178_Ncauli A
73402_pseudo_A
73446_bhatt_A
73446_bhatt B
84145_mutabilis _C
$41435_sutabilis R
73223_oliganlix_A
73223_oliganllx C
73223_oliganllix B
84157neilgh2

84143 _cann_C
84143 _cann D
73403_1inods
73403_inod1
73403_inod?
73403_1n0d10
73403_1inodé
73403_1inods
73403_inodd
73467_sulcata_C
73477_recli_B
73467_sulcata_A
73467_sulcata_®
73477_zecli_A
73477_recli_C
73402_pseudo_B
$4157neilghl
84157neilghs
19_pierreana A

19 _pierreans B
19_pierreana_C
C056_Globba_A

38333

nMnnnnhnnnannnnanna’

S EREEEFEEEEEE

C071_Alpinia_A
C071_Alpinia_B
C038_singiber B
€0S8_szingiber A

- CCCACCCACAC CCOTG...C..Q06C. .G. .
+CCCACCCACAC CCOTG...C..00GC. .G......c..0 +...AT..

annnanB88. .

an-.

140 150 160 170 180 190 200
P U O DUURY DUUE DUSEN DUON DOUSY UUEE DU P

C073_Ncarey_A
C073_Ecarey_B
CO086_stahlianthus_A
C086_sStahlianthus
20_alismatifolia A
20_alismatifolia B
20_slismatifolia_C
71449_8invol




84156_vasana A
84156_vamana B
84170_aromat_C

71443a2fpraks
71431_16

13429:m2m_l
732221cngasn1i?
7322210ngaskis

s

73453angust2
73453angusts
73480_angu_3

71443affprak2
71492_arom9x_A
71431_4
714313
71492_arom9x_B
7322210ngasRI10
7322210ngasRié
7322210ngasR12
71443affpraké
71431_11
71431_14_BAD
71431_A
71431_17
71432_1_11
71432_A
71432_1_ 12
71431_2
71431_8
71432_3
71432_x__16

$4182_santbor_»
$4182_santhor_C
71432_7

71432_1
71432_x_ 17
71432_2

71432_6

841423
86407_Nscaposu_A
86407 _Mscaposu_B
84178_Ncauld A
73402_pseudo_A
73446_bhatt_A
73446_bhatt_3
$4145_mutabilis_C
84145_smutabilis =
73223_oliganllx A
73223_oliganllx C
73223_oliganilx B
84157neilgh2
$4143_cann_C
84143 _cann D
73403_1nods
73403_inod1
73403_1nod7
73403_1ino0d10
73403_1n0d6
73403_inods
73403_1no0d3
73467_sulcata_C
73477_recli_®
73467_sulca
73467_sulcat
73477_recli A
73477_recli_C
73402_pseudo_»
84157neilghl
84157neilghs
19_pierreana_A
19_pierreana B
19_pierreana C
C0S6_Globba_A
C036_Globba_B
C071_Alpinia_A

A

C0S8_singiber_B
C058_singiber A

C073_Ncarey_A
C073_Ecarey_ B
CO86_stahlianthus_A
CO086¢_stahlianthus_B
20_alismatifolia A
20_alismatifolia B
20_alismatifolia C
71449_siavol
84156_vamana A
$4156_vamana B
84170_aromat_C
84183aroméxé
84183aroméxs
71443atfpraks
71431_16

84142_8

71431_10
71484_montana C
73479_mon_B»
73425_montana_B
732221ongasR1?
732221ongasrIs
84183aroméxl
84183aroméxé
84182_santhor_A

R

., hoa0nnnana

EEEEERE.
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.. .AG
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84183aroméxs
84183aroméxl
73453angust2
73453angust$
73480_angu_B
73480_angu_A
73453angustd
73480_angu_C
73453angustl
71443affprak2
71492_arom9x_A
71431_4
71431_3
71492_arom9x_B
7322210ongasRI10
7322210ngasRié
7322210ngaski2
71443affpraké
71431_11
71431_14_BAD
71431_A
71431_17
71432_1_11
71432_A
71432_1_ 12

nnne0eeeE0enhnnnnAA

$4182_santbor_»
$4182_santhor_C
714327

71432_1
71432_x__17
714322

71432_6

84142 3
86407_Mscaposu_A
86407 _Mscaposu_B
84178_Hcauli A
73402_pseudo_A
73446_bhatt_A
73446_bhatt_B
84143_sutabilis C
$4145_mutabild,
73223_oliganllx_A
73223_oliganllx C
73223_oliganlix B
84157neilgh2
84143 _cann_C
84143 _cann D
73403_1n0d3
73403_1nod1
73403_inod7
73403_ino0d10
73403_in0dé
73403_1inods
73403_ino0d3
73467_sulcata_C
73477_recld
73467_sulcata_A
73467_sulcata_B
73477_recli A
73477_recli_C
73402_pseudo_»
841570eilghl
$4157nei1ghS
19_pierreana_ A
19_pierreana_B
19_pierreana C
C056_Globba_A
C056_Globba_B
C071_Alpinia A
€071_Alpinia_B
C0S8_singiber B
C0S8_zingiber A

310

C073_Ncarey_A
€073_Ncarey_B

20_alismatifolis_A
20_slismatifolia_!
20_alismatifolia C
71449_sinvol
$4156_vamana_A
$4156_vamana_s
84170_aromat_C
84183aroméx4
84183aroméxs
71443affpraks
71431_16

84142_8

71431_10

>33 >>>

73425:-0:;-.._!
7322210ngasR1?
732221cngaskis
84183aroméx3
84183aroméxé
$4182_santhor_A
84183aroméxs
84183aroméxl
73453angust2
73453angusts
73480_angu_3
73480_angu_A
73453angusté
73480_angu_C
73453angustl
71443affprak2
71492 _aromdx_A
71431_4

7143173
71492_aromdx_B
7322210ngasRI10
732221ongasRIé
7322210ongasri2

Pooo et e et e e e e e e

: g al

G..TG. JIT..T.T..AG.A.

GA..G. +GT.CTCTAT.T.TCA.
GA..G. +GT.CTCTAT.T.TCA. .
A6.C.G..T.C.GT.C..T...G..A...
M.C.G....C.GT.C..T...GA.A...
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71443affpraké
71431_11
71431_14_BAD
71431_A

71431_17
71432_1_ 11
71432_A
71432_1__12
71431_2

71431_8

71432
71432 X 16

71432 X 20
71432_1_13
84182_santhor_B
84182_santhor _C
71432_7

71432_1

71432 x__17
71432_2

71432_6¢

84142_3
$6407_Mscaposu_A
407_Mscaposu_B»
$4178_Rcauli_A
73402_pseudo_A
73446_bhatt_A
73446_bhatt_B
84145 _mutabilis C
$41435_mutabilis B
73223_oliganlix A
73223_oliganlix C
73223_oliganlix B
84157neilgh2
143_cann_C
143_cann D
73403_inods
73403_inodl
73403_inod?
73403_in0d10
73403_inodé
73403_inods
73403_inod3
73467_sulcata_C
73477_recli B
73467_sulcata_A

Aannnannnannana-

73477_recli_A
73477_recli_C
73402_pseudo_B
84157neilghl
84157nei1ghS
19_pierreana_A
19_pierreana_B
19_pierreana_C
C036_Globba_A
C056_Globba,
€071_Alpinia_A
€071_Alpind
C0S8_singiber_B
C0S8_singiber A

dddd 3222
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Apendix 3. Poster presentations in 2009;

A: Zaveska E., Fér T., Marhold K., Sida O., Sabu M., Leong-Skorniékové J. 2009.
Phylogenetic studies in Indian polyploid Curcuma species using AFLP marker. International
Conference on Polyploidy, Hybridization and Biodiversity, Saint Malo, FRANCE, May 17-20
2009.

B: Zaveska E., Fér T., Marhold K., Sida O., Sabu M., Leong-Skorni¢kova J. 2009.
Phylogenetic studies in Indian polyploid Curcuma species using AFLP’s and ITS
sequencing. The Fifth International Symposium on the Family Zingiberaceae,
Xishuangbanna, CHINA, July 6-9 2009.
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Botany, Calicut

University P.O,, 673635,

on Polyp and Bio

Phylogenetic studies in Indian polyploid Curcuma
species using AFLP marker

Elibka Ziveski (1), Tomid Fér (1), Karol Marhold (1), Otakar Sida (2), Mamiyil Sabu (3) & Jana Leong-Skomidkovi (4)
(1) Department of Botany, cmwmwmmm Prague, CZ; (2) Department of

Background

Economically important genus Curcuma is taxonomically critical polyploid
complex. Study of Indan Curcums by Leong-Skomitkova et al., 2007
revealed six ploidy levels (2x, 6x, 9x, 11x, 12x and 15x) and four groups of
taxa — .Genome size groups” - with significantly different 1Cx-values and
probebly with different evolutionary history. Various ploidy levels developed
different modes of reproduction and exhibit uneven levels of morphological
M\Mﬂnu\dmwm lenglptdncboum
of the

TNAFLPmMHSWIMGMOWGWWM
‘where 96% were polymorphic. NMMMMM(WMP
Pcmm)mmmmovmmmmm

covered all taxa belonging to genome size group =1 hexaploids and mu”r
retyplads), while second group comprised x.u i i taxa belonging to -
sna G+ o and sl of the remaining samples. Position of C. angustifolie
{G2) was on the border of these two groups. The basal relationships among the
genome size groups, were poorly resolved, on the other hand, some paricular
species relationships within genome size groups G1 and G2 were highly
supported by bootstrap analysis.

Ry, Saint Malo, FRANCE, May 17-20 2009

Botany, National Museum in Prague, 252 43 Pruhonice, CZ; (3) Department of
, Kerala, india;(4) Singapore Botanic Gardens, 1 Cluny Road, 258569 Singapore

Aims

< to check the of
groups” sensu L-ono-ikomldkovi ot al. (2007)
< to outline the basic p

Discussion

AFLP data pertially supports former hypothesis designed in Leong-
Skomitkovi et al. (2007), that at least two genome size groups (G1 and
G2) have different evolutionary histories. It is, however, not reliable to

speocies within and lho among this groups.

Fig. 3: Neightorjoining ee of 115 Curcume individusis; 360 informative
charclers; NJ ¢ well 58 MP boolsirp valie highet than 0% are presented
(NJ/MP).

if Genome size groups are of monophyletic origin based on
AFLP data only.

Genome size Group G1

Within Genome size group G1 we outline relationships mainly between
taxa of different ploidy levels: between hexaploids and nonaploids or
between nonaploids and 12-ploids/ 15-ploids. We hypothesize that
majority of nonaploid cytotypes plausibly originated by a fusion of reduced
and unreduced of hex and that both nonaploid and
hexaploid taxa could be involved in formation of higher polyploids (12x,
15x). Existence of common ancestor of all these species is thus very
Nikely.

Gomome siagrowp 20 tCaveime ]
Species populstion Semple Mo of Ongm of BT BA wPPL
w eproduct

(MuaphetiGropll 3@ xR 3-8 3500
C gttt U
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C vt &
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C. poontomontns M
C. rtean

C. auoats P

C mnstearan X

L
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8 saxvanee

C. e ta

(Humplsld Growp B 32
C. umtebite K ) omd )
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Table 1: Spacies In sty and AFLP dta charachertics, Geup 0,1 1, B -
oo groups sensu ot al, 2007); 1Cx - Inkrvals of
.-m-nuumupm-uw (B - total

LT

Ble| (8] |8 xeasvtag

00

2.1

02

03

05 04 03 02 o1 00 o1 02 03

Coordinete 1
Pig. 4: Principel basad on AFLP dela of 115 indivicuals.
explaining 19.9% of the tolal variation. the frat and

third coordinete show ‘separation of taxa ftom genome size group G1 (black shapes)
‘and taxa mainly from genome size group G2 (while dots). Individusis from genome size group
G3 (grey dots) and GO (stars) were Integrated Into G2 individuahs,

References
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number of bands present per individual; % PPL - percentage of
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repested and median value presented)
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PHyLOGENETIC STUDIES IN INDIAN POLYPLOID CURCUMA
Species UsING AFLP MARKER AND ITS SEQUENCING

Eliska Zaveska (1), Tom43 Fér (1), Karol Marhold (1), Otakar Sida (2), Mamiyil Sabu (3) & Jana Leong-Skorni¢kova (4)

(1) Department of Botany, Charles University in Prague, Prague, CZ; (2) Department of Botany, National Museum in Prague, 252 43 Pruhonice, CZ;

(3) Department of Botany, Calicut University P.O, 673635, Kerala, India; (4) Singapore Botanic Gardens, 1 Cluny Road, 259569 Singapore

Ba

SROUN

¢4 genus C b
icalty critical polyploid compiex. Study of Indian Curcuma by Leong-
Skomikkovd et al., 2007 revealed six ploidy levels (2x, 6x, 9x, 11x,12x
and 15x) and four groups of taxa - .Genome size groups" - with

different 1Cx-vak and pi ly with dif-
ferent evolutionary history. Vnmpbidyhv.hdwdopoddlﬂﬂuﬁ
modes of reproduction and exhibit uneven levels of morphological
variability within and between popuhtbm biurring specific bound-
aries. L overall skua-
tion (Leong-Skomitkovi et al., znoo). So far there is neither sultable
infrageneric classifications of genus Curcuma (SkomRkové, 2007),
nor major works g on of Curcuma.

MATERIALS AND METHODS

Plant material: Totsl of 20 indien Curcume species

(2n = 106) from Curcuma snd one
diploid (2n = 22) from subgenus
opels. ol four genome size

Qroups

o al. 2007) (see Table 1). We analyzed two 10 ten in-

dividusie per and one 10 three populatons

nm(mwnsmhnrrsumnm

in general sampiing for AFLP's, but we were more in-
Thus 6 taxa (8 fom G1

teresied in G1 and G2 group
oroup and n-n(azm)mazmm-m

AFLP analysis: AFLP anelysis was carried out using AFLP Core Reagent Kit |
(invitrogen) and AFLP Pre-Amp Primer Mix | (Invirogen), with three primer combi-
nations used for selective ampitfication. wmmm»»lsm
Avant DNA (Applied
size standard and scored with Genographer.2.! (lom-m.ww htip:/Mordeum.
Mmsu.montana. In the range of 100-800 bp. Neighbor - joining
umbaudon'«i i distances as well as heuristic parsimony snalysis were

ng PAUP" v. 4.0b° 2003) 1o reveal phylogenetic relation-
MMM' Robustness of branches was estimated using the bootstrap
approach with 5000 repiicates in case of NJ and 500 replicates for MP analysis.

ms and spacers (ITS1and
1TS2) of the rONA were WWWMW“"’SSW
otal., 1900). All of the PCR products were cloned using pGEM-T Easy Vector Sys-
tom (Promega). Five 1o ten clones from each individusl were directly

Aims
By AFLP marker and cloning analysis of ITS region:

» to check the monophyletic character of .genome size
groups* sensu Leong-Skorni¢kovi et al. (2007)

Discussion

Both AFLP and ITS data partially supports former hypothesis de-
signed in Leong-Skomi&kovd et al. (2007), that at least two genome
size groups (G1 and G2) have different evolutionary histories. Clon-
ing of ITS region additionally showed tremendous, but not unex-

» tooutline the basic phylogeneticrelationship:
species within and also among this groups.

pected, of b NE Indian
Curcuma species and shed some light into parental linkage between
hexapioids and higher polypioids.

Genome size Group G1

AFLP data outliined and bety G1
and higher in general. ITS data additional-

ly suggest g within

or paieo- origin of Based on of

ploidy levels in the genus we suggest that higher polyploids arise by
fusion of reduced and of and both,
one or more parental species, can participate in their formation.

Genome size Group G2 and G3

Majority of taxa belonging to genome size group G2, which are main-
ly sexuaily were well as a clade
by AFLP as well as by ITS data. Akthough there were detected differ-
ont ITS within these together and

Fig. 1. AFLP analysis; Neighbor - joining tree of 115
mmuunwmmmmm%mm
(NJ/MP). Genome size groups are marked by colours as in Table 1

REsuLts

The AFLP analysis of 115 individuals resulted in a total of 364 scor-
able bands, of which 96% were polymorphic. Al methods used for
data analysis (NJ, MP, PCOA) reveaied similar pattern of forming two
main clades. First ciade covered all taxa belonging to genome size

group G1 and higher while second group
taxa ging to G2 and G3 group and all of
the [ (G2) on the border

of these two groups. mmmmmmm
size groups were poorty resoived, on the other hand, particular spe-
cles relationships within genome size groupe G 1 and G2 were highly

-w-n-m-mmnuwm The sequences were aligned in ClustalX,

menuelly Prior the analyses,
combinant sequences were excluded (see Popp and Oxeiman, 2001). Parsimony
snelyses and bootsirap snelysis (1000 repiicates) were conducted with PAUP®

Fig. 2. ITS analysis; Neighbor - Network of 20 Curcuma individuals, based on genetic
distances caiculated in PAUP. Bootsrap values (1000 replicates) higher than 60% are pre-
sented; Letiers A - G behind each sample represent different ITS hapiotypes.

by analysis.
Analysis of ITS resulted in overall same pattem as observed by
AFLP’s. High diversity of haplotypes within individuals were detect-
ed by ITS cloning. Moreover, within G 1 group ITS hapiotypes of two
or more different taxa belonging to various ploidy leveis clustered
together.

we assume, that this variability was caused by within-ge-
Our data formerty prop: of
caulina and into genus Curcuma.
Curcuma angustifolia previously classified as member of G2 group
by its 1Cx value is well neeted into clade of G1 species.
Genome size group G3 was confimed as polyphyletic based on
this study. C. mutabilis is overall similar to G2 group species and its
higher 1Cx value likely evolved by recent increase of genome size.

CONCLUSIONS

Both methods, AFLP and sequencing of rDNA ITS region,
reveal similar pattern in Indian Curcuma species and sup-
ported the hypothesis outlined in our former cytological study
(Leong-Skomitkova et al. 2007). Genome groups G1 and G2
have independent evolutionary histories, while G3 seem to
be artificial group of polyphyletic origin. Contrary to previous
study, border-line cases C. angustifolia and C. mutablilis, are
members of G1 and G2 group respectively.

1 group specles

Table 1: Species in study and AFLP / ITS data characteristics; Group 0,
1, 1, 1 - genome size groups sensu; 1Cx - intervals of homopiloid

sizes of
entina

C. suloste
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