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CHAPTER |

GENERAL INTRODUCTION

The Annonaceae is a pantropical family, with approximately 200 genera and
2500 species. There are two related North America genera, but the remaining taxa are
all tropical, displaying high continental generic endemism (KeRler, 1993: Doyle and Le
Thomas, 1996). Annonaceae have been included in the order Magnoliales by various
taxonomists (APG i, 2003). Morphological and more recent molecular cladistic analyses
have continued to place Annonacece in the Magnoliales along with Magnoliaceae,
Degeneriaceae, Himantandraceae, Eupomatiaceae and Myristicaceae (Donoghue and
Doyle, 1989; Chase et al., 1993; Doyle and Endress, 2000: Soltis et al., 2000).
Eupomatiaceae which were previously included as a subfamily within Annonaceae and
have always been considered closely related based on morphological characters
(Morawetz, 1988) was proposed by Qiu et al. (2000) as the sister to Annonaceae. From
the analysis using rbcl and trnL-F DNA sequence data, Richardson et al. (2004)
separated Annonaceae into 3 groups, namely the basal grade, the long branch clade

and the short branch clade.

The genus Goniothalamus Hook. f. & Thomson, belonging to the long branch
clade is one of the largest and most important genera of Annonaceae, with over 150
species distributed throughout tropical south-east Asia: the center of diversity fies in
Indochina and western Malesia (Sumatra, Peninsular Maleysia and Borneo) (Saunders,
2003). Based on molecular clade, the estimated age of Goniothalamus is in the range of
3.6-4.8 £ 1.5 Myr ago (Richardson et al., 2004). Little is known of the evolution and
biogeographical history of this genus. Many morphological characters are ambiguous
and reveal little phylogenetically useful information. Thus molecular systematics has
become an alternative approach for determining evolutionary relationships because
morphological and other phenotypic characters are either absent or change too rapid to
be useful for phylogenetic inference. So far, many studies in the genus Goniothalamus
are based on morphological characters, thus it is impossible to conduct any tests on

morphological homology and/or evolutionary changes in this genus. The objectives of
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this dissertation were (1) to investigate the delimitations and phylogenetic relationships
of the genus Goniothalamus, (2) to test the monophyly of Goniothalamus, (3) to infer the
phylogenetic relationships within and among the genus Goniothalamus and related
genera using nuclear and chloroplast genes, and (4) to use the phylogenetic
reconstruction as a framework to infer character evolution in this group. These regions
have been widely used to infer phylogenetic relationships within the Annonaceae
(Doyle, Bygrave and Le Thomas, 2000: Meade, 2000; Erken, 2002; Mols, KeRler and
Gravendeel, 2002; Chatrou et al., 2002: Richardson et al., 2004; Scharaschkin and
Doyle, 2005)

The results from this study enable a clarification of the relationships and
phylogeny within the genus Goniothalamus and related genera and understanding the
evolutionary history and biogeography of this genus. Moreover, this study was to realize

which morphological characters are phylogenetically informative in Goniothalamus.



CHAPTER Il

THE OVERVIEW OF THE FAMILY ANNONACEAE AND
GENUS GONIOTHALAMUS

Annonaceae (custard apple family) are a pantropical family of shrubs, trees
and lianas. The family is a member of Magnoliales and basally positioned within the
angiosperm (Soltis et al., 2000; APG 1, 2003). The estimated age of stem Annonaceae
according to Wikstrom, Savolainen and Chase (2001) is between 82 and 91 Myr ago.
This proposed date is confirmed by Richardson et al. (2004) whose estimated age of the
family obtained when calibrating the tree using Archaeanthus is 90.6 + 1.3 Myr ago and
placed the family at the stem of Magnoliaceae. The oldest remains of the family are
seeds with a perichalazal ring and endosperm with lamelliform rumination that were
found in the Maastrichtian of Nigeria (Chesters, 1955) and primitive pollen morphology
from Columbia (Sole de Porta, 1971). This evidence suggests that the Annonaceae
originated in west Gondwanaland (Richardson et al., 2004). Post-Eocene cooling
presumably resulted in disjunctive distributions of taxa between tropical Africa, Asia and
the New World. Goniothalamus-Neostenanthera African-Southeast Asian (34.9-41.1 £
2.8 Myr ago) estimated splits could be the result of such a disruption of boreotropical
vegetation (Pennington and Dick, 2004). From age estimates for the diversification of
species-rich genera, the most rapid radiation seems to have taken place in the
Southeast Asian genus Goniothalamus, whose crown is estimated at 3.6-4.8 + 1.5 Myr

ago (Richardson et al., 2004).

Although the position of Annonaceae among the flowering plants and their
monophyly are not disputed (Doyle et al., 2004), the relationships of the genera within
the family are not well understood. Morphological characters that are useful for the
delimitation of genera and species are also overlaped at higher taxonomic levels (e.g.
tribal level). More or less formal classification based on intuition or phenetic analyses of
morphological characters (Hutchinson, 1923, 1964; Sinclair, 1955: Fries, 1959; Walker,
1971; Van Heusden, 1992; Van Setten and Koek-Noorman, 1992; KeRler, 1993: Koek-
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Noorman, Van Setten and Van Zuilen, 1997) do not accurately predict relationships

among genera in Annonaceae.

The genus Goniothalamus is one of the largest and most important genera
of the Annonaceae in Asia. Widespread in tropical and subtropical Asia (Figure 2.1),
they primarily occur in Malesia but a few species also occur in China, the Indian
subcontinent and northern Australia. To date, more than 150 taxa have been described
in Goniothalamus; about 120 species and 10 subspecies/varieties are currently
recognized (Mat-Salleh, 1993; Saunders, 2002, 2003). Most species of Goniothalamus
are small monocaulous treelets. Hence, they have not been used as major commercial
timber forest products. Nevertheless, many of the species have promising medicinal
value. They have been widely utilized in traditional medicinal practices. Goniothalamus
are especially popular among Asian native women as post-natal medicines and
abortifacients (Burkill, 1935; Perry, 1980; Mat-Salleh, 1989). The genus is characterized
by axillary (or slightly supra-axillary) flowers that are generally pendent. As with most
Annonaceae, the flowers have three sepals and two whorls of three petals. The outer
petals are typically larger than the inner (although sometimes only slightly so), and the
inner petals covers over the reproductive organs, forming a distinctive mitriform dome.
The flowers are bisexual, with numerous free stamens and carpels. The stamens have
broad apical connectives that are variable in shape, ranging from truncate to apiculate,
and thecae that are septate; the pollen is released as tetrads. The apocarpous fruits are
taxonomically very important, with variation in size, shape, indument, peduncle and stipe

length (Saunders, 2003).

A widely used infrafamilial classification of the Annonaceae was introduced
by Bentham and Hooker (1862), in which they placed the genera into five tribes based
on the aestivation of calyx and corolla and the structure of the stamen connective. In
their classification, the genus Gdniothalamus was considered a member of the tribe
Mitrephoreae (whose inner petals curve over the sexual organs forming a dome-shaped
“mitriform” structure) together with Mitrephora, Pseuduvaria, Friesodielsia, Orophea,
Popowia and Neo-uvaria. In Ridley's Flora of the Malay Peninsula (1922), the

Annonaceae were grouped into six tribes. Goniothalamus was in the tribe Mitrephoreae,
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along with Orophea, Oxymitra, Mitrephora and Popowia. Sinclair's (1955) revision of the
Peninsular Malaysian Annonaceae, however, noted that while Orophea fits the
circumscription of the tribe Mitrephoreae by virtue of the characters of its inner petals,
some members of this genus also have unusual stamens that associate it with tribe
Miliuseae. Sinclair further noted that the inner petals of Mitrephora, Popowia and Neo-
uvaria are united only at the beginning of flower development and are separated at
anthesis. Only flowers of Goniothalamus, Friesodielsia and Pseuduvaria have a true
mitriform dome during anthesis. Based on floral characters, Sinclair (1955) suggested
that Friesodielsia is perhaps the nearest relative of Goniothalamus. Members of
Friesodielsia, however, are exclusively scandent lianas, a habit unknown in
Goniothalamus, and the leaves are generally small. Furthermore, Sinclair inferred that
the closest genus to Goniothalamus is probably Mitrephora, but this genus has different
and unique chartaceous leafy outer petals and the mitriform inner petals are free before

anthesis, spreading and generally much smaller than the inner petals of Goniothalamus.

Figure 2.1 The distribution of Goniothalamus

Bentham and Hooker's classification (1862) was further modified by Fries
(1959). Fries subdivided Bentham and Hooker's tribe into 14 new groups based on

additional characters such as the position of the inflorescence, the number and position
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of the owvules, fruit types, the presence of the floral bracts and stamen and thecae
characters. Walker (1971) used Fries’s classification as the basis of an infrafamilial
classification of the family, enhanced yet using pollen characteristics. These characters
are similar to the pollens of Anaxagorea, Piptostigma, Xylopia, Fusaea, Duckeanthus,
Cananga, Meiocarpidium, Neostenanthera and Richella, thus grouped in “the Fusaea
Subfamily” in Walker's classification. Recently, there have been several morphological
and molecular cladistic studies of the angiosperm family Annonaceae, all of which have
indicated that Goniothalamus is in the “long branch clade” together with
Dasymaschalon, Friesodielsia, Annona, Rollinia, Asimina, Disepalum, Anonidium and

Neostenanthera (Doyle and Le Thomas, 1994; Richardson et al., 2004).

There is conflicting opinion about the generic delimitation and relationships
among Goniothalamus and related genera. On the one hand, it has been suggested that
Goniothalamus is related to Pseuduvaria, Orophea, Oxymitra, Mitrephora and Popowia
(Sinclair, 1955; Fries, 1959). On the other hand, it has been suggested that
Goniothalamus is more closely related to Anaxagorea, Piptostigma, Xylopia, Fusaea,
Duckeanthus, Cananga, Meiocarpidium, Neostenanthera and Richella (Walker, 1971:
Koek-Noorman et al., 1997). However, the molecular phylogenetic of Annonaceae
suggested that Goniothalamus is closely related to Anonidium, Neostenanthera,

Disepalum, Asimina, Annona, Rollinia (Richardson et al., 2004).

The first author to formalize the infrageneric classification of Goniothalamus
was Boerlage (1899) who proposed the section Beccariodendron to accommodate
Beccariodendron grandiflorus and other multi-ovulate species of Goniothalamus.
Members of Goniothalamus with one or two ovules were grouped into section Eu-
Goniothalamus. However, Boerlage's classification has not been adopted by later
authors. Until Sinclair (1955) subsequently classified the genus into two informal groups
using stamen characters, apiculate and convex stamen connectives, because they are

easier to be observed in herbarium specimen.

Walker (1971) studied polien characteristics of nine species of

Goniothalamus. His report indicated that the pollen of Goniothalamus consists of
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tetrahedral or tetragonal tetrads, with heteropolar, bilateral, cataulcerate, disc-like
concave-convex grains. The grains are comparatively large to very large, averaging 95
um in diameter. They are microtectate, with no discernible columellae, and wide pitted
or otherwise psilate exine. However, the morphology of pollen and tetrads observed in
this study did not offer enough diversity to be useful for classification at the species
level. The pollen of Goniothalamus is more or less homogenous throughout the genus.
When Le Thomas (1981a, 1981b) disclosed more remarkable structural diversity of
Annonaceae pollen, it was found that all Annonaceae pollen lacks endexine, a feature
otherwise found in the monocotyledons. She also found that the reduction of pollen
ultrastructure is paralleled by floral reduction and concluded that the family is perhaps

finished an evolution.

Ban (1974a) reported that the single most taxonomically important part of the
stamen is the connective, especially the tip. In fact, stamen connectives have been
widely utilized in traditional classification to divide Goniothalamus into subgenera or
sections. Thus Ban (1974b) proposed his infra-generic classification. Ban was doing
little more than formalizing existing “dichotomous keys” as a supraspecific classification,
and that none of his sections/subsections have been assessed to determine whether
they are truly monophyletic. He divided the genus into two subgenera using staminal
connective shape, Goniothalamus (apiculate stamens) and Truncatella (truncate
stamens). He further proposed four sections, two sections in each subgenus, based on
the shapes of the stigma and styles. In addition, he used number of ovules only at the
subsection level. However, some species have intermediate stamen characters between

two subgenera.

According to the surveys to establish the base chromosome number in the
Annonaceae, the genus Goniothalamus is not well represented in accounts of
chromosome data for the family. Only five papers provide original chromosome counts
for the genus. Reports by Ehrendorfer et al. (1968), Sobha and Ramachandran (1979),
Okada and Ueda (1984), Sauer and Ehrendorfer (1984) and Morawetz (1988) for G.
grandifiorus, G. microphyllus, G. opacus, G. wynadensis and G. australis show a

consistent count of 2n = 16.
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Annonaceae woods presented fine continuous tangential bands of
parenchyma rays, occurring with remarkable uniformity and consistency among all
genera. In contrast to the rather primitive floral characters, however, woods of
Annonaceae seem to attain a high level of anatomical specialization (Wyk and Canright,
1956). Later Blunden and Jewers (1973, 1974a, b) mentioned the anatomical analysis
for Bornean Goniothalamus, G. andersonii, G. macrophyllus, G. malayanus and G.
velutinus that their leaf, stem and root anatomical features can be used to differentiate

taxa.

Most Goniothalamus species are concentrated in West Malesia with high
percentage of endemics in Indochina, Borneo, the Philippines and New Guinea. In his
revision of Bornean representative, Mat-Salleh (1993) showed that Borneo has a
remarkable representation of richness and diversity of the genus. A total of 30 species,
including 11 new species, of the genus are currently recognized from Borneo, the
largest number represented in any single biogeographic area. Based on inflorescence,
inner petal dome, stamen, gynoecium and leaf characteristics, 11 informal species
alliances were established for the Bornean species. Twenty-four species are local
endemics and 10 Bornean species are known from very few localities. The distribution of
these species in Borneo and other areas and the high percentage of endemics

suggested that the most of these Goniothalanus species are locally evolved.

Mat-Salleh, Lim and Ratnam (2000) studied PCR-DAMD using M13 universal
primer to determine generic relatedness between populations of G. umbrosus. The
result showed that populations of kenerak in Kelantan are genetically close to each
other. However, Penang populations were a distinct cluster of their own. In contrary,
individuals from Perlis showed close relationship with other individuals from Kelantan.
This might indicate that Penang population is not an introduced population but an
isolated natural population. Genetié similarity of Perlis-Kelantan populations suggested
that G. umbrosus is in fact a southern Thailand element, and they moved southward or

introduced as a medicinal plant in the east and west coast of Peninsular.



CHAPTER Il

ANALYSIS OF MOLECULAR DATA IN THE GENUS GONIOTHALAMUS
USING NUCLEAR DNA AND CHLOROPLAST DNA MARKERS

3.1 INTRODUCTION

In the past, taxonomic data was generally collected from morphological
variation. They are useful for the delimitation of genera and species but have overlap at
higher taxonomic level (e.g. tribal level). More or less formal classification based on
intuition or phenetic analyses of morphological characters do not accurately predict
relationships between genera (Koek-Noorman et al., 1997). Then, the sources of
taxonomic evidence such as anatomy, embryology, chromosomes, palynology,
secondary plant compounds, proteins and DNA have been incorporated in classification
and phylogenetic studies. Recently, DNA sequence data provide a source of characters
suitable for building a phylogenetic classification particularly an independent scheme

for classification.
3.1.1 The chloroplast encoded trnL-F region

Chloroplast (cp-) DNA genome is a circular molecule and subdivided into two
single copy regions, the large single copy (LSC) region and the small single copy (SSC)
region, which are separated by inverted repeats. The LSC region is slightly less
conserved in sequence than the rest of the chloroplast genome (Clegg, Learn and
Golenberg, 1991); hence it is potentially more useful for studies at lower taxonomic
levels. Interspecific cpDNA polymorphisms are predominant in the form of length
variation due to insertion/deletion mutations (McCauley, 1995) and variation in copy
number of mononucleotide microsatellite repeats (Powell, Morgante and Andre, 1995).
Sequences from noncoding regions of the cpDNA genome are often used in
systematics because such regions tend to evolve relatively rapidly, for example the trnl -
F intergenic spacer (Gielly and Taberlet, 1994), the atpB-rbcl intergenic spacer
(Hodges and Arnold, 1994), the rbeL-psal intergenic region (Morton and Clegg, 1993).
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The cpDNA trnT-L-F region in land plants consists of the transfer RNA genes
trnYUGU, trnl”™ and trnF>* arranged in tandem, separated by non-coding spacer
regions. It is positioned in the large single copy region, approximately 8 Kbp
downstream of rbcL. The trnL gene of cyanobacteria and a number of chloroplast
genomes, including that of all land plants, contain a group-| intron positioned between
the U and the A of the UAA anticodon loop. This intron is inferred by phylogenetic
analysis to have been present in the cyanobacterial ancestor of the plastid lineages of

Rhodophyta, Chlorophyta and Gluacocystophyta (Besendahl et al., 2000).

The succession of conserved trn genes and the apparent absence of gene
rearrangements in the trnL-F region facilitated the design of plant universal primers by
Taberlet et al., (1991); in particular the trnL intron and trmL-F spacer (collectively, the
trnL-F region) has become one of the most widely used chloroplast markers for

phylogenetic analysis in plants (Quandt et al., 2004).
3.1.2 Internal Transcribed Spacer (ITS) Region

Nuclear ribosomal DNA (nrDNA) is organized as individual chromosomal units
that are repeated thousands of times in most higher plant genomes. Each of these units
contains the three genes that encode the 188, 5.8S and 26S ribosomal RNA subunits, as
well as several different spacer DNA regions. The nucleotide sequence variation found
in both of the internal transcribed spacer regions (ITS-1 and ITS-2) is used extensively
for the systematic analysis of closely related taxa, at least in part due to the rapid rate of
evolutionary change characterizing these DNA regions (Baldwin et al., 1995). The ITS
sequences have proven to be a valuable source of characters to address phylogenetic
relationships among closely related species in different plant fami.lies (Francisco-Ortega
et al., 2001). The ITS sequences have also proven powerful in revealing hybridization

and reticulate evolution (e.g. Sang, Crawford and Stuessy, 1997)
3.1.3 Systematic Studies of Annonaceae

Presently, there are a number of molecular phylogenetic investigations in

Annonaceae. Meade (2000) used wide range of molecular data, including RAPDs,
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RFLP, the trnL-F intergenic spacer and ITS sequences, to establish relationships within
and between a small numbers of selected genera in Annonaceae. The early
comprehensive molecular phylogeny of the family was carried out by Bygrave (2000;
also partly published in Doyle et al. 2000) on 130 Annonacean taxa collected worldwide

using rbclL gene.

Later, Erken (2002) studied the phylogenetic relationships among 47 taxa of
Guatteria using DNA sequences from 6 regions in the plastid genome, including rbcL
region, matK region, trnL-F spacer, trnL-F spacer and trnL intron and psbA-trnH spacer.
The results suggested that Guatteria is a very well supported monophyletic group and
the genus seems to have its origin in Central-America, rather than in South-America.
However, these data are still insufficient to resolve the relationships between all closely

related species.

Mols, Kelller and Gravendeel (2002) performed the phylogenetic investigation in
Miliusa using cpDNA markers, including rbcL, trnl intron and trnl-F intergenic spacer,
from more than 100 taxa occurring in Asia, Africa and America. The results showed that
Miliusa proved to be monophyletic. Polyalthia, on the other hand, was highly

polyphyletic.

Chatrou et al. (2002) presented the generic phylogenies of Neotropical
Annonaceae based on cpDNA markers (rbcL, trnT-L intergenic spacer, trnL intron, trnL-
F intergenic spacer and psbA-trnH spacer and partial matk) and the result indicated

that Guatteria has the highest levels of divergence.

Annonaceae is included in the order Magnoliales (APG II, 2003). It has been
suggested to be the sister taxon to Eupomatiaceae based on cladistic analysis of
morphological and molecular data (Sauquet et al., 2003). Within the family, Anaxagorea
resolved as the basal group to the rest of the family (Doyle, Bygrave and Le Thomas,
2000; Sauquet et al., 2003). The further use of morphology for phylogeny reconstruction
in Annonaceae has been problematic due to difficulties in homology assessment and

high levels of homoplasy (Doyle and Le Thomas, 1996). Results from phylogenetic
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analyses based on rbcL and trnL-F sequence data (Mols et al., 2004: Richardson et al.,
2004) supported the position of Anaxagorea and further divided the rest of Annonaceae
between the small clades including Cananga and Cleistopholis, sister group to the

larger clade including the majority of species of the family.

Later, sequences from the trnL-F region (not including the trnT-L region and trnL
5" exon) had been used in combination with those from further chloroplast markers (rbcL
and matK) in phylogenetic reconstruction of the family Annonaceae (Sauquet et al.,
2003; Mols et al., 2004; Richardson et al., 2004). The majority of species of Annonaceae
fall within two large clades. The informally named ‘long branch clade’ (LBC) represents
around 1,500 of the total 2,500 species, and is characterized by an inaperturate pollen
condition. The LBC are further divided into 7 species-rich genera, i.e. Annona,
Artabotrys, Duguetia, Goniothalamus, Guatteria, Uvaria and Xylopia. The sister group to
the LBC is so-named the ‘short branch clade’ (SBC), representing yet another 700

species. The remaining species formed the basal grade.

Scharaschkin and Doyle (2005) investigated phylogeny and historical
biogeography of the genus Anaxagorea using 75 morphological characters and
molecular sequences from the atpB-rbcL, PSbA-trnH and trnL-trnF spacers and the trnl
intron. Molecular analyses alone did not support the monophyly of the Asian species,

but the morphological and combined molecular and morphological analyses did.
3.2 MATERIALS AND METHODS
3.2.1 Taxon Sampling

Forty-one species of Goniothalamus were included and representing the
geographical distribution of the genus (Table 3.1). Selected species from the LBC,
Annona squamosa L., Dasymaschalon lomentaceum Finet & Gagnep., Rollinia herzogii
RE. Fries (AY841734), Asimina triloba (L.) Dunal (AY220359), Disepalum sp.
(AY841690), Anonidium sp. (AY841675), Neostenanthera myristicifolia (Oliv.) Exell
(AY743467) and Friesodielsia desmoides (Craib) Steenis, and the SBC, Mitrephora

keithii Ridl. and Polyalthia viridis Craib, were selected as outgroup taxa. Seventeen



13
specimens from fresh leaves, nine specimens from silica-dried specimens and
seventeen specimens from herbarium specimens were used for DNA extraction. All
voucher specimens were deposited at Department of Botany Herbarium, Faculty of
Science, Chulalongkorn University (BCU); The University of Hong Kong Herbarium
(HKU); Nationaal Herbarium Nederland, Leiden branch (L) and The Arnold Arboretum
(A).

3.2.2 DNA Extraction

Total genomic DNA was extracted from fresh leaf materials followed a modified
cetyl trimethyl ammonium bromide (CTAB) method (Agrawal et al., 1992). For silica-gel
dried materials or herbarium materials, the genomic DNA extraction followed the
DNeasy Plant Mini Kit (QIAGEN, Leusden, Netherlands) according to the manufacturer’s
instructions or a modified CTAB method together with QIAquick™ PCR purification Kit
(QIAGEN, Leusden, Netherlands) (Appendix A).

3.2.3 PCR amplification and sequencing

PCR reactions were set up in 50 pl reactions, usually containing 1X PCR buffer,
0.2mM dNTPs in equimolar ratio, 0.2pmol primer, 1U of Taq DNA polymerase (QIAGEN,
Leusden, Netherlands), 50-100ng of genomic DNA and 2.5mM MgCl, for amplifying the
trnL-F intergenic spacer or 1X Q-solution for amplifying the ITS fragment. Other
modifications included increasing the amount of MgCl, or substituting 0.5% BSA for

MgCl,. Amplification was carried out using the PTC-100 MJ Research

The trnL-F intergenic spacer was amplified using the primer combinations e/f, ‘e’
(5-GGTTCAAGTCCCTCTATCCC-3) and f (5-ATTTGAACTGGTGACACGAG-3')
(Taberlet et al., 1991). The thermal cycling protocol comprised of 30 cycles, each with 1
minute 30 second of denaturation at 94 °C, 2 minutes of annealing at 49-50 °C, and 3
minutes of extension at 72 °C, concluding with an additional extension of 10 min at 72 °C

after the final cycle.
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List of taxa used for phylogenetic analyses. Herbarium abbreviation was

followed Index Herbariorum | (Holmgren, Keuken and Schofield, 1981)

No. Species Origin Voucher specimen (Herbarium)
1 . aruensis Scheff, New Guinea J. Regalado and W. Takcuchi
1409 (HKU)
2 . aurantiacus sp. nov. Kanchanaburi, Thailand Saunders and Chalermglin 04/30
(HKU)
3 . australis Jessup Australia A. Ford 4758 (HKU)
4 . borneensis Mat-Salieh Borneo K. Sidiyasa et al. 2637 (HKU)
5 . cheliensis Hu Nan, Thailand P. Chalermglin 470228 (BCU)
6 . clemensii Ban Borneo A.C. Church 436 (A)
7 . costulatus Mig. Sumatra Martati 169 (HKU)
8 . curtisii King Peninsular Malaysia V. Balgooy 2122 (HKU)
9 . dewildei R.M.K. Saunders Sumatra De Wilde and de Wilde Duyfies
201229 (L)
10 . dolichopetalus Merr. Borneo A.C. Church 258 (A)
" . elegans Ast Ubon Ratchathani, Thailand M. Nakkuntod 40 (BCU)
12 . gardneri Hook. f. & Thomson Sri Lanka H. Tillekeratne s.n. (HKU)
13 . giganteus Hook. f. & Thomson Bangkok, Thailand (cultivated) M. Nakkuntod 60 (BCU)
14 . holttumii J. Sinclair Peninsular Malaysia K.M. Kochummen FRI 16631
(HKU)
15 . hookeri Thwaites Sri Lanka R.M.K. Saunders and A.D.
Weerasooriya 00/09 (HKU)
16 . lanceolatus (Ban) Mat-Salleh Borneo S.H. Rogstad 689 (A)
17 . laoticus1 (Finet & Gagnep.) Ban Nakhon Phanom, Thailand P. Chalermglin 470425/1 (BCU)
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No. Species Origin Voucher specimen (Herbarium)

18 G. laoticus? (Finet & Gagnep.) Ban Nakhon Ratchasima , Thailand Saunders et al. 04/1 (HKU)

19 G. macrophylius (Blume) Hook. f. & Narathiwat, Thailand S. Kitamura MN7 (BCU)
Thomson var. macrophylius

20 G. macrophylius (Blume) Hook. f. & Ranong, Thailand P. Chalermglin 461220 (BCU)
Thomson var. siamensis J. Sinclair

21 G. majestatis P. Kessler Sulawesi McDonald and Ismail 3896 (A)

22 G. malayanus Hook. f. & Thomson Narathiwat, Thailand M. Nakkuntod 16 (BCU)

23 G. montanus J. Sinclair Peninsular Malaysia E. Soepadmo and M. Suhaimi 43

L

24 G. parallelivenius Ridl. Sumatra, Borneo Z. Arifin AA3014 (HKU)

25 G. repevensis Pierre Thailand Saunders et al. 04/8 (HKU)

26 G. rongklanus sp. nov. Kampangphet, Thailand P. Chalermglin s.n. (BCU)

27 G. rotundisepalus Henderson Peninsular Malaysia T.C. Whitmore FRI 4208 (L)

28 G. salicinus Hook. f. & Thomson Sri Lanka Saunders et al. 01/3 (HKU)

29 G. sawtehii C.E.C. Fisch. Petchburi, Thailand Saunders et al. 04/14 (HKU)

30 G. scortechinii King Narathiwat, Thailand S. Kitamura MN21 (BCU)

31 G. stenomitra (a new sp. in prep) Pathumthani, Thailand M. Nakkuntod 1 (BCU)

32 G. subevenius King Narathiwat, Thailand S. Kitamura MN22 (BCU)

33 G. tapis Miq. Pathumthani, Thailand M. Nakkuntod 2 (BCU)

(cultivated)

34 G. tamirensis Pierre ex Finet & Mukdahan, Thailand P. Chalermglin 470425/2 (BCU)
Gagnap.

35 G. thwaitesii Hook. f. & Thomson Sri Lanka Saunders et al. 01/5 (HKU)
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No. Species Origin Voucher specimen
(Herbarium)
36 G. tomentosus R.M.K. Saunders Peninsular Malaysia K. Ogata KEP110361 (HKU)
37 G. tortilipetalus Henderson Narathiwat, Thailand S. Nakkuntod MN58 (BCU)
38 G. umbrosus J. Sinclair Narathiwat, Thailand S. Kitamura MN23 (BCU)
39 G. undulatus Ridl. Narathiwat, Thailand M. Nakkuntod 11 (BCU)
40 G. uvaroides King Peninsular Malaysia Z. Sohadi FRI14716 (L)
41 G. wrayi King Peninsular Malaysia T.C. Whitmore FRI810 (L)
42 Goniothalamus sp. (Panan Sroi) Pathumthani, Thailand M. Nakkuntod 4 (BCU)
(cuitivated)
43 Goniothalamus sp. (Phu Soi Dao2) Utharadit, Thailand Saunders et al. 04/40 (HKU)
44 Annona squamosa L. Bangkok, Thailand ‘M. Nakkuntod 45 (BCU)
45 Dasymaschalon lomentaceum Finet & Pathumthani, Thailand M. Nakkuntod 5 (BCU)
Gagnep. (cultivated)
46 Anonidium sp. Africa AY 841675
47 Neostenanthera myristicifolia (Oliv.) Exell Africa AY 743467*
48 Rollinia herzogii R.E. Fries America AY 841734*
49 Asimina triloba (L.) Dunal America AY 220359*
50 Disepalum sp. Asia AY 841690*
51 Frisodielsia desmoides Craib Pathumthani, Thailand M. Nakkuntod 3 (BCU)
(cultivated)
52 Mitrephora keitii Ridl. Pathumthani, Thailand M. Nakkuntod 8 (BCU)
(cultivated)
53 Polyalthia viridis Craib Bangkok, Thailand M. Nakkuntod 62 (BCU)

* = DNA sequences from Genebank
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The ITS fragment was amplified using the primer combinations ITS1/ITS4, ITS1’
(6'-TCCGTAGGTGAACCTGCGG-3) and ‘ITS4' (5-TCCTCCGCTTATTGATATGC-3')
(White et al., 1990). The thermal cycling protocol comprised of 30 cycles, each with 1
minute 30 second of denaturation at 94 °C, 2 minutes of annealing at 49-50 °C, and 3
minutes of extension at 72 °C, concluding with an additional extension of 10 min at 72 °C

after the final cycle.

Primers used for amplification and sequencing of the trnL-F intergenic spacer
and the ITS region were similar. Cloned products were sequenced using T7 and SP6

PGEM-T vector primers.

Double stranded PCR products were purified using the QIAquick™ PCR
purification Kit (QIAGEN, Leusden, Netherlands) or PCR Purification Kit (MOBIO
Laboratories, Inc., California, USA) according to manufacturer's instructions, and the
purified products were eluted in 30 pl or 14 ul of autoclaved H,O, respectively. Some
samples that posted difficulties in DNA sequencing were cloned into pGEM-T vector
(Promega, Madison, USA). Cloned products were purified using small-scale preparation
of plasmid DNA lysis by alkali (Sambrook, Fritch and Maniatis, 1989). Automated DNA
sequencing was done by Macrogen (Korea), Bio Service Unit (BSU, Thailand) and

Genome Research Centre (Hong Kong).
3.2.4 Data Analysis

Upon completion of DNA sequencing, base calling was verified by examining
fluorographs in Chromas version 1.45 (McCarthy, 1997), and corrections were made as
necessary. Sequence alignment was done manually using the GeneDoc version 2.6.002
(Nicholas and Nicholas, 1997). Nucleotide frequencies, corrected distances and
inferred numbers of transitions (ts) and transversions (tv) were determined by Mega 3.1
(Kumar, Tamura and Nei, 2004): Phylogenetic analyses were conducted using the
parsimony method in PAUP* version 4.0b10 (Swofford, 1998). To search for the most-
parsimonious (MP) tree, heuristic search with hundred random sequence additions, tree
bisection reconnection (TBR) branch swapping and save all best trees were used.

Characters were equally weighted. Bootstrap (Felsenstein, 1985) was used to obtain a
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measure of support for each branch. Thousand bootstrap replications were carried out
using full heuristic search. The strict consensus trees were presented for trnL-F and ITS
data sets. Trees for trnL-F data set were shown in two consensus trees which as
representative of each topology, whilst ITS tree was generated only one strict consensus

tree.

Combined data analyses were performed in reduced trl-F spacer data set and
ITS data set. Partition homogeneity test was used to check incongruence between these
two data sets. Phylogenetic analyses and bootstrap analyses were conducted in the

same manner as described above.
3.3 RESULTS
3.3.1 trnL-F intergenic spacer analysis (full data: 44 ingroup + 10 outgroup)

The length of the trnL-F spacer region ranged from 430 (G. uvaroides) to 476 bp
(Asimina triloba). Within Goniothalamus the length ranged from 430 (G. uvaroides) to
465 bp (G. majestatis). The aligned trnL-F spacer sequence of 53 taxa was consisted of
617 bp. This non-coding region within Goniothalamus was quite variable and 18 indels
ranging in size from 1 to 20 bp had to be inserted, three of which were phylogenetically
informative. Of all characters used, 100 were variable, of which 34 (11.1%) were
potentially phylogenetically informative while 75 (21.6%) were singleton. GC content was
approximately 40%. Nucleotide pairs frequencies shows transition/transversion ratio to

be about 1.2.

The parsimony analysis resulted in 38 equally most parsimonious trees, with a
length of 137 steps, CI=0.8832 and RI=0.8431 (Table 3.2). Two topologies could be
recognized (Figure 3.1). The difference between these two topologies was the position
of G. rotundisepalus, either formed the sister clade to the larger clade or was a part of it.
Regardless of the position of G. rotundisepalus, there was no difference between these
two topologies. Although bootstrap values were low to moderate in the large clade, a
few clades were recognized. In the large clade, 7 subclades formed a polytomy.

However, there were only 3 recognizable subclades. The first clade composed of five
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species, namely G. wrayi, G. dewildei, G. laoticus No.1, G. laoticus No.2 and G.
cheliensis, with 61% bootstrap support. The second clade (65% bootstrap support) was
consisted of two species, i.e. G. borneensis and G. malayamus. The last clade (57%
bootstrap support) was of G. hookeri and G. gardneri. The rest subclades were shown
with low bootstrap support, i.e. the G. stenomitra-Phu Soi Dao2-G. aurantiacus-G.
tortilipetalus clade, the G. tapis-G. repevensis-G. umbrosus-G. giganteus clade, the G.
parallelivenius-G. dolichopetalus-G. salicinus clade, the G. tomentosus-G. uvaroides
clade. Overall branch supports were relatively low; few were more than 50% and none

was more than 70%.

Table 3.2 Resuilts from the maximum parsimony analyses of {rnL-F intergenic spacer,

ITS and combined data.

trnL-F spacer  trnL-F spacer ITS data Combined
(full data) (reduced data) data
No. of taxa 53 23 23 23
No. of characters 617 617 884 1374
Characters excluded 312 0 181 181
ts/tv ratio 1.2 1.2 1.1 -
No. of constant sites 205 559 500 932
No. of variable sites 100 58 203 261
No. of phylogenetically 34 9 75 85
informative site
Tree length (steps) 137 65 304 373
No. of most 38 1 6 1
parsimonious trees
Consistency index (Cl) 0.8832 0.9538 0.7796 0.8016

Retention index (RI) 0.8431 0.8500 0.7100 0.7075
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Figure 3.1 The two topologies of the consensus trees of Goniothalamus from the full

trnL-F data set. The clade indicated by “O” was an outgroup. A, B, C, D, E, F, G and H

were groups for discussion. Number in front of slash was branch length and number

after slash was bootstrap value from 100 replicates. Hyphen indicated bootstrap value

below 50%.
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3.3.2 ITS analysis

The length of ITS region ranged from 748 (G. macrophyllus, G. tortilipetalus and
G. repevensis) to 792 bp (G. giganteus). The aligned sequence of 23 taxa was
consisted of 884 bp. Twenty-three indels ranging in size from 1 to 26 bp had to be
inserted. Of the 884 characters, 203 were variable, of which 75 (10.7%) were potentially
phylogenetically informative while 128 (18.2%) were singleton. GC content was about

69%. Nucleotide pairs frequencies shows transition/transversion ratio to be about 1.1.

The parsimony analysis yielded 6 equally most parsimonious trees of 304 steps
with CI=0.7796 and RI=0.7100 (Table 3.2). Three topologies could be recognized. The
difference between these three topologies was the early branching clade. First topology
showed G. scortechinii was the early branching clade, whilst clade H formed as a early
branching clade in second topology. However, clade C that excluded G. giganteus was
placed as a early branching clade in the last topology. Then the strict consensus tree
was built and shown as Figure 3.2. The strict consensus tree formed polytomy with 4
recognizable clades, although generally low to moderate bootstrap support. The first
clade (53% bootstrap support), G. subevenius was the first taxon to diverse, followed by
two large subclades. The first subclades (89% bootstrap support) comprised of G.
malayanus was sister to G. cheliensis with 99% bootstrap support and G. /aoticus No.1
was sister to G./aoticus No.2 with 100% bootstrap support. The latter subclade,
Goniothalamus sp. (sroi) was sister to the G. undulatus-G. sawtehii clade. The second
clade (53% bootstrap support) consisted of four independent taxa and the G. tapis-G.
repevensis-G. umbrosus subclade with 100% bootstrap support. Moreover, G. tapis
was sister to G. repevensis with 66% bootstrap support. The third clade (88% bootstrap
support) comprised four taxa, namely Phu Soi Dao2, G. tortilipetalus, G. aurantiacus
and G. stenomitra. G. tortilipetalus was sister to G. aurantiacus with 82% bootstrap
support. The last clade (79% bootstrap support) was of G. tamirensis and G. elegens.
G. scortechinii didn't form the clade. The results from ITS locus yielded better resolved
trees than that from the trnL-F data set, but still with generally low to moderate bootstrap

supports on many branches.
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Figure 3.2 The strict consensus tree of Goniothalamus ITS sequence data with

uninformative characters excluded. The clade indicated by “O” was an outgroup. A, B,

C, E, H and | were groups for discussion. Number in front of slash was branch length

and number after slash was bootstrap value from 100 replicates.



23

3.3.3 Combined data analysis

Due to the constraint on the number of taxa included in the ITS data set, few taxa
had to be removed from the trnL-F spacer data set in order to be able to carry out the
analyses on the combined data set. The aligned sequence of reduced frnL-F data set
was consisted of 23 taxa and 617 bp. This non-coding region within Goniothalamus
showed little variation, with only 8 indels ranging in size from 1 to 25 bp being inserted.
Of 617 bp, 58 were variable, of these 9 (1.5%) were potentially phylogenetically
informative while 49 were singleton. The parsimony analysis resulted in the most tree,
with a length of 65 steps, CI=0.9538 and RI=0.8500 (Table 3.2). The tree topology was
slightly different from that of full data set (Figure 3.1). The G. tamirensis-G. elegans
clade still occupied the early branching lineage to the rest of the genus, although
without bootstrap support. Therefore, the reduced trnl-F spacer data set can be used

as representative of trnL-F spacer in combined analyses.

Prior to performing analyses on the combined trnL-F - ITS data set, partition
homogeneity test (i.e. ILD, Mickevich and Ferris, 1981) was conducted to assess
incongruence between these of two data sets. The test indicated these two data sets
were not statistically incongruent (P value = 0.97). Thus, it was suggested that these

data set could be combined.

The parsimony analysis of combined data set yielded only one most
parsimonious tree of 373 steps with CI1=0.8016 and RI=0.7075 (Table 3.2). This tree was
more fully resolved. The monophyly of Goniothalamus may not be ascertained as only
one outgroup taxon was included (Figure 3.3). Nonetheless, there were resolved clades
with low to moderate branch supports. The first and likely to be early branching clade
was the G. tamirensis-G. elegans clade (H). In the rest of the genus, G. cf. scortechinii
formed the early branching lineage to the rest. The G. tortilipetalus-G. aurantiacus-G.
stenomitra-Phu Soi Dao2 clade was then separated and two sister subclades, although
lacking bootstrap support. However, the bootstrap supports in subterminal branches

within these two clades were accasionally high, but often absent.
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Figure 3.3 The most parsimonious tree from combined trnL-F and ITS data sets. The
clade indicated by “O” was an outgroup. A, B, C, E, H, | and J were groups for
discussion. Number in front of slash was branch length and number after slash was

bootstrap value from 100 replicates. Hyphen indicated bootstrap value below 50%.
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3.4 DISCUSSION

3.4.1 Comparisons among trnL-F/ITS/conbined data trees

The phylogenetic trees from trnL-F and ITS data sets showed little resolution in
the consensus trees due to ambiguous characters supports, and thus low bootstrap
values in many clades. The early branching position on the trnL-F tree was G.

rotundisepalus,

whilst that on the ITS tree was the G. tapis-G. repevensis-G. umbrosus clade or G. cf.
Scortechinii or the G. tamirensis-G. elegans clade. For combined tree, the G. tamirensis-

G. elegans clade was the early branching position, similar to the ITS tree.

Although a few clades were shown (i.e. clades A-l in Figure 3.1 and 3.2), the
relationships among taxa and clades may not fully be inferred. In the trnL-F tree, clade A
was not resolved but it were formed together as sister taxa to clade E in the ITS tree.
Similarly, clade B was found on both trees, but the ITS tree indicated that within this
clade G. fortilipetalus was the sister taxon to G. aurantiacus. In contrast, in clade C in
the trnL-F tree is not present similar to in the ITS tree due to the exclusion of G.
giganteus. Moreover, clades D, F and G were only present in the trnL-F tree but not in
the ITS tree. This absence might be due to the limiting taxa in the ITS analysis or lack of
bootstrap support in the trnl-F tree. G. tamirensis was sister to G. elegans, as clade H
in both trees with moderate bootstrap support. In addition, clade | was only found in the
ITS tree. It suggested that G. undulatus was closely related to G. sawtehii: this

relationship was not recovered in the trnlL-F tree.

From the combined data analyses (Figure 3.3), many subclades in Figure 3.1
and 3.2 existed in the combined tree, including clades A+E (92% bootstrap support), B
(97% bootstrap support), C (53% bootstrap support), H (78% bootstrap support) and |
(65% bootstrap support), whilst clade J (57% bootstrap support) was shown only in the
combined tree. However, a few clades might be reliable. Clade H was early branching
positioned as in the ITS tree, although lacking bootstrap support, with G. scortechinii

early branching to the rest. Clade B was then still appeared and separated as the early
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branching lineage to the larger clade. Two sister subclades situated at more latter
position on the tree with low bootstrap support. In the first subclade, clades C and J
appear as the sister groups (without bootstrap support) and G. macrophyllus was the
early branching lineage of clade C+J. Clade C, excluding G. giganteus, was reliable
due to high bootstrap support. This subclade was supported with 53% bootstrap value.
In the other subclade, G. subevenius was sister to the large clade. Group A was
paraphyletic to clade E, with G. cheliensis (in group A) sister taxon to G. malayanus (in
clade E). Goniothalamus sp. (sroi) was sister taxon to the G. undulatus-G. sawtehii
clade, as clade | appeared only in the combined tree. The G. undulatus-G. sawtehii
clade was reliable due to high bootstrap support, alike the G. malayanus-G. cheliensis

clade and the G. laoticus1-G. laoticus?.

In the light of combined analysis, the unclear taxa could be placed into the
clades on all trees. G. laoticus? was placed to G. /aoticus, suggesting that they are not
significant different in molecular data although different location. Therefore, they are
counted as one species in next chapter. Goniothalamus sp. (sroi) was sister to the G.
undulatus-G. sawtehii clade. Its relationships might be reliable due to having shared
some morphological characters, i.e. truncate staminal connective, glabrous style and
stigma, funnel-shaped stigma. In other taxa, G. rongklanus was placed with G.
dolichopetalus. G. rongklanus has hairy ovary and glabrous style similar to G.
dolichopetalus, so their relationships seem likely. Goniothalamus from Phu Soi Dao No.2
was placed in the clade B together with G. stenomitra, G. tortilipetalus and G.
aurantiacus. This species has large and erect sepals and connate at base similar to

these three species, thus its placement might be reliable.

3.4.2 Infra-generic relationships within Goniothalamus

So far, the only infra-generic classification of Goniothalamus was that of Ban
(1974b). However, this classification appeared to be somewhat artificial because it was
based on 2-3 morphological characters to classify at subgeneric or section level. In
addition, my data based on molecular evident was highly incongruent with Ban'’s

classification. Several clades were reliable in our analyses of the trnL-F, ITS and
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combined data sets (Figure 3.1, 3.2 and 3.3). Clade A comprised five species receiving
61% bootstrap support in trnL-F tree. In this clade, G. wrayi was likely to be closely
related to G. dewildei, because of having apiculate staminal connective. This finding
agreed with Saunders (2002) suggestion that G. wrayi was closely related to G. dewildei
but differences are in its smaller leaves, fewer secondary vein in the leaves, axillary
flowers, distinctively tapered staminal connectives, sparely hairy styles, and ellipsoid
monocarps, although these two species was not in ITS and combined trees. A possible
morphological synapomorphy for this clade A is erect sepals. Nonetheless, clade A
seems as paraphyletic to G. malayanus in clade E with 89% and 92% bootstrap

Supports in ITS and combined trees, respectively.

Clade B was always appeared in all analysis, with high bootstrap supports in ITS
and combined trees. Therefore, this clade might be reliable although this clade lacks
bootstrap support in trnL-F tree. The possible morphological synapomorphies of this
clade are connate sepals, sepal persistence in fruit and glabrous seed testa. Moreover,
G. tortilipetalus was closely related to G. aurantiacus with shared some morphological
character, i.e. distinctly prominence of secondary vein on adaxial leaf surface,

percurrent tertiary vein arrangement, copious mucilage around seed.

Clade C consisted of four species with low bootstrap support in both tnL-F and
combined trees. Clade C, excluded G. giganteus, might be more reliable due to high
bootstrap support in ITS and combined trees. The possible morphological

synapomorphies of this clade are hairy style and ovary.

Clades D and F are not reliable due to none bootstrap support in trnL-F tree and
a number of these two clades were not appeared in ITS and combined trees. It is

resulted of limiting taxa or none bootstrap support.

Clade E (65% bootstrap support in trnL-F tree) showed that G. malayanus was
sister to G. borneensis. Also, somewhat in the same line of Mat-Salleh (2001) and
Saunders (2002) suggestion that G. malayanus was closely related to G. borneensis

and G. giganteus. My data, however, G. giganteus was not included in the clade E due
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to having the warty fruits, while the fruits of G. malayanus and G. borneensis are

smooth.

Clade G presented that G. hookeri was closely related to G. gardneri with 57%
bootstrap support in trnL-F tree and with the possible synapomorphic character of hairy

ovary and shared the same geographic distribution.

Clade H, with 65%, 79% and 78% bootstrap support in trnL-F, ITS and combined
trees, respectively. This clade explained that G. tamirensis was sister to G. elegans. The
possible synapomorphies are truncate staminal connective, glabrous pistil with large

convoluted stigma.

Clade | consisted three taxa with moderate bootstrap support in ITS and
combined trees, although this clade was not found in trnL-F tree. G. undulatus was
sister to G. sawtehii with 100% bootstrap support. Thus this relationship is reliable and
shared morphological characters, namely truncate staminal connective, glabrous style
and stigma. Besides clade | might be related clades A and E but low bootstrap support

(58% in ITS tree and 52% in combined tree)

Clade J showed the relationship of G. rongklanus and G. dolichopetalus with
S57% bootstrap support in combined tree and shared two morphological
synapomorphies, namely reflexed sepal and hairy of seed testa. Nevertheless, this
relationship might be not certain, alike the relationship between clade J and clade C

with none bootstrap support.

As discussion above, a few clade from these molecular phylogenies was
reliable. These clades seem not to agree with Ban (1974b) infra-generic classification of
Goniothalamus. In many aspects, however, these results seem to agree with Saunders
(2002, 2003) view of Goniothalamus species relationships. Thus, new classification
scheme should be proposed based on new evidence of molecular and morphological

analyses.



CHAPTER IV

CHARACTER EVOLUTION IN THE GENUS GONIOTHALAMUS

4.1 INTRODUCTION

Evolution is a difficult phenomenon to study. It is rarely fast enough to be
observed directly and only in exceptional cases is it possible to find physical evidence,
such as fossils or ancient DNA, of past states and events. Fortunately, evolution leaves
its footprint in the distribution of traits among living organisms. By studying this footprint,
we can infer how organisms originated through the successive splitting of ancestral
lineages, a process depicted in phylogenetic trees. Given a phylogenetic tree, the
evolutionary history of individual traits of interest can be reconstructed. The evolution of
characters among taxa can be studied both to infer history and interpret processes of

change.

Saunders (2002) proposed that there are many characters of the flowers that are
taxonomically important in Goniothalamus, i.e. size, shape, color and indument. The
relative size of the outer and inner petals is often used as a taxonomic character at the
generic level. In addition, the staminal connective shape is diagnostically important at
the species level. In interspecific classification, the structure and indument of the carpel
are also taxonomically important. Besides the structure of the seeds, i.e. size, shape,
indument and color as well as the presence of exotestal hairs, with differences in length,

color and density are also particularly important in infrageneric classification.

Scharaschkin and Doyle (2006) studied character evolution in Anaxagorea
using a combined morphological and molecular phylogenetic analysis. A high level of
homoplasy in stamen and leaf venation characters was observed. The distributions of
characters on the tree confirm assumptions that several distinctive similarities between
Anaxagorea and other Magnoliales are primitive retentions. A number of morphological
synapomorphies were identified for a clade containing most Central American species

and another comprising all Asian species.
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The objective of this study is to assess the evolution of selected morphological
characters using the phylogenetic reconstruction generated from combination of trnl-F
and ITS data set as a framework. The combined molecular tree from Figure 3.3 in
Chapter Il was the most parsimonious tree with moderate to high bootstrap support.
Therefore this study will use original tree without collapsing branches to avoid polytomy

condition.
4.2 MATERIALS AND METHODS
4.2.1 Phylogenetic framework

The phylogenetic tree derived from combined ITS-trnl-F data (this study;
Chapter Ill) is employed. Due to the limited number of taxa in this tree, the taxa sampled
for evaluating morphological evolution will also be restricted. Only 23 species of
Goniothalamus were included in this study (Table 3.1). Annona squamosa was selected

as the outgroup based on molecular phylogenetic analyses in this study (Chapter li).

4.2.2 Morphological characters

A total of 43 characters (1 habit, 1 shoot, 3 leaf, 26 flower and 12 fruit and seed
traits) were investigated. The list of morphological characters and the assigned
character states is given in Appendix B. The character states for each taxon were
scored from herbarium and descriptions from various journal articles and flora accounts

(Sinclair, 1955; KeRler, 1996: Saunders, 2002, 2003, unpublished data).

4.2.3 Character evolution

Evaluation of morphological character evolution was performed in MacClade
version 3.08 (Maddison and Maddison, 2001). Tracing of discrete-valued characters
indicated nodes fixed in traced character, with unordered type and equal weight. The

root was placed at the Anona squamosa clade.
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4.3 RESULTS AND DISCUSSION

Although definitions of characters and their states are presented in the Appendix
C, most of the practical and conceptual problems encountered and the arguments used
in defining analysis of morphological characters were treated in this section because we

viewed our analysis of morphological characters as one of the main results of this study.
4.3.1 Habit and vegetative characters

In general, the plesiomorphic character state (small tree habit) dominates in the
genus, with only one taxon evolving to the derived state (larger trees) namely G.
giganteus (character 1, Figure 4.1A). Likewise, most of the members of the genus are
not too hairy (plesiomorphic) except in three unrelated lineages. Densely hairy or
velutinous primary shoots is partialty synapomorphic in the G. undulatus-G. sawtehii-G.
sp. (sroi) clade (character 2, Figure 4.1B). In contrast, although that nitid adaxial leaf
surface is the apomorphic, this state is very homoplastic (character 3, Figure 4.1C). This

character serves as partial synapomorphic in the G. malayanus-G. cheliensis clade.

Prominence of secondary veins on the adaxial leaf surface is also homoplastic
(character 4, Figure 4.2A). The ancestral node is equivocal, and consequently the
plesiomorphic and apomorphic character states within the genus could not be
ascertained. Nonetheless, it seems that there are three (possibly four) clades in which
distinctly prominent secondary veins have been derived from impressed or slightly
prominent veins. Also, the distinctly prominent secondary vein on the adaxial leaf
surface may be synapomorphic for clade I and II, in which the subclade of one taxon

has reversal condition, i.e. G. tapis.

The last character in this category, tertiary vein arrangement (character 5, Figure
4.2B), is inconclusive due to the fact that the various taxa with percurrent venation are
linked by nodes that equivocal. Reticulate venation appears certain for two clades,
namely the G. tamirensis-G. elegans clade and clade 1, of which one contains two taxa,
namely G. malayanus and G. cheliensis, with reversed condition. However, as outgroup

node is equivocal, character state polarity could not be determined.
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4.3.2 Flowers

Three lineages evolved to flower at supra-axillary position which is the derived
condition (character 6, Figure 4.2C). Our study is supported by Saunders (2002) that the
position of flower is initially axillary during development. After that the supra-axillary
position was derived due to the primordium of the axillary shoot is situated towards the
main axis and becomes separated from the leaf axil resulting from the growth of the

internode of the main axis.

In contrast, it is not possible to infer which condition is plesiomorphic in another
flower position, flowering on young growth vs. on older growth, and this character is
therefore inconclusive (character 8, Figure 4.3A). Likewise, the ancestral state of the
pedicel length character is not known, although it appears to be homoplastic, with
parallel evolution in three unrelated lineages, namely G. tortilipetalus, G. malayanus and

G. giganteus (character 12, Figure 4.3B).
4.3.3 Sepals

The two sepal characters are inconclusive (character 13-14, Figure 4.3C and
4.4A), with the ancestral state unknown in both cases. Basally connate sepals appear to
Synapomorphic in the G. stenomitra-G. tortilipetalus-G. aurantiacus-Phu Soi Dao?2 clade,
the G. malayanus-G. cheliensis clade and clade 1. However, it seems that G. tapis and
G. giganteus reversed to have free sepals. On the other hand, sepal venation can not
infer the evolutionary polarity because of equivocal nodes. But distinct venation on

sepals is likely to be apomorphic.

Many species possess not-reflexed sepals, but a few lineages evolved the
derived state of reflexed sepal (character 15, Figure 4.4B). This state might serve as the
synapomorphic for the clade 1 in which the subclade of one taxon has reversal

condition, i.e. G. repevensis.
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4.3.4 Outer and inner petals

Outer petals that have length over 45 mm are a derived state found in four
unrelated lineages (character 16, Figure 4.4C), of which G. tortilipetalus, G. tapis and
the G. malayanus-G. cheliensis clade have medium size flowers and G. giganteus has
the largest flowers. Saunders (2002) noted that G. giganteus is one of the most
attractive species in this genus, with numerous very large yellow and fragrant flowers.
Although the outer petals of G. giganteus are very large, the inner petals are still
relatively small. These petals dictate the size of the mitriform dome and the size of
apertures between adjacent inner petals, and hence dictate the size of the pollinator.
Corlett (2004) inferred that Asian Annonaceae, having the tiny floral chamber, is

pollinated by beetles.

Likewise, the presence of a claw on the outer petals is also homoplastic
(character 17, Figure 4.5A) and found in five unrelated lineages. This character is
synapomorphic for the G. malayanus-G. cheliensis-G. laoticus clade and clade I in
which one taxon, G. tapis, reversed to have no claw (although it should be noted that
the character state for G. repevensis is unknown). The flowers of Goniothalamus
species as sweetly and often intensely fragrant and attract crowds of small bestles, so
having clawed petal is suitable for beetles, attracted by a strong scent (Corner, 1988).
The outer petal claws make beetles pass outer whorl easily and can enter the floral

chamber.

In contrast, many basal or relatively basal clades did maintain plesiomorphic
state, i.e. adaxial surface of basal region of outer petal with velutinous hair, but in clade I
and II evolved to be less hairy or glabrous (character 18, Figure 4.5B) except few taxa,

namely G. cheliensis and Goniothalamus sp. (sroi) that have the reverse condition.

The shape of inner petal ‘did not change in many species, although the
apomorphic condition is observed in six species, G. stenomitra, G. aurantiacus, G.
cheliensis, G. repevensis, G. umbrosus and G. rongklanus, whose extensive contiguous
area of inner petal are developed (character 19, Figure 4.5C). The G. undulatus-G.

sawtehii-G. sp. (sroi) clade maintains the plesiomorphic condition.
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It appears that for the indument of the adaxial surface of the inner petal, the
velutinous state is plesiomorphic, whereas glabrous and woolly are derived states,
which are only observed in a few taxa (character 20, Figure 4.6A). Moreover, this study
found that the indument of outer petals and inner petals is closely related. That is to say
the basal region of the adaxial surface of the outer whorl of petals generally has the

same indument as the adaxial surface of the inner petals (Figure 4.5B and Figure 4.7A).

The absence of basal flanges on inner petal claw is plesiomorphic but many
terminal lineages as well as one taxon in the early branching clade are present, possess
such flanges (character 21, Figure 4.6B). It seems that presence of basal flanges is
synapomorphic for the G. undulatus-G. sawtehii clade and the G. rongklanus-G.
dolichopetalus clade (although it should be noted that the latter clade has only 57%
bootstrap support).

4.3.5 Stamens and stamen connectives

Although the ancestral state is equivocal, the majority of the genus had evolved
to have the apiculate stamen (character 23, Figure 4.6C) after the departure of early
branching clade, the G. tamirensis-G. elegans clade. Then this character state in the
clade I and other taxa reversed to truncate stamens. My study was supported by Doyle
and Le Thomas (1996) inferred that the truncate-peltate state is characteristic of most
Annonaceae, which arose in the core group of the family. Moreover, Scharaschkin and
Doyle (2006) presented that pointed stamens are ancestral state and truncate stamens
are derived state in Anaxagorea, the basal grade of Annonaceae. Therefore, truncate

stamens are typically stamens in this family.

4.3.6 Carpels and pistils

The ancestral state of ovary indument (character 26, Figure 4.7A) in the genus
Goniothalamus is equivocal. Many lineages have hairy ovaries, whilst only four lineages
have glabrous ovaries, i.e. the G. tamirensis-G. elegans clade in early branching clade,

the G. undulatus-G. sawtehii clade, G. laoticus, G. subevenius. This character may be
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related to the presence of a velutinous indument on the outer petals and inner petals, as

discussed above.

The state of style indument in the ancestor is inconclusive (character 27, Figure
4.7B). Yet, this character seems uninformative and homoplastic as three taxa, namely G.

laoticus, G. macrophyllus and G. scortechinii. independently evolved more hairy styles.

Stigma shape (character 28, Figure 4.7C) is the only character that appear to be
synapomorphic for the G. tamirensis-G. elegans clade. In full morphological data set,
however, G. tomentosa also have this derived state and because of its position, renders

this character homoplasious.

Stigma indument (character 29, Figure 4.8A) is homoplastic and ancestral state
is equivocal, but it appears that this character is uninformative and homoplastic as three
lineages, namely G. tapis, G. macrophyllus and G. scortechinii, independently evolved
more hairy styles. Glabrous stigmas are synapomorphic for G. tamirensis-G. elegans

clade.
4.3.7 Monocarps and seeds

The ancestral state of sepal persistence in fruit (character 30, Figure 4.8B) is
equivocal. This character is homoplastic. The persistent sepal in fruit appears in the
early branching clades, namely the G. tamirensis-G. elegans clade, the G. stenomitra-
G. tortilipetalus-G. aurantiacus-Phu Soi Dao2 clade and G. scortechinii. Then, few
lineages had evolved to have fruit with caducous sepal, few taxa reversed to persistent

sepal.

Moniliform monocarp shape (character 31, Figure 4.8C) is the derived state and

found independently in two clades, the G. malayanus and the G. giganteus clades.

Also, larger monocarps (character 32, Figure 4.9A) seem to be the derived
condition with four (probably five) lineages, G. aurantiacus, G. giganteus, G.

dolichopetalus, G. malayanus and G. laoticus, evolving this condition independently,
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however, G. malayanus and G. laoticus may have evolved this character together. Due
to the equivocal node, it is inconclusive. Monocarp size may be correlated with
dispersal: small monocarps are easily carried by birds so they distribute far from the
origin, whilst larger monocarps are carried by larger animals and so not distributed so
far. The observational data that support this come from the report that fruits of G.
giganteus are eaten by orangutans in Sumatra (herbarium specimen field notes: E. Sterk
185, L; cited by Saunders, 2003). In addition, Dr. Shumpei Kitamura (personal
communication, April 27, 2006) said fruits of G. Jaoticus in Khao Yai National Park,

Thailand are consumed by squirrels and monkeys.

The presence of a longitudinal ridge along the pericarp (character 33, Figure
4.9B) is a derived state but homoplastic. However, it is somewhat informative as it forms
a partial synapomorphy for the G. malayanus-G. cheliensis-G. laoticus clade and for

clade 1, in which two taxa have reversal condition, i.e. G. fapis and G. repevensis.

Thicker pericarps is clearly the derived state (character 35, Figure 4.9C).
Although this character is homoplasious, the thick pericarp state is partially informative
as a synapomorphy for the G. malayanus-G. cheliensis-G. laoticus clade. Pericarp
thickness may also be correlated with dispersal agents. The monocarps with thin
pericarp are suitable to be eaten by birds, whereas the monocarps with slightly thicker

pericarp are consumed by larger animals, including primates, as discussed above.

The number of seeds per monocarp (character 37, Figure 4.10A) is apomorphic
for three unrelated lineages, G. aurantiacus, G. laoticus and G. dolichopetalus,

although, this character is homoplastic.

Hairy seed testa is clearly apomorphic and homoplastic but it is partially
synapomorphic for the clade 1 and may be present in the clade 11 with reversal in G.
rongklanus, although the character state at the node at the base of the clade is
equivocal (character 39, Figure 4.10B). Saunders (2002) noted that the function of testal
hair is unclear, but may possibly be involved in mucilage production. This study

supported a positive correlation between testal hairs and mucilage production around
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seed, as in the G. tapis-G. repevensis-G. umbrosus clade, G. giganteus and G.

malayanus produce copious mucilage (Figure 4.11B)

A protruding seed micropylar plug is apomorphic in three unrelated lineages, G.
tortilipetalus, G. malayanus and G. tapis, although, this character is homoplastic
(character 40, Figure 4.11A).

It is not clear which state of mucilage around seeds is plesiomorphic but it is

partially informative (character 41, Figure 4.11B). This character may be related to hairs

on seed testa as discussed above.



CHAPTER V
CONCLUSION

Results from the combined trnL-F spacer and ITS data sets showed better
resolution of relationships within Goniothalamus than either trnL-F or ITS alone. The tree
topology appeared fully resolved and the bootstrap supports were moderate to high.
The phylogenetic tree indicated that Goniothalamus is likely to be monophyletic, with the
G. tamirensis-G. elegans clade basal to the rest of Goniothalamus. The larger clade was
divided into four recognizable subclades. None of the clades were congruent with Ban’s
infra-generic classification, suggesting as a new infra-generic classification scheme

should be proposed.

The results from the assessment of the morphological character evolution
showed that most of 43 characters were homoplastic. Some of 43 characters were
apparently autapomorphic (e.g. habit, stamen number per flower and monocarp
ornamentation), but these certainly were due to limited number of taxon in the
assessment. There are only 9 out of 43 characters that were partial informative, i.e.
Synapomorphic characters for some clades, including velutinous primary shoots, nitid
leaf surface adaxially, large outer petals, glabrous indument of the basal adaxial region
of the outer petals, basally clawed outer petals, presence of glabrous basal flanges on
the inner petal claws, large convoluted stigmas, the occurrence of a longitudinal ridge

on monocarps and thick pericarp.

The results from this study indicated that the infra-generic classification scheme
of Goniothalamus should emphasize to the synapomorphic characters discussed above

in order to reflex the “true” phylogeny of the genus Goniothalamus.
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APPENDIX A

PROTOCOL FOR DNA EXTRACTION OF HERBARIUM SPECIMENS

This is a protocol for DNA extraction from herbarium specimens using a
combination of CTAB method (Agrawal et al., 1992) and QlAquick PCR Purification Kit
(QIAGEN).

Materials:
1. Pestles and mortars
2. 1.5 pl microcentrifuge tubes
3. CTAB buffer
4. R-mercaptoethanol
S. Chloroform : isoamylalcohol (24 :1) mixture
6. QIAquick PCR Purification Kit (QIAGEN)
7. Water-bath
8. Liquid nitrogen
9. RNase A (100mg/ml)
Preparation:
1. Preheat CTAB buffer in water-bath to 65°C

2. Set the microcentrifuge tube filled with extraction buffer containing 650 ul CTAB
buffer, 20 pl B—mercaptdethanol and 10 yl RNase A at 65 °C

3. Clean leaf with 70% alcohol, then remove midrib and weigh 50 mg leaf material

of each sample
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Extraction:

1.

10.

11.

12.

13.

14.

Add liquid nitrogen to a pestle containing leaf material and grind to powder with

a mortar.

Transfer powder to extraction buffer in a microcentrifuge tube, vertex 10 second,

and incubate 65 °C for 3 hours, mixing every 10 minutes.

Add 650 pl of Chloroform : Isoamylalcohol mixture, invert gently 5 times and

incubate by gently shaking at room temperature. Leave for at least 1% hours
Centrifuge at 10,000 rpm at RT for 10 minutes
Transfer supernatant into a new microcentrifuge tube

Add 1mi Buffer PB (provided in QIAquick PCR Purification Kit) and mix by

pipetting
Place a QlAquick spin column in a collecting tube

To bind DNA, apply the sample from step 6. to the QlAquick column and

centrifuge for 30-60 second
Discard flow-through and place the QIAquick column back into the same tube

To wash, add 500 pl Buffer PE to the QIAquick column and centrifuge for 30-60

second

Discard flow-through and place the QIAquick column back into the same tube.

Centrifuge the column for an additional 1 minute
Place QlAquick column in a clean microcentrifuge tube

To elute DNA, add 30 pl Buffer EB or H,0 to the center of the QIAquick
membrane, let the column stand for 1 minute and centrifuge the column for 1

minute

DNA is ready to use



APPENDIX B
CHARACTER SCORING FOR MORPHOLOGICAL DATA MATRIX

1. Habit: (0) shrubs or small trees: (1) large trees
2. Indument of young primary shoots: (0) generally glabrous to hairy;
(1) invariably densely hairy/velutinous

3. Glossiness of leaf lamina (adaxially): (0) matt; (1) nitid
4. Prominence of secondary veins (adaxially):

(0) impressed to slightly prominent; (1) distinctly prominent
. Tertiary vein arrangement: (0) reticulate; (1) percurrent
. Flower position: (0) axillary; (1) (slightly) supra-axillary
- Occurrence of flower fascicles: (0) absent: (1) present

. Flower position on branches: (0) young growth only; (1) also older growth

© O N O m

. Flower position on trunk: (0) not exclusively at base; (1) exclusively at base
10. Number of flowers: (0) solitary (occasionally paired); (1) invariably paired
11. Flower orientation: (0) pendent; (1) erect
12. Flower pedicel length: (0) up to 20 mm maximum; (1) 21-50 mm maximum:
(2) 51-110 mm maximum
13. Sepal fusion: (0) free; (1) (sometimes) basally connate
14. Sepal venation: (0) indistinct; (1) (sometimes) distinct
15. Sepal refexion: (0) not reflexed: (1) reflexed
16. Outer petal length: (0) up to 45 mm maximum; (1) 50-85 mm maximum:
(2) over 100 mm maximum
17. Shape of outer petal base: (0) not distinctly clawed; (1) distinctly clawed
18. Indument of basal adaxial region of outer petals:
(0) glabrous or sparsely hairy; (1) velutinous
19. Shape of inner petals: (0) without extensive contiguous area:
(1) extensive contiguous area
20. Indument of inner petal (adaxially): (0) glabrous; (1) velutinous: (2) woolly
21. Presence of glabrous basal flanges on inner petal claw:

(0) absent; (1) present



22.
23.

24.

25.
26.
27.
28.
29.
30.
31.
32.

33.
34,
35.
36.
37.
38.
39.
40.
41.
42.
43.
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Stamen number per flower: (0) up to 320 maximum; (1) 450-570 maximum
Staminal connective shape: (0) truncate; (1) apiculate;
(2) very long apiculate
Apiculate staminal connective shape:
(0) not distinctly tapered: (1) distinctly tapered
Carpel number per flower: (0) up to 60 maximum; (1) 90-105 maximum
Ovary indument: (0) essentially glabrous; (1) hairy
Style indument: (0) glabrous; (1) hairy
Stigma shape: (0) funnel-shaped or subulate; (1) large, convoluted
Stigma indument: (0) (sub-) glabrous; (1) hairy
Sepal persistence in fruit: (0) caducous; (1) persistent
Monocarp shape: (0) not moniliform: (1) slightly moniliform (when > 2 seeds)
Monocarp width: (0) up to 15 mm maximum; (1) 15-25 mm maximum:
(2) 26-30 mm maximum
Occurrence of longitudinal ridge on monocarp: (0) absent; (1) present
Monocarp ornamentation: (0) smooth; (1) verrucose
Pericarp thickness: (0) thin; (1) (medium-) thick
Seed width: (0) up to 16 mm maximum; (1) 17-20 mm maximum
Seed number per monocarp: (0) 1-2 (-3); (1) 4-5
Seed shape around micropyle: (0) not elongated; (1) elongated
Indument of seed testa: (0) glabrous; (1) hairy
Seed micropylar plug: (0) sunken: (1) flush; (2) protruding
Mucilage around seeds: (0) slight: (1) copious
Inner petal arrangement: (0) not mitriform; (1) mitriform

Stamen septation: (0) aseptate: (1) septate



BIOGRAPHY

Maliwan Nakkuntod was born in Nakhon Ratchasima Province, Thailand, on 7
January 1975. She earned her Bachelor Degree in Science in Biology from the
Department of Biology, Faculty of Science, Khon Kaen University, Khon Kaen, in 1995.
In 1998, she received her Master of Science Degree in Botany from Department of
Botany, Kasetsart University, Bangkok. After graduation, she worked as lecturer at
Department of Biology, Faculty of Science, Naresuan University, Phitsanulok. Since June
2001, she pursued her Ph.D. study in Biological Science Ph.D. program, Faculty of

Science, Chulalongkorn University, Bangkok.



=
s
s hotes

S
Rt AN
o :




