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Abstract

The tropics harbour the highest number of species in the world. Uncovering why and
how these regions are so species-rich has been a central theme in evolutionary
biology. When it comes to plants, about two-thirds of the plant species are present in
the tropics. Research on tropical plants is impeded by an array of taxonomic
challenges. To understand these challenges in more detail, I have focused on the
genus Alpinia Roxb. from the Zingiberaceae. It is the largest genus in the ginger
family (c.250 species) and one of the most taxonomically complex. Molecular
phylogenetic studies have revealed that this genus is polyphyletic. Moreover,
nomenclatural confusion is an issue in Alpinia as many species with validly
published names were described before the development of the type concept which
has led to taxonomic confusion regarding species identities. Several Alpinia species
also possess intermediate morphological characters that cause difficulty in delimiting
species. Understanding the extent of reproductive isolation and hybridisation is
crucial in this case. These species also possess a unique stylar dimorphism termed
flexistyly, a strategy used to promote outcrossing. Many studies have investigated
the reproductive biology of flexistylous species in Alpinia, but not much is known

about the genetic basis of this trait.

Accordingly, the aims of my thesis are:
e To understand the taxonomic challenges present in the tropics.
e To resolve taxonomic uncertainty in a group of Indian Alpinia species.
e To investigate the crossing barriers and the potential for hybridisation in the
genus Alpinia.

e To elucidate the genetic basis of flexistyly.

I conducted a survey of plant biologists to investigate the taxonomic problems faced
when working on tropical taxa, and reviewed the literature to find case studies where
taxonomic issues impede research. I found that taxonomic challenges in the tropics
are caused by practical issues associated with fieldwork and herbarium collections

and biological factors such as rapid radiations, hybridisation, and phenotypic



plasticity. To resolve the nomenclatural confusion in a group of Indian Alpinia
species, I examined a range of original material and have resolved the confusion
associated with the name A. bracteata used by Roscoe and Roxburgh. I have also
assigned a lectotype for the name 4. calcarata (Haw.) Roscoe. To investigate
crossing barriers, I performed artificial hybridisation between and within clades of
Alpinia s.1. 1 found that Alpinia species show widespread interspecific cross
compatibility, especially within clades, and in a few instances, between divergent
clades as well as genera. I also found a negative correlation between the genetic
distance and the seed set, but this correlation was not significant. To investigate the
genetic basis of flexistyly, I assembled a draft genome of Alpinia nigra that served as
a reference for downstream analysis. I used a Pool-Seq approach to investigate the
allele frequency differences between bulks of the anaflexistylous and cataflexistylous
morphs. Most of the genome showed low differentiation (average genome-wide
Fs1=0.04), with no clear outlier regions. This is consistent with the lack of evidence
for a large inversion. This might be due to the complex nature of the genomic
region(s) that govern this trait or it could be a single gene that might be difficult to
detect. The potential for hybridisation and the lack of reproductive isolation might be
common in gingers, and overlooked in many tropical taxa. It may be a critical factor

that caused taxonomic complexity within this tropical genus.



Lay summary

The tropics are home to the highest number of plant species in the world.
Understanding why and how these regions harbour so many species is one of the
main aims in evolutionary biology. Carrying out research on tropical plants is
hindered by many challenges. The aim of this thesis is to understand the challenges
faced by plant taxonomists when working in the tropics. For this, I conducted a
survey of plant biologists and reviewed the literature to find the problems faced
when working on tropical plant groups. My research found that these issues are
caused by fieldwork and herbarium-related problems, or biological factors

underlying the formation of new species.

To understand the challenges of tropical plant groups in more detail, I focussed on a
genus from the ginger family called Alpinia. It is the largest genus in the family with
more than 250 species spread throughout tropical and subtropical Asia. Studies using
genetic tools have revealed that the relationships in this genus were more complex
than previously thought. Some groups of species from A/pinia were more closely
related to other genera than groups from the same genus. It is a difficult genus to
work with, as many species have not been assigned the correct names. Therefore, one
of my aims is to clarify the confusion associated with names in a group of Alpinia
species from India. I examined the original material and description of species and
found that the same names were applied to different species. Moreover, it is often
difficult to distinguish species that are closely related due to similar traits. This could
due to the formation of hybrid species. Therefore, I performed artificial pollination
between closely-related and distant species to investigate the potential for cross-
breeding. I found that closely related species are capable of setting seed more often

although some crosses with distantly related species were successful too.

Alpinia species also exhibit a unique strategy called flexistyly, that prevents self-
pollination. Many studies have investigated its ecological and adaptive importance,

but little is known about its genetic basis. Therefore, I examined the genetic



differences between the floral types. I did not find any clear pattern of genetic

differences as the region of the genome that controls this trait is difficult to detect.

As many tropical plants are now under threat, understanding basic taxonomy and the
processes that have led to the formation of new species is crucial for conservation.
Therefore, the taxonomic, ecological, and genomic studies presented in this thesis

will be valuable information for conservation assessments.
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Chapter 1: General introduction

1.1 Plant diversity in the tropics

The tropics harbour the greatest number of species in the world. The presence of a
latitudinal diversity gradient, with a higher concentration of species near the equator
and decreasing towards the poles, has been one of the most intensely studied of
biodiversity patterns (Pianka, 1966; Hillebrand, 2004; Jablonski et al., 2006;
Mittelbach et al., 2007; Brown, 2014; Mannion et al., 2014). Within the tropics, the
Neotropics possess one-thirds of the total number of vascular plants in the world
(118,308), followed by the Afrotropical region (56,451 species) and Southeast Asia
(50,000) (Raven et al., 2020).

A plethora of historical and ecological hypotheses have been proposed to explain the
latitudinal biodiversity gradient. There are two main contrasting hypotheses that have
been widely discussed. One is the “out of the tropics” hypothesis, whereby lineages
originate and undergo massive diversification in the tropics, and then disperse
towards the poles (Jablonski et al., 2006; Rolland et al., 2014). The second is the
“tropical niche conservatism” hypothesis states that most lineages originate in the
tropics and have difficulties in dispersing and adapting to the temperate regions,
thereby retaining more diversity in the tropics (Wiens and Donoghue, 2004; Buckley
et al., 2010; Cooper et al., 2011; Romdal et al., 2013). Higher availability of energy
leads to higher diversification rates in the tropics, higher availability of space causes
more opportunities for isolation, and the stability of tropical climates leading to
lower rates of extinction have also been hypothesised to play an important role in the
origin of tropical diversity (Mittelbach et al., 2007 and references therein). In some
studies, there is also an evidence for a balance between high extinction and
speciation rates (Koenen et al., 2015).The tropics also harbour a wide range of
habitat types from rainforests and dry forests to savannahs and deserts (Figure 1.1)
(Antonelli and Sanmartin, 2011; Raven et al., 2020), with many biotic and abiotic

evolutionary drivers at play in different regions (Antonelli and Sanmartin, 2011).
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Chapter 1: General introduction

Figure 1.1: A few examples of different habitat types found in the tropics. A- Lowland evergreen
forest (Nongkhyllem Wildlife Sanctuary, Meghalaya, India), B- Freshwater swamp (Keibul Lamjao
National Park, Manipur, India), C- Grassland (Kas plateau, Maharashtra, India), D- Moist deciduous
forest (near Wayanad, Kerala, India). Photographs by Surabhi Ranavat.

When it comes to large plant genera, some of the larger ones are predominantly
present in the tropics such as Begonia L. (2000 species) (Hughes et al., 2015),
Bulbophyllum Thouars (c. 2000 species), Piper L. (c. 2000 species) and Psychotria
L. (c. 1600 species) (POWO, 2019). Due to their large size, studies at the genus-wide
level are difficult to carry out (Frodin, 2004, but see Muioz-Rodriguez et al., 2019),
therefore, systematic analyses involving representative taxa from geographic or
infrageneric groups have been done (Jaramillo et al., 2008; Hosseini et al., 2016;
Moonlight et al., 2018), that have resolved many infrageneric relationships. Although
many large genera are predominantly present in the tropics, some have a
cosmopolitan distribution such as Astragalus, Solanum, Euphorbia, and Senecio

(Frodin, 2004).
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Chapter 1: General introduction

1.2 Evolutionary drivers of tropical diversity

The highly diverse tropical lineages tend to be separated across ecological gradients
where they occupy specialised niches. This prevents the species from dispersing
across barriers. This dispersal limitation causes to reproductive isolation between
species, which in turn promotes allopatric diversification (Kozak and Wiens, 2010;
Salisbury et al., 2012). Factors such as rapid shifts in climatic niches among species
have been found to play an important role in driving diversification in the tropics
(Kozak and Wiens, 2007; McCain, 2009; Cadena et al., 2012; Castro-Insua et al.,
2018).

The formation of reproductive barriers is considered to be crucial for speciation to
occur. Pre-pollination barriers include niche differentiation, phenological isolation
and pollinator specialisation whereas post-pollination barriers include competition
between conspecific and nonconspecific pollen, low hybrid seed formation, and low
F1 viability and fertility (Baack et al., 2015). Barriers in both the stages act together
to maintain species boundaries, but the strength of these barriers are highly variable
(Scopece et al., 2010). This has been investigated in a few tropical groups by
artificially pollinating taxa that has given an insight into the strength of reproductive
barriers, and therefore, mechanisms that are involved in the evolution and
maintenance of species (Palma-Silva et al., 2011; Chen, 2013; Pinheiro et al., 2013;
Twyford et al., 2015).

Rapid radiation is one of the factors considered to be responsible for the large
diversity of plant species present in the tropics. It is a process in which lineages
diversify rapidly due to climatic changes, new ecological opportunities, or both
(Richardson et al., 2001; Knope et al., 2012; Lagomarsino et al., 2016; Carlsen et al.,
2018). The Pleistocene climatic changes in tropical regions led to forest disturbance
and the resulting ecological change may have led to recent, rapid radiations (Harris et
al., 2000; Richardson et al., 2001; Pennington et al., 2004). Similarly, the uplift of
major mountains, such as the Andes or the Himalayas, has also played an important
role in the rapid diversification of lineages (Hughes and Eastwood, 2006; Antonelli

and Sanmartin, 2011; Wang et al., 2012). Speciation in the tropics may also have
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Chapter 1: General introduction

accelerated due to the evolution of novel traits that promote diversification, or key
innovations (Sanderson and Donoghue, 1994; Drummond et al., 2012; Silvestro et

al., 2014).

Processes such as natural hybridisation are regarded important as drivers of
biodiversity, as they are found to be more common than previously thought (Soltis
and Soltis, 2009). Hybridisation is regarded as a creative force in plant evolution and
is more common in some taxa than others (Ellstrand et al., 1996). While it is not
currently considered to be a key driver of diversity in tropical groups, new studies
are finding this to be more common (Kos$nar et al., 2010; Schley et al., 2020) and re-

evaluating the role of hybridisation in species diversity.

1.3 Reproductive diversity in angiosperms

The remarkable diversity of angiosperms that the tropics harbour also displays a
remarkable range of traits and floral forms. These traits are often adaptations to
ensure pollination by means of a pollen vector (Waser and Ollerton, 2006; Barrett,
2010a). Pollinators are considered to be key drivers of angiosperm diversity in terms
of adaptation as well as diversification (Stebbins, 1970; Van der Niet et al., 2014),
where the structural variety of floral forms is presumed to have resulted from natural
selection during interactions with floral vectors (Figure 2) (Harder and Johnson,
2009). When it comes to the tropics, the number of plant pollination systems present
is considerably higher when compared with other latitudinal zones (Waser and

Ollerton, 2006).

Most angiosperms are hermaphroditic in nature and thus fitness is determined by
pollen export as well as pollen receipt (Lloyd, 1982). This sexual condition also
comes with a reproductive cost where opportunities for self-fertilisation or sexual
interference may occur. To circumvent this problem, angiosperms have evolved
highly specialised structures or mechanisms that prevent pollen-pistil interference
and promote outcrossing (Barrett, 2003). Herkogamy, the spatial separation of sexual
organs within a flower, is one such strategy (e.g., Primula L. (Darwin, 1877),

Passiflora L.(Dai and Galloway, 2011), Melochia L. (Faife-Cabrera et al., 2018)). In
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Chapter 1: General introduction

some cases, reciprocal herkogamy might be present where the positions of the male
and female sex organs are reciprocal. The separation of sexual function can also be
temporal (dichogamy) where the timing of pollen release and the stigma receptivity
are different (e.g., Alpinia Roxb. (Li et al., 2001), Carya Nutt. (Thompson and
Romberg, 1985), Campanula L. (Inoue, 1990)).

Figure 1.2: Examples of diverse tropical angiosperms adapted to different biotic pollinators. A-
Ceropegia vincifolia adapted to fly pollination. B- Strongylodon macrobotrys adapted to bat
pollination. C- Aeschynanthus sp. adapted to sunbird pollination. Photographs by Surabhi Ranavat.

Although hermaphroditism is the predominant sexual system in flowering plants,
they can also be dioecious (separate sexes), although dioecy is relatively infrequent
across angiosperms (~6% of species) (Ashman, 2007; Renner, 2014). Dioecious taxa
are found in higher proportions in the tropical plants that have a woody growth form
(Vamosi and Vamosi, 2004; Kéfer et al., 2017). They also have an array of mating
patterns, which can range from outcrossing to predominant selfing (except in
dioecious taxa) (Barrett, 2002b). Selfing might be detrimental as it can lead to
inbreeding depression (Charlesworth and Charlesworth, 1987) but can serve as a
strategy for reproductive assurance under the absence of pollination (Eckert et al.,

2007).
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Chapter 1: General introduction

1.4 Zingiberaceae

The ginger family or the Zingiberaceae is the largest in the order Zingiberales with
58 genera and over 1800 species (Newman, pers. comm.). This family is mainly
distributed in the tropics of South-East Asia, with a few genera extending as far as
Africa and the Americas. Some genera such as Roscoea, Cautleya, and Alpinia are
found in subtropical and even temperate regions (Kress and Specht, 2005). Species
from this family are a common component of the understorey flora of wet tropical
forests. They are characterised as herbaceous perennials with distichous leaves and
inflorescence terminal on the leafy shoot or growing on a separate, leafless shoot.
Most flowers are bisexual and zygomorphic that are open only for a day. In some
cases, there are some species with separate hermaphrodite flowers and functionally
male flowers on each inflorescence from Alpinia Clade III (Smith, 1990; clade
system sensu Kress et al., 2005) and Globba section Nudae (Sangvirotjanapat et al.,
2019, 2020). The flowers possess only one stamen, with the other stamens modified

as petaloid staminodes (Larsen et al., 1998).

The ginger family is economically important as many species are used in medicine,
horticulture, and cooking. Spices such as ginger (rhizome of Zingiber officinale
Roscoe), turmeric (rhizomes of Curcuma longa L.) and cardamom (fruit of Elettaria
cardamomum (L.) Maton) are widely used in cooking. Other spices such as galangal
(rhizomes of Alpinia galanga (L.) Willd.) and Melegueta pepper (seeds of
Aframomum melegueta (Roscoe) K.Schum.) are commonly used in their native
regions (Rangsiruji, 1999; Leong-Skorni¢kova and Newman, 2015). Species from
the genera such as Hedychium, Alpinia, Curcuma, and Etlingera are commonly
grown as ornamentals. Curcuma species are also used as a source of yellow dyes.
These species are also important from an ethnobotanical perspective, as many local
species are used as herbal medicines to treat several ailments (Daimei and Kumar,
2014; Phuong Hanh and Quoc Binh, 2014). Many species in this family are of
pharmacological importance as they contain compounds that have anti-inflammatory,
anti-bacterial and anti-fungal effects and are used to treat digestive problems (Jatoi et

al., 2007; Chen et al., 2008; Kumar et al., 2011).
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Chapter 1: General introduction

Figure 1.3: Floral diversity in the Zingiberaceae. A- Zingiber rubens, B- Kaempferia rotunda L., C-
Curcuma sp., D- Hedychium spicatum, E- Globba sp., F- Alpinia galanga (L.) Willd., G- Elettaria
cardamomum, H- Etlingera linguiformis. A-E are from subfamily Zingiberoideae and F-H from

Alpinioideae. Photographs by Surabhi Ranavat.

Genera from the Zingiberaceae exhibit a variety of strategies to ensure reproduction.
They reproduce sexually as well as asexually by means of rhizome or bulbils (Larsen
et al., 1998). Vivipary, a phenomenon where the seed germinates within the fruit
when it is still attached to the plant has also been observed in a few genera in the
Zingiberaceae (see Ashokan and Gowda, 2018). In terms of sexual reproduction,
species exhibit a wide variety of strategies to prevent self-pollination such as two-
day flowers with a single, protandrous morph (Gao et al., 2004) or protandry and
protogyny in two different floral morphs within a population (flexistyly) (Li et al.,
2001). The extensive floral diversity in the Zingiberaceae (Figure 1.3) suggests that
many interesting mating systems and floral traits are yet to be discovered in this

family (Kress and Specht, 2005).
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Many genera in the family possess species that have overlapping morphological
characters hence the species limits are difficult to discern, e.g., Curcuma and
Hedychium, where many species are part of a complex (Zaveska et al., 2012; Saryan
et al., 2020). Moreover, many species in genera such as Curcuma (Zéveska et al.,
2012), Globba (Takano and Okada, 2002), Kaempferia (Nopporncharoenkul et al.,
2017) are polyploid in nature therefore resolving species relationships is challenging.
Some species also tend to hybridise in the wild whereby the progeny becomes

naturalised (Leong-Skorni¢kova et al., 2007).

Aframomum

Alpinia clade | + Elettaria |

] Amomum s.s. (Amomum clade | + Elettariopsis)

Alpinia clade Il

Alpinia clade VI

1 Alpm/a clade Ill
Alp/ma clade IV
Alpinia clade V
Etlingera + Hornstedtia Il clade

— Amomum clade IX + Hornstedtia Ill
Hornstedtia |

Meistera (Amomum clade VIII)
Wurfbainia (Amomum clade VII)

Epiamomum (Amomum clade VI)

Geocharis

Sulettaria (Amomum clade V + Elettaria Il)

Conamomum (Amomum clade V)

Sundamomum (Amomum clade 111)

Lanxangla (Amomum clade 1)
Geostachys

Siliquamomum

Riedelieae

Siphonochilus kirkii (Outgroup)

Figure 1.4: A condensed tree of the Alpinioideae from analysis of nrITS and matK sequence data
(modified from de Boer et al., 2018). The clades are numbered according to Kress et al., 2005
(Alpinia) and de Boer et al., 2018 (dmomum, Hornstedtia).

Discerning boundaries even at the generic level has been problematic. Many genera

in this family are taxonomically complex, with recent molecular work revealing the
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polyphyletic nature of several of them (Xia et al., 2004; Kress et al., 2005, 2007).
The same suite of morphological characters are found in multiple groups across the
tree, which suggests that these characters are labile. Therefore, the generic
boundaries need to be redefined. This work has already been done in the case of
Amomum from the subfamily Alpinioideae, where the genus was previously found to
be polyphyletic (Xia et al., 2004). Amomum formed nine clades across Alpinieae
most of which have been elevated to the generic level (de Boer et al., 2018). Other
genera such as Alpinia, Elettaria and Hornstedtia were also found to be polyphyletic,
where some of their clades are more closely related to other genera than they are to

each other (Figure 1.4).

Many species from the Zingiberaceae were described in the late 18" and early 19%
century, which was before the development of the type concept (1867). The type is a
specimen to which the name of an organism is permanently attached (Turland et al.,
2018). In the absence of this concept, botanists assigned different names to the same
species which caused taxonomic confusion (Leong-Skorni¢kova et al., 2008).
Additionally, the original descriptions of several species are vague which has led to
misapplication of names (Leong-Skorni¢kova et al., 2007). This problem is
associated with many species that have been described from India, where many of
the economically important ginger species are found. A large number of ginger
species were described by botanists based in Europe, such as Roscoe, who never saw
them in nature (Roscoe, 1807). Furthermore, Roxburgh, who did collect gingers in
India, left relatively few herbarium specimens so we have to rely on his illustrations.
Only a few of the 60 or so names published by Roxburgh have been typified. Early
botanists also cited each other’s work which has caused confusion in species

concepts and nomenclature.

The most recent monographic account of the Zingiberaceae dates back to 1904
(Schumann, 1904), and there have been virtually no monographic studies since then
(except for smaller genera such as Aframomum K. Schum. (Harris and Wortley,
2018)). In the latter half of the 20" century, it was difficult for botanists in

neighbouring areas of China and India, where the same species may be expected, to
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see each other’s publications. These factors contribute to a lack of taxonomic work in

the Zingiberaceae.

India is home to about 20 genera and over 200 species from the Zingiberaceae (Sabu,
2006) but more species are being described due to increased plant exploration in
biodiversity hotspots such as North-East India (Thomas et al., 2013; Bhaumik et al.,
2017; Joe et al., 2017; Thongam and Konsam, 2017; Hareesh and Sabu, 2018;
Ashokan and Gowda, 2019; Odyuo et al., 2019; Sabu and Hareesh, 2020). Genera
such as Curcuma L. and Hedychium J. Koenig have the highest diversity in India
(Leong-Skorni¢kova et al., 2007; Ashokan and Gowda, 2019). Given the complexity
within the Zingiberaceae, more ecological and evolutionary studies are required to
disentangle the confusion associated with the species described in the early days of

ginger taxonomy.

1.5 Study system - Alpinia Roxb.

Alpinia* is the largest and one of the most taxonomically complex genus in the
Zingiberaceae. It is made up of c. 250 species (Newman, pers. comm.) distributed
from the Indian subcontinent to South-East Asia, China, Japan, the Pacific as far as
Australia and Fiji (Figure 1.5) (Smith, 1990). Alpinia species are large herbs that are
usually 2-3m tall except in some cases where they can be as tall as 10m in height
(Alpinia boia, see (Burtt and Smith, 1972)). The inflorescence is usually terminal on
the leafy shoot. The lateral staminodes are absent or represented by small, tooth-like
structures (Figure 1.6). There are no characters that uniquely identify all species of
Alpinia therefore plants that do not fit into any other genera in the Alpinieae tend to

be added to this genus.

Within Alpinia, Clade I comprising three species is distributed across Sri Lanka and
south India and is sister to genera such as Renealmia, Aframomum, and the Clade

Elettaria 1 therefore represents a lineage that spreads from central America through

! As Alpinia is a polyphyletic genus, for the purpose of this thesis, Alpinia indicates Alpinia sensu lato
unless stated otherwise.
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Africa to south Asia and is found more basally branching. As this clade is closely
related to genera present in Africa and tropical America, it is likely that its common
ancestor travelled across the Indian Ocean with the breakup of Gondwana (Kress et
al., 2005, 2007). Alpinia Clade 11, comprising three species is distributed in
continental Asia. It contains the type of the genus, Alpinia galanga (L.) Willd.
(Rangsiruji, 1999; Kress et al., 2005). Species from A/lpinia clade III are found in
Fiji, the Caroline Islands, and Sulawesi and are generally east of Wallace’s line
(Kress et al., 2005). Alpinia Clade 1V, the largest clade, is distributed throughout
tropical Asia. The biogeographical patterns for this clade are not clear as is the case
with morphological synapomorphies (Kress et al., 2005). Alpinia Clade V is made up
of species found in Philippines, the Bismarck Archipelago, Australia, and the tropical
Pacific (Kress et al., 2005, 2007). Alpinia Clade VI, comprising two species, is
restricted to southern Thailand, peninsular Malaysia and Indonesia (Kress et al.,

2005).

Although the origin of Alpinia is not known (Rangsiruji, 1999), the fossil genus
Zingiberopsis (dated at 65 mya), assumed to be its nearest extant relative, was found
in Western Northern America (Hickey and Peterson, 1978). Therefore, A/pinia and
other Zingiberaceae taxa may have originated in Laurasia and migrated to Asia via
Europe from the Middle to Late Eocene (Rangsiruji, 1999). Based on the
phylogenetic tree in Figure 1.4, it is likely that A/pinia Clade 1, Elettaria clade 1, and
African Renealmia evolved from a common ancestor (Rangsiruji, 1999; Kress et al.,
2007). Species in Alpinia Clade II, that occur in India and China, are widely
cultivated throughout South-East Asia. Therefore it is difficult to determine the
native range of these species (Rangsiruji, 1999). Clade VI may have arisen post
migration of Alpinia to South-East Asia in peninsular Malaysia and Indonesia
(Rangsiruji, 1999). Clades I1I and V have presumably arisen due to the eastward and
southeastward dispersal, and further northward direction towards the Philippines
(Rangsiruji, 1999). Clade IV consists of several endemic island species but also
species that are widespread across India, China, and Malesia (Rangsiruji, 1999). This
implies that Alpinia s.1. may have undergone multiple dispersal events, and a study of

the tribe Alpinieae is necessary in order to corroborate these assumptions.
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Alpinia species are commonly found in low to mid-elevation forests, with some
found even in montane forests. They are usually found in the forest understorey near
light gaps, along water bodies, or at forest margins (Leong-Skorni¢kova and
Newman, 2015). They are predominantly pollinated by large bees but are pollinated
by birds or even bats in some cases (Kress and Specht, 2005; Kress et al., 2005).
Numerous species from this genus exhibit a unique floral dimorphism termed
flexistyly, a strategy that combines temporal and spatial separation of sexual function
via stylar movement. This strategy may have evolved to promote outcrossing and

prevent pollen-pistil interference as Alpinia species are known to be self-compatible.

Figure 1.5: Geographical distribution of Alpinia species.

Alpinia serves as a good study system as it represents the challenges that are found in
other tropical genera. Part of the reason why this genus is poorly studied is due to a
lack of collections across its geographical range. Identification from herbarium
specimens is challenging as the important distinguishing characters are poorly
preserved (Ranavat, pers. obs.). Moreover, nomenclatural problems are common in
this genus where the number of names applied (>500) are greater than the number of
species present (The Plant List, 2013). When it comes to classification, Alpinia is

regarded as a “dustbin” genus where all the species having a terminal inflorescence
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that cannot be classified into any other closely related genera are included (Kress et

al., 2005).

Figure 1.6: Alpinia cf. malaccensis found in Nelliyampathy, Kerala, India. A- Habitat (found along

watercourses), B- Leaf and infructescence (scale=30cm), C- inflorescence terminal on the leafy shoot,
D- dissected flower (a- anther, b- stigma, c- style, d- ovary e- labellum, f- corolla lobes, g- lateral

staminodes, h- calyx). Photographs by Surabhi Ranavat.

Clarification of taxonomic uncertainty is essential for ecological and evolutionary
studies, especially for genera such as Alpinia. An investigation of the evolutionary
relationships within this genus revealed the polyphyletic nature of this genus
(Rangsiruji et al., 2000; Kress et al., 2005). Consequently, Alpinia will ultimately be
reduced to a small genus with only three species (represented by Alpinia Clade 11,
Figure 3). Therefore, its polyphyletic nature, combined with the difficulties in
species delimitation and taxonomic problems and the presence of unique floral traits
make Alpinia an interesting genus to study. In this thesis, I primarily study Clade IV,

the largest clade in Alpinia (sensu Kress et al., 2005) which is still a cohesive group.
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1.6 Objectives of the thesis

This thesis aims to document the taxonomic challenges researchers face when
working on tropical plants and to tackle various aspects of the taxonomically
complex tropical genus Alpinia. Alpinia is a polyphyletic genus that has a
complicated taxonomic history, with many species being inaccurately circumscribed.
Due to this, many names have been used incorrectly therefore untangling
nomenclatural problems is key to understanding the diversity within this genus.
Moreover, many species in Alpinia have similar morphological characters that make
it difficult to tell species apart (S. Ranavat, pers. obs.). This may be due to the
presence of hybridisation between species. Therefore carrying out cross-pollination
across the different clades can reveal the potential for hybridisation across this genus.
While natural hybridisation may or may not be common in A/pinia, it is known that
species from this genus are self-compatible and therefore possess a stylar
dimorphism termed flexistyly to prevent inbreeding. While it is known that cross-
pollination between the two morph types often results in higher fruit set as compared
to self-pollination or within-morph pollination, the genetic basis of this trait remains

unknown.

With this background, my specific aims are:
e To understand the taxonomic challenges present in the tropics.
e To resolve taxonomic uncertainty in a group of Indian Alpinia species.
e To investigate the crossing barriers and the potential for hybridisation in
Alpinia.

e To elucidate the genetic basis of flexistyly.
In chapter 2, I review the taxonomic challenges present in the tropics. I carried out a
survey to investigate the taxonomic problems faced when working in the tropics, and

review the literature to find case studies where taxonomic issues impede research.

To understand these challenges in more detail, I have focused on the genus Alpinia.

In chapter 3, I resolve the nomenclatural confusion within a group of Indian A/pinia
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species. Upon examination of original material and literature, I assign a lectotype for
a species and clarify the confusion associated with the same names that were applied

to different species.

Taxonomic complexity also arises when the species have intermediate morphological
characters that cause difficulty in delimiting species, which is common in A/pinia. In
chapter 4, I investigate the reproductive barriers within and between Alpinia clades. |
artificially pollinated different species within and between clades of Alpinia to

examine the potential for hybridisation across the genus.

Among the many strategies that exist to prevent self-pollination, a novel mechanism
termed flexistyly is present in A/pinia. In chapter 5, I investigate the genetics of this
floral dimorphism. I describe the sequencing and assembly of the draft genome of an
Alpinia species and carry out NGS analysis to find the genomic region(s) that

governs flexistyly.

In chapter 6, I synthesise the main conclusions from the four data chapters of the
thesis, highlighting the need for more plant exploration and integrative research in
the tropics, the challenges of genomic analyses in non-model plants, and the

contribution of this study in a broader context.

28






Chapter 2

Taxonomic challenges in the tropics:

understanding patterns and processes
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Chapter 2: Taxonomic challenges in the tropics

2.1 Introduction

The tropics harbour the greatest number of species in the world (Mittelbach et al.,
2007; Brown, 2014). Understanding the causes and maintenance of such high
diversity is one of the main goals of evolutionary biology. Of the estimated 374,000
plant species in the world (Christenhusz and Byng, 2016) about two-thirds are
present in the tropics (Pimm and Joppa, 2015). Most of these species are
concentrated in the Neotropics as compared to tropical Africa or Asia (Antonelli and
Sanmartin, 2011). Such high diversity is often associated with taxonomic challenges
for determining species identities. These challenges can have a profound impact on
the study of biodiversity, systematics, conservation, ecology, evolution, among other

fields.

Taxonomic challenges are not only limited to species/taxon complexes as previously
discussed in Ennos et al. (2005) and Pinheiro et al. (2018), but extend to the many
other, particularly species-rich, plant groups. While many taxonomic challenges are
reported for plant groups present in temperate regions (Hollingsworth, 2003; Ennos
et al., 2005, 2012; Robertson et al., 2010; Liu et al., 2011), this probably indicates a
bias in the distribution of botanic institutions and researchers in temperate, relatively
depauperate regions. It is clear, however, that the scale of the problem is just as large
or likely to be larger (but less well-documented) in the tropics, where there are

significant taxonomic challenges that act as impediments to research.

Solving taxonomic challenges in the tropics could have major implications for our
understanding of ecological and evolutionary processes. For instance, in the world’s
largest tropical rain forest —Amazonia — it has been estimated that just 227 tree
species account for over 50% of all individual trees in the Amazon (ter Steege et al.,
2013). Are all of these ‘hyperdominant’ species true biological units or are some of
them aggregates? And could some of the rarest species — such as the 6000 species
estimated to have populations of less than 1000 individuals in ter Steege et al.
(2013), or the c. 36.5% of all plants species identified as rare by Enquist et al. (2019)

—in fact belong to more common, and therefore less threatened species?
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In this review, we consider the patterns and the processes that contribute to the
taxonomic challenges faced in tropical plants. Given this broad scope and limited
documentation of many tropical groups, we conducted a survey that has helped us
understand the issues that plant biologists face when working on tropical taxa (Box
1). Here, we first introduce the practical issues and biological factors underlying the
complexity of taxa in the tropics. We then discuss the implications of these
taxonomic challenges on aspects of biodiversity research and plant conservation.
Finally, we consider prospects for resolving these challenges by using the latest tools
and resources. Throughout this review, we use data from our survey and quotations

from survey responses, in addition to our literature review.

Box 1: Taxonomic complexity in the tropics survey

Our survey asked 19 questions that covered a range of topics, from the
background of the researcher to the biological and technical considerations
associated with the researcher’s taxa of interest (full survey questions, responses
and summary given in Appendix 2.1 and Appendix 2.2). Researchers were asked
to give detailed responses for one taxonomic group of interest. The survey was
advertised on social media channels and on email lists between April and
September 2019. We received 174 responses, of which 145 were considered valid

(Appendix 2.1). Analysis of the results was carried out in R version 3.6.1.

Our survey responses reflected a range of career stages (with 37% Principal
Investigators and 32% students). Researchers who study species in a defined
geographical area (22%) rather than taxonomic group (79%) are more likely to
investigate species in the Neotropics (63 %) than the African or Asian tropics
(37%), though over 60% of all researchers did not solely work on tropical taxa. In

total, taxa of interest spanned 57 plant families.
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Box 1: continued
Key results from the survey include:

e 88% of responses consider their group of interest taxonomically complex
(as opposed to 5% that didn’t, 6% that replied “maybe” or “don’t know”,
and 1% that didn’t respond).

o 92% of researchers need to do fieldwork for their research and 84% of
these said one or more practical factors relating to fieldwork are extremely
or very problematic.

e A diverse range of biological factors, including hybridisation, phenotypic
plasticity, and cryptic speciation impact the ease of telling tropical species
apart.

e Recent monographs, improved phylogenies and digitised herbarium
specimens are some of the many resources that would help improve
tropical plant research.

¢ In the free text comments in the survey, many researchers stated that the
lack of basic knowledge of species limits and species distributions
impedes their research.

We discuss the survey results in more detail in the main text and highlight

important topics emerging from the survey responses.

2.2 The nature of taxonomic challenges

Tackling taxonomic challenges in the tropics is problematic due to both practical
issues and biological factors. Practical issues include difficulties associated with
fieldwork, lack of taxonomic expertise, herbarium and specimen-related problems,
and identifying and delimiting species in large genera and families. Biological
factors are inherent properties that underlie diversification of lineages that cause
difficulties in species delimitation, which include rapid radiation, hybridisation,
polyploidy, cryptic species, and these are discussed below. These biological and
practical issues often occur in combination. For example, the challenge in delimiting
species is a product of biological factors that blur species boundaries (such as

hybridisation), and practical issues in applying a suitable species concept if there is
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limited specimen availability. These issues are frequent in taxonomically challenging

groups, as exemplified in Box 2.

Box 2: Taxonomic challenges in the genus Alpinia Roxb. (Zingiberaceae)

We illustrate the scale of taxonomic challenges in the tropics with an example
from the genus Alpinia Roxb., the largest genus in the ginger family
(Zingiberaceae). It comprises more than 230 species, and is widespread
throughout tropical and subtropical Asia. This genus is defined only on the basis
of plesiomorphic characters such as a terminal inflorescence (Kress et al., 2005).
Molecular work shows this genus is polyphyletic within the tribe Alpinieae
(Rangsiruji et al., 2000; Kress et al., 2005, 2007). Within any given clade, species
can be very difficult to tell apart. Practical issues such as lack of type specimens
or clear descriptions of species often cause problems in species identification. In
many cases, the distinctive features of the plants are not preserved properly on
herbarium specimens which causes further confusion in species identification.
Biological factors such as the presence of overlapping morphological features
adds further problems in delimiting species. For example, in the “Zerumbet” clade
(sensu Kress et al., 2005), many species have been misidentified and many names
have been applied incorrectly (Ranavat, pers. obs.). The name Alpinia
blepharocalyx K. Schum. (now accepted as A. roxburghii Sweet) has been
erroneously applied to what we suspect are different species. One defining
character of this species is the presence of papery bracteoles. There are a few
other species that also possess this character but because floral and/or vegetative
characters of these species are poorly preserved on herbarium specimens (Figure
2.1), the determination of specimens is challenging. Furthermore, processes that
obscure species boundaries such as hybridisation and rapid radiation may be
present in this group but their occurrence has not been well-studied. This
taxonomic disarray has limited the progress that can be made in evolutionary

studies in this group.
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Figure 2.1: Taxonomic confusion in the tropical ginger Alpinia blepharocalyx K. Schum

(Zingiberaceae). All the specimens above were determined as A. blepharocalyx and possess
papery bracteoles but the overall morphology is variable between specimens and suggests these
are different species. It is difficult to determine herbarium specimens in this group due to the poor
preservation of important morphological characters. A- a specimen of A. blepharocalyx from the
Royal Botanic Garden Edinburgh (RBGE) (E00149213), B — a specimen of A. blepharocalyx from
the Natural History Museum, London (BM013718324), C- isotype of A. blepharocalyx from the
Royal Botanic Garden Edinburgh (RBGE) (E00149177).

2.2.1 Practical issues

Practical issues relate mostly to various aspects of fieldwork and specimens in the
herbarium. These include the inaccessibility of certain geographic regions that leads
to incomplete taxon sampling and the general undercollection of specimens.
Undercollection of specimens in tropical regions is prominent in comparison with
temperate regions, such as the United Kingdom, where the collection density of
herbarium specimens per 100 km? is more than 500-fold higher than that of the Lao
People's Democratic Republic (Newman et al., 2007). Species-rich areas in the
tropics such as the Rio Marafion valley in the Andes harbour many narrow endemics
that are undercollected, which leads to the underestimation of diversity in such
regions (Sarkinen et al., 2011). Most collections are made close to roads, cities and

rivers, in regions of overall high income, reflecting accessibility to humans rather
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than true biological patterns (Meyer et al., 2016; Zizka et al., 2020). This
accessibility bias causes morphological, geographic and genetic gaps in the sampling
of tropical plants. One of the respondents of the survey expressed: ‘The lack of
collections in areas that are difficult to access sometimes prevents us from assessing
the extent of variation/plasticity of morphological characters. Several characters
historically used for species delimitation in my genus turned out to be too variable to
be reliable, once I had access to a greater number of specimens. This has caused
many synonymies in my group.’ Thus, accessibility is a serious issue in tropical

regions, specifically those which have a history of undercollection.

In general, fieldwork in the tropics is difficult due to many factors. According to the
survey, most responses said that important issues included the difficulty in obtaining
permits and poorly documented location details (Figure 2). In a recent localised
survey conducted to understand why researchers did not broaden their collections
across political boundaries, the primary cause of discouragement was an absence of
information on how foreign researchers can initiate a collaboration with a local host
(V. Gowda, unpublished data). Forestry officials across the globe have similar
interests but differing research permit processes. Further, issues with research
permits can range from — high research fees, unpredictable processing time, as well

as research restrictions which may make the entire exercise futile.

Another practical hindrance in collection-based science is lack of a priori occurrence
records for most tropical plants. The number of records of tropical plant species is
limited on data portals such as the Global Biodiversity Information Facility (GBIF;

http://www.gbif.org/) in comparison with temperate plants that have been

extensively collected over the years. Most of the occurrence records in online data
portals are also old and may not have relevance to current occurrence as the plants
may no longer be present in those areas due to habitat destruction. Thus, current
occurrence data is not available for most taxa in the tropics or is restricted to specific
geographic regions (for example -forests in Borneo and Sumatra), or is inaccurate
and of limited use. The information generated from occurrence records is often

critical to accurately map species ranges, which in turn are invaluable for
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conservation assessments (Feeley and Silman, 2011). Additionally, lack of funds to
carry out surveys that may update information on plant occurrences and which aim to
carry out regional botanical collections was acknowledged as a major impediment in

tropical botany in our survey (Figure 2.2).

Lack of local field expertise -

Local conditions, including weather -
Response

Not problematic
Slightly problematic

[ Moderately problematic

[ Very problematic

B Extremely problematic
NA

Accessibility (including travel to |
the collection locality and safety)

Difficulty in obtaining permits
(such as collection and export -
permits, CITES, Nagoya Protocol)

Fieldwork factors

Poorly documented location details A

Fieldwork funds 4

25 50 75 100
% survey responses

Figure 2.2: Survey results for the question ‘How great a problem are the following factors in

fieldwork?’ associated with the tropics.

The lack of taxonomic expertise is a significant barrier when it comes to
documenting the diversity in the tropics (Kim and Byrne, 2006). A study by Ahrends
et al. (2011) found that better trained botanists tend to record more species,
especially species that are critical from a conservation perspective. Identifying a new
species requires a high level of taxonomic expertise as a less well-trained botanist
might hesitate to record it as a new species or mistake a new species for one that has
already been collected. Therefore, museums and herbaria should invest more towards
the training of field botanists to improve recording efficiency and reliability of data

(Ahrends et al., 2011).

Species identification and delimitation is often hindered by the lack of diagnostic
morphological characters even when extensive collections are available. The few
characters that may be informative are often poorly preserved on herbarium
specimens. Preparing herbarium specimens in the wet tropics is difficult as

specimens can become mouldy or brittle even after drying. Techniques such as air-
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drying, treating the specimens with alcohol prior to drying, and artificial heat (Smith,
1971) are still being used but these techniques may cause damage to the specimens
as well as the DNA (Sarkinen et al., 2012). These difficulties make species
identification from herbarium specimens particularly challenging. In our survey, 76
% of researchers said that their work involves the identification of unlabelled plant
specimens. The likelihood that a researcher was able to identify a species depends on
the type of specimens available. As shown in Figure 2.3, the probability of
identifying a living or herbarium specimen with fruits and flowers is very high
whereas specimens of vegetative material alone are much less likely to be identified.
A small proportion of researchers felt that the identification of vegetative specimens
was generally not feasible for their taxa of interest. This highlights the need for
complete specimens showing reproductive structures in order to accurately identify

species.

Large plant genera or families often present a greater array of challenges for
taxonomists than small groups. Species identification and delimitation in these large
tropical groups is by necessity more likely to focus on a geographic subset of species
or a single clade of the larger group. Phylogenetic studies in these groups often
include only a small number of representative taxa, with these helping to understand
relationships between and within genera but not providing species-level resolution
(Frodin, 2004). Tackling these large groups requires collaborative work involving
researchers working in different geographical regions and focusing on different
clades of such groups. Overall, diverse practical issues considerably limit tropical
taxonomic research and our understanding of biological processes underlying

diversification of tropical plant taxa.

2.2.2 Biological factors

Taxonomic challenges in tropical taxa are also a consequence of diverse biological
factors but many of these are not well-studied (Duminil et al., 2012) and their
relative importance has yet to be determined. As one of the participants of the survey

expressed it: “Many of the biological challenges referred to in this study probably
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apply to the group I focussed on, but given that they're long-lived and highly
endemic tropical trees, the truth is that the issues probably haven't even been
recognised yet.” Despite the uncertainty, our survey suggests that researchers
consider factors such as rapid and recent radiations, hybridisation, cryptic speciation,
and phenotypic plasticity to cause problems in delimiting tropical plant species
(Figure 2.4). Here, we discuss these factors and highlight their impact on species

delimitation by focusing on illustrative examples.

Living material |
(with flowers and fruit)

A photograph -

5 Living material (vegetative) - _

£ A digitised herbarium specimen | _ Response
8 with flowers and fruit Don't know
— with flowers and fruit ] P.ossmle
s A herbarium specimen | _ B Likely

2 of vegetative material B Very likely
> NA

T T T

25 50 75 100
% survey responses

o 4

Figure 2.3: Survey results for ‘How likely would you be able to identify the following material?’

answered by researchers whose work involves identification of unlabelled tropical plant specimens.

2.2.2.1 Rapid radiation

Species delimitation is challenging when studying taxa that have undergone recent
and rapid radiations (Shaffer and Thomson, 2007). This is a predominant issue in the
Neotropics, where a significant proportion of the species are a result of these
radiations (Hughes and Eastwood, 2006). These taxa are difficult to discriminate as
they may have had insufficient time to evolve discrete morphological differences.
Furthermore, molecular phylogenetic analysis may not help resolve species limits as
insufficient sequence divergence may result in unresolved phylogenies (Richardson
et al., 2001; Knope et al., 2012; Turner et al., 2013; Bell et al., 2015; Uribe-Convers
and Tank, 2015). Such taxa may not have had sufficient time to accumulate

reproductive barriers, which also provides an opportunity for hybridisation and
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Figure 2.4: Survey results for ‘From the following list of biological factors and processes, please tick
those that are (a) known to occur (even if rarely), (b) Affect the ease of telling species apart.” The

researchers were asked to answer this question based on one tropical plant group of interest.

introgression to occur (Seehausen, 2004; Genner and Turner, 2012; Wan et al., 2014;

Valderrama et al., 2018).

A well-known example of an explosive radiation is the genus /nga (Fabaceae), which
diversified as recently as 2-10 million years ago. It is a species rich tree genus (~300
spp.) found in Neotropical rainforests. A study based on plastid and nuclear markers
found that the /nga phylogeny was unresolved as the genetic divergence in the
sequences was low (Richardson et al., 2001; Nicholls et al., 2015). As the species
within this genus are difficult to discriminate by their morphology (especially in the
absence of flowers or fruits) or molecular markers, chemical fingerprinting or
‘chemocoding’ has been used to help delimit species (Endara et al., 2018). Targeted
enrichment with hundreds of nuclear loci has also helped in resolving the
relationships in this genus which was poorly resolved by Sanger sequenced loci

(Nicholls et al., 2015).
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Rapid plant radiations are often found in insular environments such as mountains or
islands. For example, the genus Pritchardia (Arecaceae) is one of the most species-
rich genera in Hawaii, comprising 27 species that are mainly single island endemics.
Species delimitation in this genus has been problematic due to highly variable
morphological characters that are affected by environmental conditions. A
combination of plastid, nuclear and microsatellite markers along with morphological
data was used to test if known species form distinct lineages. Most Pritchardia
species showed little sequence differentiation which might be due to incomplete
lineage sorting or ongoing gene flow between sympatric species (Bacon et al., 2012).
Therefore, species limits in this genus are still ambiguous and illustrate the general

issue of species delimitation in such a diverse tropical genus.

2.2.2.2 Hybridisation

Natural hybridisation in plants is a common phenomenon (Mallet, 2007; Goulet et
al., 2017). It has a significant impact on the way species are delimited as it causes the
sharing of genetic variation and obscures morphological differences between species
(Soltis and Soltis, 2009). Hence, resolving species boundaries in hybridising taxa is
challenging. Hybridisation is known to play a role in the evolutionary history of a
few, well-studied tropical taxa ( e.g., Bromeliaceae- Palma-Silva et al., 2011;
Marques et al., 2014; Zanella et al., 2016; Goetze et al., 2017; Neri et al., 2018) but
not much is known about its occurrence in most other tropical groups. As such, it
could be more common than expected in these species-rich regions where many

closely related, recently diverged species are sympatric (Schley et al., 2020).

Extensive hybridisation in recently radiated taxa can cause difficulties in telling
species apart. Such is the case in the genus Epidendrum, which is the largest
Neotropical genus in the Orchidaceae, comprising almost 1500 species.
Circumscription of species in this genus is difficult due to the presence of extensive
morphological diversity between species and even within species in a few cases
(Pinheiro and Cozzolino, 2013). Many sympatric species in this genus have low
pollinator specificity and an overlapping flowering period, along with weak

reproductive barriers that have facilitated hybridisation (Pessoa et al., 2012; Vega et
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al., 2013; Marques et al., 2014; Pinheiro et al., 2016). Moreover, some of these
species hybridise even if there is a difference in ploidy level (Pinheiro et al., 2010).
A study by Vega et al. (2013) found that the proportion of hybrids found in three
sympatric Epidendrum species (E. calanthum, E. cochlidium and E. schistochilum)
based on AFLP data was found to be about 75% or greater and included Fi, F> and
backcrosses. Therefore, hybridisation is widespread in these sympatric Epidendrum

species.

Hybridisation is often an underlying cause of difficulties in delimiting species within
species complexes. This is the case in many tropical plant taxa such as the tree genus
Carapa (Meliaceae). This genus has had a controversial taxonomic history as
different numbers of species have been defined by different taxonomists over the
years due to the lack of clear diagnostic morphological characters. A recent study
based on morphological and nuclear markers defined 11 new species making it a
total of 27 species in the genus (Kenfack, 2011). Species boundaries were tested in
sympatric Carapa species complexes in Central Africa using a combination of
morphological, nuclear and chloroplast markers and nuclear microsatellites. The
species were difficult to identify on the basis of morphology as many of the
diagnostic morphological characters were absent from the herbarium specimens that
were analysed. The results indicate the presence of ancient hybridisation between C.
dinklagei and C. parviflora as they share two chloroplast haplotypes in sympatric
sites. Only C. dinklagei was found to be monophyletic based on ITS sequences. Four
other morphospecies could not be distinguished on the basis of molecular markers
and might represent a species complex with frequent gene flow (Duminil et al.,

2012).

Disturbance and degradation of habitats may bring closely related but previously
geographically isolated species into secondary contact. This may facilitate gene flow
between these species, especially when reproductive barriers are weak or absent,
which can lead to an increase in the occurrence of hybridisation. Understanding the
impact of hybridisation as constructive (e.g., facilitating range expansion) or

destructive (e.g., causing species extinction) is essential for addressing conservation
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concerns (Chunco, 2014; Todesco et al., 2016), especially in tropical regions that are
undergoing rapid habitat degradation. With the advent of high-throughput
sequencing technologies, detecting the occurrence of hybridisation and introgression

is now increasingly possible in non-model plants (Twyford and Ennos, 2012).

2.2.2.3 Polyploidy

Polyploidy is a key driver of plant speciation (Wood et al., 2009) with most plant
lineages now known to have a polyploid ancestry and many with multiple rounds of
genome duplication (Soltis et al., 2014; Alix et al., 2017). Polyploidy causes
taxonomic problems in many plant genera as it may lead to reticulate evolution due
to hybridisation and introgression between species or may cause difficulty in
defining species that have multiple ploidy levels (Soltis et al., 2007; Padilla-Garcia et
al., 2018). Although the frequency of polyploid plant species is known to decrease
towards the equator (Rice et al., 2019), it is likely that many instances of polyploidy
in the tropics remain to be identified, in particular in cooler, montane areas.
Polyploidy may be predicted to confer an adaptive advantage on taxa that colonise
harsh environments as found in other ecosystems (Soltis and Soltis, 2000;

Brochmann et al., 2004).

Resolving relationships in genera comprising species with multiple ploidy levels is a
difficult task. Phylogenetic inference is facilitated by phasing alleles in the nuclear
genome that have been derived from different parental sources, but although some
bioinformatic solutions have been developed (Andermann et al., 2018) this is not yet
possible for taxa with high ploidy levels. The economically important genus
Curcuma (Zingiberaceae) is made up of 120 species with a high variation in ploidy
levels (2x-15x), and many species are of allopolyploid origin (Zaveska et al., 2016).
It has a complicated taxonomic history with ambiguous original descriptions of
species, incorrect application of names and lack of type material. This, along with
high intra- and interpopulation variation, ambiguity in diagnostic morphological
characters and interspecific hybridisation coupled with polyploidy hinders how we
discern species boundaries within this genus (Leong-Skorni¢kova et al., 2007).

Incongruency between nuclear and plastid markers within and between some
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subgenera in this genus indicates incomplete lineage sorting and/or hybridisation
which further complicates the evolutionary history of this genus (Zaveska et al.,
2012, 2016). The presence of multiple ITS paralogues in polyploid species impedes
accurate phylogenetic reconstruction (Zaveska et al., 2012). More detailed studies
using genomic data and polyploid-aware analyses are required to disentangle the

complex relationships within this genus.

Delimiting species in genera with polyploidy can be extremely difficult, especially if
these taxa have formed as a result of hybridisation. One such example is the tropical
tree genus Afzelia (Fabaceae) which is made up of 11 species, seven of which are
found in Africa. The African species are either diploid or tetraploid. The African
tetraploid species of this genus are difficult to delimit based on morphological and
genetic markers, unlike the diploid species. These tetraploid species seem to have
diverged more recently and have adapted to a different ecological niche than the
diploid species. These species are sympatric and are found in rainforests whereas the
diploids are allopatric and found in dry forests. While the tetraploids do form a
monophyletic group, the resolution among them is poor and nuclear or plastid DNA
haplotypes are shared by several species (Donkpegan et al., 2017). Given that several
of these economically important species have been classified as vulnerable in the
TUCN red list (Donkpegan et al., 2014), understanding the complex speciation

histories of these species is crucial for planning appropriate conservation measures.

Polyploidy is commonly regarded as a mechanism of instant speciation as most
polyploid species are immediately reproductively isolated from their parent species
(Soltis et al., 2014; Alix et al., 2017). However, several studies have shown that
polyploids can hybridise with the parent species in the face of weak reproductive
barriers (Moraes et al., 2013; Kovalsky et al., 2018). The occurrence of polyploidy
and its impact on the relationships within complex tropical taxa needs further
investigation. A knowledge of the genetic features and reproductive biology of the
polyploid species is essential to take the proper steps towards their conservation

(Chen et al., 2019).
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2.2.2.4 Cryptic species

Two or more distinct species that have been recognised as a single species due to
morphological similarity are termed cryptic species. This is a significant impediment
in estimating the number of species, understanding speciation patterns and in
conservation assessments. The detection of cryptic species is often only possible with
additional sources of data such as genetic markers (Hebert et al., 2004; Sérkinen et
al., 2011; Li, Tong, et al., 2016; Surveswaran et al., 2018; Ito et al., 2019). Recent
methodological developments, such as Bayesian methods for species discovery and
delimitation based on the multispecies coalescent model, are likely to contribute to
this pursuit (Jones et al., 2015; Solis-Lemus et al., 2015). In some cases, this
additional information can lead to the discovery not only of new species but of new

genera as well (Gagnon et al., 2015).

As an example, the presence of species complexes in the genus Nervilia
(Orchidaceae) has led to ambiguity in species boundaries. Species from the N.
adolphi/punctata alliance cannot be distinguished on the basis of morphology alone.
To resolve the species relationships and boundaries within this alliance, Gale et al.
(2018) sampled 12 out of 27 species from this alliance found in Asia along with 20
unidentified samples from Thailand. Eleven species were corroborated using nuclear
and plastid markers analysed with a Bayesian coalescence approach to delimit
species. The 20 unidentified samples formed 3 distinct clades with one made up of

two sub-clades that led to the circumscription of three new species.

Cryptic species are present in smaller tropical genera as well. Only two species in the
African tree genus Greenwayodendron (Annonaceae) were previously described
when an analysis of microsatellite markers and morphology led to the discovery of
two new species and two subspecies. These subspecies are now recognised as
distinct species, increasing the number of species in this genus from two to six. The
taxonomic status of a few taxa remains unresolved partially due to the lack of fertile
material (Lissambou et al., 2019). Therefore, integrative analyses can aid in
discovering cryptic species and delimiting species that cannot be distinguished based

on subtle morphological differences (Prata et al., 2018; Gomes et al., 2020).
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As the tropics are the most species-rich regions in the world, they likely harbour
many cryptic species that are yet to be discovered (Bickford et al., 2007; Funk et al.,
2012). Cryptic diversity is widespread in other tropical taxa such as butterflies
(Toussaint et al., 2015; Janzen et al., 2017), birds (Lohman et al., 2010; Younger et
al., 2018), reptiles (Domingos et al., 2017; Portillo et al., 2018), and mammals
(Hotaling et al., 2016; Rivera et al., 2018) and this pattern is likely to be similar in
plants. Discovery of cryptic species is likely to inflate overall estimates of current
species numbers and will better reflect the actual diversity present in the world.
Recognition of cryptic species is crucial, especially from a conservation perspective
as different species in a complex may require different strategies for conservation

(Bickford et al., 2007).

2.2.2.5 Other biological factors and processes

Certain additional factors (including those depicted in Figure 2.4) might cause
taxonomic issues in tropical taxa, but their occurrence is not well-documented, or
they have not been studied in the context of species delimitation. One such factor is
phenotypic plasticity, where organisms with the same genotype express a range of
phenotypes under different environmental conditions (Sultan, 2000), and sometimes
without any obvious ecological or environmental correlates. This may cause
taxonomic uncertainty if the plastic morphological characters are used for species
delimitation. For example, the four species of Dracaena (Asparagaceae) found in
Madagascar, are known for their high morphological variability. This group has
posed difficulties for taxonomic revisions and species identification in the field due
to the presence of continuous morphological characters. Buerki et al. (2009) carried
out a study to understand the relationship between morphology, biogeography and
molecular markers within these species. They found that the most developed
inflorescences (panicles) are found in humid environments where the availability of
resources is high and the least developed ones (racemes) are found in arid regions.
This could be due to the presence of phenotypic plasticity in these species or
selective pressure acting on these traits. This could be tested by performing a

common garden experiment or a reciprocal transplant to investigate the level of
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plasticity, however this would require considerable effort given that species in
Dracaena are long lived. This is the case for many tropical plant taxa (Chen and
Schemske, 2015) hence studying the presence of phenotypic plasticity in tropical
taxa is challenging. According to our survey, over 50% of the respondents feel that
phenotypic plasticity affects the ease of telling species apart in their taxa of interest

(Figure 2.4).

Another factor that is known to hinder species delimitation is apomixis, which is a
form of asexual reproduction that results in seed formation from an unreduced and
unfertilised egg cell or from the somatic cell of the ovule. Apomixis is widespread in
angiosperms but more common in the larger families and genera such as Asteraceae,
Poaceae, Rosaceae and Ranunculus (Ranunculaceae) (Hojsgaard et al., 2014).
Defining species in apomictic taxa is problematic as these taxa have higher
phenotypic diversity and represent reproductively isolated individual genotypes.
Apomictic individuals can serve as pollen donors for their sexual progenitors if
present in sympatry. This can lead to the formation of new apomictic and polyploid
taxa that results in reticulate evolution. This can complicate the evolutionary history
of taxa and obscure species delimitation (Ennos et al., 2005; Majesky et al., 2017;
Hoérandl, 2018). The occurrence of apomictic taxa is presumed to be higher in
northern latitudes and such taxa have larger distributions with respect to their sexual
relatives (Horandl et al., 2008). But apomixis has been reported from many tropical
families such as Dipterocarpaceae (Kaur et al., 1978), Bignoniaceae (Sampaio et al.,
2013), and Melastomataceae (dos Santos et al., 2012). As there is a dearth of studies
of apomixis in the tropics in the framework of species delimitation, not much is

known about its role in causing taxonomic challenges.

Other forms of uniparental reproduction such as self-fertilisation can also have a
significant impact on species delimitation. Selfing taxa often show higher
morphological variation between populations than outcrossing taxa (Wright et al.,
2013) which causes problems in delimiting species. Hence an understanding of
population structure and mating systems is valuable knowledge for defining species

limits and planning conservation measures.
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2.3 Implications of taxonomic challenges

The problems caused by taxonomic challenges can have far reaching effects on
biodiversity research and conservation. Issues such as carrying out conservation
assessments, ex situ conservation and species reintroductions, estimating species
diversity, and modelling species distributions can be compromised due to unclear
taxonomy. All of these factors were found to be important in our survey (Figure 2.5).
Identifying and prioritising taxa and regions for conservation requires detailed
surveys, which might be a daunting task given the number of species-rich regions in
the tropics. The information produced by the species number estimates and the
models of species distributions can help us in informing conservation assessments

and planning, and therefore is crucial information.

Habitat fragmentation and loss is on the rise in most tropical regions and ex situ
conservation might be the only solution to conserving species from such regions.
Botanical gardens are the major centres for ex situ conservation but they are mostly
concentrated in the temperate regions of the northern hemisphere with some southern
exceptions (e.g., many gardens in Australia and New Zealand). Carrying out
conservation of tropical species in temperate regions is extremely difficult due to
limited space and high energy costs for heating glasshouses (Mounce et al., 2017).

In recent years, however, some tropical countries have been developing more botanic
gardens. For example, the 6 gardens of the Botanic Gardens Organisation and the c.
18 gardens of the Department of National Parks, Wildlife and Plant Conservation in
Thailand, and a network of botanic gardens in Indonesia, with a plan to establish one
in each province in the country. While seed banking offers a space-efficient
alternative to the conservation of adult plants, it is currently not feasible for many

threatened taxa (Wyse et al., 2018).
Taxonomic issues in tropical plants also impact many studies in ecology and

evolution. Uncertainty in species identification creates problems in almost every

research area, from ecological surveys to genomic analysis. For example, there is a
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global drive to sequence reference genomes for all eukaryotic genomes in the next 10
years (Lewin et al., 2018). However, such efforts are inhibited by our limited
taxonomic knowledge of life on earth and in particular in the tropics. Only ~2.3
million of the projected 10-15 million Eukaryotic species have been described, and
such global sequencing efforts rely on firm taxonomic knowledge. There is
considerable uncertainty even in iconic and well-studied ecosystems, as illustrated by
a complete species list for seed plant species from lowland Amazon rain forests only
being published in 2017 (Cardoso et al., 2017). Detailed taxonomic treatments of
tropical plants are essential for such genomic sequencing efforts to ensure complete

taxonomic coverage and to ensure genome sequences are linked to a valid name.
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Figure 2.5: Survey results for the question “To what extent does taxonomic complexity have practical

implications in this group? Please tick those which apply’

2.4 Conclusions and prospects

Our survey and literature review reveal the extent and causes of taxonomic
challenges in species-rich tropical regions, with many of these challenges poorly
documented and understood. This is partly due to a lack of studies that have
investigated the processes that hamper species delimitation in tropical taxa.
Taxonomic bias is an important issue, as the studies that have investigated the factors
causing difficulties in species delimitation in the tropics have focused on taxa that
have been well-studied over a long period of time (such as Orchidaceae) or are
economically important (such as Fabaceae and Poaceae; (Pinheiro et al., 2018)). This

is a major impediment in understanding the patterns of taxonomic challenges
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between temperate and tropical zones. There are numerous plant groups with no
recent monographic work where a recent taxonomic treatment could form the

foundation to improve conservation work.
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Figure 2.6: Survey results for ‘How important would each of these developments be in helping
improve

species delimitation?’

Increase in taxonomic effort , i.e. the collection and description of species, is vital for
groups that are not well-documented as many species still await discovery or
description, including many narrowly distributed taxa. The survey results indicate
that resources such as a recent monographic account or a reference genome would be
most helpful (Figure 2.6). Both of these require a large effort, especially for large
and widespread genera and families. Initiatives such as The Legume Phylogeny
Working Group (The Legume Phylogeny Working Group et al., 2013) have helped
in resolving relationships within large families, hence collaboration of researchers
working on these large taxa is important. Producing monographs that integrate
morphological and genetic data is key for tropical taxa and one such example is the
recent monograph of the genus Ipomoea L. (Convolvulaceae) that has led to
description of 63 new species in this large genus (Munoz-Rodriguez et al., 2019). As
the number of herbaria in the world has increased over the years, it may not be
possible for researchers to study all the collections from around the world (Goodwin

et al., 2015). Hence digitisation can enable taxonomists to access specimens from
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across the world with ease. Resources such as JSTOR Global Plants

(https://plants.jstor.org/), iDigBio (https://www.idigbio.org/), and DiSSCo

(https://www.dissco.eu/) are actively recording and digitising herbarium specimens

or collaborating with different museums, botanic gardens, and institutes from around

the world.

More studies using an integrative systematic approach should be implemented in
order to unravel the complex evolutionary processes underlying the diversification of
tropical taxa. Clarification of the taxonomic uncertainty that persists in many tropical
genera is essential baseline information for conservation work, and can be achieved
through a combination of population genetic and phylogenetic approaches, together
with morphological and geographic examinations. The availability of tools and
resources in this era of high-throughput sequencing has made it easier to disentangle
species relationships and delimit challenging taxa using vast amounts of genomic
data and broad specimen sampling. Genetic tools such as targeted enrichment
(Nicholls et al., 2015; Heyduk et al., 2016), RADseq (Tripp et al., 2017; Clugston et
al., 2019) and GBS (Pérez-Escobar et al., 2020) can aid in producing well-resolved
phylogenies. As these genomic resources are becoming more affordable, it will be
easier to obtain large datasets and carry out robust analyses to delimit species in
these problematic groups. These studies may also unearth new species. In some
cases, these large genetic datasets may not help in delimiting species but can help in

identifying the evolutionary processes that have resulted in diversification.

Although we have specifically focussed on examples and issues associated with
tropical plant taxa, many of these issues apply to taxonomic research in general.
Biological factors discussed above such as polyploidy, hybridisation, apomixis, and
phenotypic plasticity are found in plant taxa that occur the tropics and other regions
alike. Even in cases where the flora is well-documented and the extent of
hybridisation is known) (Stace et al., 2015), telling species apart is challenging in
complex taxa, especially in larger genera (Hollingsworth, 2003; Ennos et al., 2005;
Mraz et al., 2011; Padilla-Garcia et al., 2018; Wang et al., 2018; Walter et al., 2020).

Utilisation of NGS techniques mentioned above can similarly help in understanding
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species relationships to an extent across taxonomically complex plant groups

(Twyford and Ennos, 2012).

Given that fragmentation and loss of natural habitats is rapid and widespread,
documentation of all life on earth is the need of the hour. Development of tools such
as Machine Learning (ML) based species identification through image recognition
(Wildchen and Méder, 2018) and ML-based cluster analyses to find species
boundaries and cluster characteristics (Saryan et al., 2020) can help speed up species
identification and delimitation. Digital repositories should be encouraged and a
standard format should be recommended for digital images such that uniformity can
be achieved across institutions. The current pandemic has allowed us to appreciate
plants blooming from our enclosed spaces. This further emphasizes the need for
digital repositories for plants with a potential to store detailed morphologies which is

similar to the “morphobank” model which has been successful among

palaeontologists and zoologists, in general (https://morphobank.org/). Digital access
to global, well-curated data has a potential to improve our understanding of taxa and
their variations throughout their geographic range. We conclude that efforts to
improve processes that can aid taxonomy or in understanding lineage diversifications
will ultimately allow us in planning conservation measures and improving our

understanding of the biodiversity around us.
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3.1 Introduction

Alpinia Roxb. is the largest genus in the Zingiberaceae comprising more than 250
species (Kress et al., 2005). It is widespread in tropical and subtropical Asia and
extends as far as the Western Pacific islands and northern Australia. The centres of
diversity of this genus are in Malesia and Indochina (Larsen, 2005). It belongs to the
tribe Alpinieae where the genera possess characters such as the pseudostems rising
up to 8m, alternate leaves with the plane of distichy of leaves perpendicular to the
rhizome, and reduced or absent lateral staminodes. It is an economically important
genus as many species are used as ornamentals, in medicine and in cooking

(Rangsiruji et al., 2000; Leong-Skorni¢kova and Newman, 2015).

The name Alpinia was first used by Linnaeus in 1753 for the tropical American
species Alpinia racemosa named in honour of Italian botanist Prospero Alpino.
Later, Alpinia was mostly used for Asiatic species by Roxburgh (Roxburgh, 1810)
and others, while Renealmia L.f. was used for American and West African species.
In 1904, Schumann (Schumann, 1904) produced a comprehensive revision of
Alpinia. Although he referred to Alpinia as that of Linnaeus rather than Roxburgh, he
applied this name only to Asiatic species. In 1922, Merrill revived the name Alpinia
L. for American species against Renealmia and accepted the name Languas J. Koenig
(1783) for the Asiatic species (Merrill, 1922). To avoid the confusion caused by this
transfer, the name Renealmia L.f. was conserved for American species in 1930 so as
to apply the name Alpinia Roxb. to the Asiatic species. As Alpinia Roxb. was a later
homonym of Alpinia L., the name Alpinia would have to be replaced by Languas
J.Koenig. To avoid the confusion caused by the transfer of names, Rehder proposed
to conserve the name Alpinia Roxb. against Alpinia L. and Languas J.Koenig

(Rehder et al., 1935) for this large and economically important genus.

The circumscription of this genus on the basis of morphology has always been
problematic as the species are distinguished only on the basis of pleisiomorphic
characters in the tribe Alpinieae, such as a terminal inflorescence (Kress et al., 2005),
although some Alpinia species possess radical inflorescences (e.g. Alpinia melichroa

K.Schum.). The first comprehensive classification of Alpinia was done by Schumann
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in 1904, where it was classified into five subgenera and 27 sections. Later, Holttum
(1950) divided Alpinia into four genera (Cenolophon, Alpinia, Catimbium, and
Languas), but this was only for the species occurring in the Malay Peninsula. As
some of the generic names were illegitimate, Alpinia sensu Schumann was revived
and an infrageneric classification was produced by Smith (1990), where the genus
was divided into two subgenera, nine sections and 12 subsections. Therefore,

different botanists classified this genus in dissimilar ways (Rangsiruji et al., 2000).

Clarification of relationships within this genus was essential due to these
disagreements. (Rangsiruji et al., 2000) carried out a molecular phylogenetic study to
test Smith’s infrageneric classification. The results of the study were discordant with
the previous classification and indicated that Alpinia may be paraphyletic with
respect to Renealmia. This was confirmed in a study by Kress et al. (2005), where
they found Alpinia to be polyphyletic across six clades within the tribe Alpinieae.
Molecular phylogenetic studies have found other genera in the Alpinieae to be
polyphyletic, such as Amomum Roxb., which has recently been split into several
genera (de Boer et al., 2018). Similarly, A/pinia needs to be divided into several
genera. The type species, Alpinia galanga (L.) Willd., belongs to Clade II sensu
Kress et al. (2005) which also contains the species 4. nigra and A. conchigera.

Hence, the genus A/pinia will be reduced to just three species.

Taxonomic problems are widespread in Alpinia. Certain species in this genus have
validly published names but, because they were described before the development of
the type concept, their type specimens may be missing or difficult to interpret, which
leads to inaccurate circumscription of species. The protologues are often vague and
lacking in detail which causes further confusion. As a result, many names have been
applied incorrectly which has led to taxonomic confusion within this genus. The
other problem with A/pinia and other taxa from Zingiberaceae is the difficulty in
preservation of morphological characters on herbarium specimens (Leong-
Skorni¢kova and Newman, 2015). Alpinia leaves are often quite large and the
inflorescence is bulky and difficult to press. If the specimen is not pressed

immediately in the field, the leaves tend to roll and the fruits and delicate flowers fall
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off the inflorescence. This results in herbarium specimens being difficult to
determine as many important morphological characters are poorly preserved or lost.
The taxonomic uncertainty caused by these issues hinders research as assigning the

correct names is essential for systematic, ecological and evolutionary studies.

The aim of this chapter is to resolve the nomenclatural confusion in a taxonomically
challenging group of Indian Alpinia species from subgenus A/pinia subsection
Catimbium (sensu Smith, 1990) or the Zerumbet clade (sensu Kress et al., 2005)
(Figure 1). These species were first described in the early 19% century where a few
names were applied incorrectly. In many cases, the type material itself is missing or
does not correspond to the species as they are presently known. Resolving this

confusion is essential to prevent further incorrect application of names.

This study was limited partly because of the difficulty in accessing material in the
locations from where the species were described originally, partly for a lack of
material in accessible herbaria, and finally because of restrictions in movement

during the COVID-19 pandemic.

3.1.1 Alpinia species in India

Alpinia species are found in the wet zones of India, i.e., Western Ghats and North-
East India. Sabu and Mangaly revised the South Indian Alpinias where they
described eight species (Mangaly and Sabu, 1992) whereas Tripathi revised the
North-East Indian Alpinias and reported seven species (Tripathi, 2002). The Alpinia
species found in India belong to Clades I, IT and IV, and V (sensu Kress et al., 2005)
and subgenus Alpinia based on Smith, (1990) (Table 3.1). Some of these species are
widely cultivated so it is difficult to ascertain their native range, such as 4. galanga
and A. calcarata. Species such as A. zerumbet and A. purpurata are non-native but

are widely cultivated as ornamental plants.
The status of some of the species reported from India is controversial. For example,

the name 4. malaccensis (Burm.f.) Roscoe has been applied to Indian species for

what could possibly be a different species as it was first described from Ambon. The
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Indian taxa are morphologically similar to A. malaccensis but a thorough

examination is required to resolve the uncertainty associated with this name.

Table 3.1: A list of Alpinia species found in India.

Species name Infrageneric Clade Distribution Source
placement (sensu  (sensu Kress in India
Smith, 1990) et al., 2005)
Alpinia fax B.L Sect. Fax I Kerala (Sasidharan, 2004; Nayar et
Burtt & R.M.Sm. al., 2006)
Alpinia abundiflora  Sect. Fax I Tamil Nadu, (Henry et al., 1989; Mangaly
B.L.Burtt & Kerala and Sabu, 1992)
R.M.Sm.
Alpinia galanga Sect. Alpinia I Western Ghats  (Hooker, 1894)
(L.) Willd. subsect. Alpinia and North-
East India;
widely
cultivated
Alpinia nigra Sect. Alpinia I North-East (Hooker, 1894)
(Gaertn.) B.L.Burtt  subsect. Allughas India
Alpinia conchigera  Sect. Alpinia I North-East (Hooker, 1894)
Griff. subsect. Strobidia India
Alpinia calcarata Sect. Alpinia v Western Ghats  (Mangaly and Sabu, 1992)
(Haw.) Roscoe subsect. Catimbium and North-
East India
Alpinia Sect. Alpinia v Western Ghats  (Hooker, 1894; Mangaly and
malaccensis subsect. Catimbium and North- Sabu, 1992; Chaudhari, 1993)
(Burm.f.) Roscoe East India
Alpinia mutica Sect. Alpinia v Karnataka, (Mangaly and Sabu, 1992)
Roxb. subsect. Catimbium Kerala and
North-East
India
Alpinia Sect. Alpinia v Arunachal (Sabu et al., 2008)
ovoidocarpa subsect. Catimbium Pradesh
H.Dong & G.J.Xu
Alpinia smithiae Sect. Alpinia v Kerala (Sabu and Mangaly, 1991)
M.Sabu & subsect. Catimbium
Mangaly
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Table 1: continued

Alpinia roxburghii  Sect. Alpinia v Arunachal (Hooker, 1894)
Sweet subsect. Catimbium Pradesh,

Assam,

Manipur,

Meghalaya,

Nagaland

Mizoram and

Tripura
Alpinia zerumbet Sect. Alpinia v Cultivated, (Mangaly and Sabu, 1992)
(Pers.) B.L.Burtt & subsect. Catimbium non-native
R.M.Sm.
Alpinia purpurata  Sect. Guillainia \Y Cultivated,; S. Ranavat, pers. obs.
(Vieill.) K.Schum. non-native
Alpinia manii Sect. Allughas ? Andaman and  (Hooker, 1894)
Baker subsect. ? Strobidia Nicobar

Islands

3.1.2 Confusion associated with the name Alpinia bracteata

The name Alpinia bracteata was first used by Roscoe in 1815 (Roscoe, 1815). The
description of this species was based on Chinese drawings belonging to Lord
Stanley. The illustration of this species in Roscoe’s Monandrian plants of the order
Scitaminae (Roscoe, 1828) was based on the Chinese drawings. Roscoe’s description
in Monandrian plants stated that it was unlike any other known species of Alpinia
and that its habit was more like a Costus than that of an Alpinia. This illustration is
the only original material for Alpinia bracteata Roscoe but it is badly drawn. The
name Alpinia bracteata Roscoe is currently placed in synonymy under Alpinia

calcarata (Haw.) Roscoe.

The name Alpinia bracteata was also applied to a species by Roxburgh in Flora
Indica (Roxburgh, 1820). This species was described as one of the smallest species
of Alpinia that has green bracts and is native to the eastern parts of Bengal. This

name was accepted by Schumann (1904) but was wrongly ascribed to Hort. Bengal.
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2: 1811, where only the name appeared. As the name Alpinia bracteata Roxb. is a

later homonym of Alpinia bracteata Roscoe, it is an illegitimate name (Figure 3.1).

3.1.3 Application of the name Alpinia calcarata

Alpinia calcarata was first published as Renealmia calcarata by Haworth in 1805
(Haworth, 1805), which is its basionym. Its specific character was described as
‘Renealmia with lance-sword-shaped leaves, and an erect terminal racemus of
flowers.” A. B. Lambert communicated the plant to Haworth and stated that its native
country is Coromandel. It was then moved to A/pinia by Roscoe in 1807 (Roscoe,
1807). Roscoe described it as ‘nectario ovato-oblongo apice semibifido, foliis
ensiformibus, capsula hirta’, which is a rather vague description. The name Alpinia
calcarata was wrongly applied in Edwards’ Botanical Register 1816 (Edwards,
1816). The illustration does not correspond with what was originally described as
Alpinia calcarata, hence this was an apparent misidentification. Schumann later
synonymised Alpinia bracteata Roscoe under A. calcarata (Haw.) Roscoe

(Schumann, 1904).

Alpinia calcarata (Haw.) Roscoe, Trans. Linn. Soc. London 8: 347. 1807; Wu &
Larsen, Fl. China 24: 336. 2000; T.S. Nayar et al., F1. Plants of Kerala 840. 2006;
Rama Rao M., Flowering plants of Travancore 404. 1914; Baker, FI. Brit. India 6:
254. 1892; Mangaly, JK and Sabu M, Rheedea, 2(1): 38-51.1992. — Renealmia
calcarata Haw., Bot. repos. 6, pl. 421. 1805. — Languas calcarata (Haw.) Merr,
Lingnan Sci. J. 5: 51. 1927. (Type cult. Liverpool, no specimen)

— Alpinia spicata Roxb., Asiat. Res. 11: 356. 1810. (Type: India, Ind. Orient.,
Roxburgh BM [barcode: BM000603478])

— Alpinia cernua Sims, Bot. Mag. 44: t. 1900. 1817. (Type not located)

— Alpinia alata A.Dietr., Sp. pl., ed. 6, 45. 1831. (Type not located)

— Alpinia simsii Gasp., Ann. Civili Regno Due Sicilie 4: 4. 1833. (Type not located)
— Alpinia erecta Lodd. ex Steud., Nomencl. Bot., ed. 2, 1: 62. 1840.— Catimbium
erectum (Redouté) Juss. ex T.Lestib., Ann. Sci. Nat. Bot., IT 15: 342. 1841. —
Renealmia erecta (Redouté) Boos, Schonbrunn's FI. 2. 1816. — Globba erecta

Redouté, Liliac. t.174. 1807. (Type not located).
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Specimens examined: Illustration in Monandr. P1. Scitam. 9/10, P1. 70. 1826, India:
Wallich 6577 (K) [K001124240- K001124246], Wight 3047 (E) [E00149216], Wight
WC1700 (E), [E00149218], Ind. Orient. Roxburgh [BM000603478] (BM), West
Bengal: Calcutta Colitur in Horto Botanico prop. Calcuttam & China Buchanan-
Hamilton 9 [E00149221](E), Tamil Nadu: Palamcotton Wight 1855 (E)
[E00149215], Northern Division Elliot [E00149217] (E) Madras Anon LINN-HS6-
11 (LINN), Sri Lanka: North Western Provine, Kurunegala District, Dummalasuriya
Jayasuriya 1191 [E00149223] (E).

3.1.4 Usage of the name Alpinia roxburghii Sweet

In 1826, Sweet made a new name for Alpinia bracteata Roxb., which was Alpinia
roxburghii (Sweet, 1826). The description stated ‘bracteata F.I1. non L. T’ which
means bracteata of Flora Indica (1:61, 1820) not of Trans. Linn. Soc. London (11:

281, 1815).

In 1904, Schumann described a species called A. blepharocalyx based on the
specimen collected by Henry (no. 11692) in Yunnan (Schumann, 1904). It was
described as A. blepharocalyx and is currently placed in synonymy under 4.

roxburghii Sweet as it was described later.

A comparison of the original descriptions of 4. blepharocalyx K. Schum. and 4.
bracteata Roxb. indicates that 4. bracteata Roxb. (now A. roxburghii Sweet) has
shorter pseudostems (0.9m) than A. blepharocalyx (2.5m). Variation of the length of
pseudostems within an A/pinia species is common but this requires an examination
of multiple specimens across its geographical range. As mentioned previously, A4.
bracteata Roxb. was described as the smallest of East Indian Alpinias with green
bracts (bracteoles), which are its distinguishing characters from other Alpinias of the
region. Whether A. roxburghii is a different species than 4. blepharocalyx needs

further investigation.
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A. bracteata Rosc. ~ A. bracteata Roxb.
(1815) (1820)
A. calcarata (Haw.) Rosc. A. roxburghii Sweet
(1807) (1826)

A. blepharocalyx K. Schum.
(1904)

Figure 3.1: Taxonomic confusion associated with the name A. bracteata. The black arrow indicates

the use of the same epithet for two different species. The accepted names are highlighted in yellow

and the blue arrows indicate the synonyms.

Alpinia roxburghii Sweet, Hort. Brit. 390. 1826. — Alpinia bracteata, Roxb., Fl. Ind.
1: 61. 1820, non Roscoe, 1815; DB Deb, The flora of Tripura State, 2: 368. 1983;
Mitra JN, Flowering Plants of Eastern India, 1:255. 1958. (Type- India, Ind. Orient.,
Roxburgh 154 BM [barcode: BM000958163]).
— Alpinia blepharocalyx K.Schum. Pflanzenr. IV, 46 (Heft 20): 334. (1904); Wu &
Larsen, Fl. China 24: 339. 2000; Ahmed ZU, Encyclopedia of Flora and Fauna of
Bangladesh 12: 456. 2008. — Languas blepharocalyx (K.Schum.) Hand.-Mazz.
Symb. Sin. 1322. 1936.

(Type: China, Yunnan, Szemao woods, 1400 m. alt., 4. Henry 11962, holo K
[barcode: KO00815864]; iso E [barcode: E00149177], iso W [barcode:W 1922-
0008582]).

Specimens examined: Bangladesh: Silhet de Silva Wall. Cat. 6547¢ [BM013718322]
(BM), China: Yunnan province, Szemao woods 4. Henry 11962 (E, K, W), Guizhou
Province, Kwichow Cavalerie 2980 (E); Yunnan Province, between Keng Hung and
Muang Hing, Rock 2612 (E), Yunnan Province, Baoshan Pref., Hills N.W. of
Tengyueh, W. Yunnan Forrest 29618 (E), Yunnan Province, Baoshan Pref., Hills to
the south of Tengyueh, W. Yunnan Forrest 8591 (E), Yunnan Province, Baoshan
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Pref., Hill to the west of Tengyeuh, W. Yunnan Forrest 7612 (E), Yunnan Province:
Baoshan Pref., Hills to the south of Tengyueh, W. Yunnan Forrest 8245 (E), Yunnan
Province, Yunnan-Sen, District Lofou Cavalerie 3489 (E), Yunnan Province Wang
& Liu 83034 (E), Henry 11494 (E), Yunnan Province, Baoshan Pref., Shweli valley
Forrest 12043 (E), India: India orientalis, Roxburgh 154 [BM000958163] (BM), Lao
People’s Democratic Republic: Forests surrounding Nakai NBCA area office,
Khammouan Newman et al. LAO 345 (E), Myanmar: Chappedong orae Tenasserim,
Wallich 6578 [K001124247] (K). Kachin State, Bhamo District, Momauk Lace 5728
(E), Shan State, Keng Tung MacGregor 224 (E). Nepal: Mechi, 5 miles E. of Soktim
tea estate Stainton [BMO013718323] (BM), Thailand: Chiang Mai, Eastern slopes of
Doi Suthep; ¢. 1500 m Hosseus 508 [BM013718307] (BM), Chiang Mai Newman
1010 (E), Chiang Mai Kerr 559 (E), Vietnam: Langbian Peaks, South Annam Kloss
[BMO013718311] (BM), Lao Cai, Sa Pa District, lower slopes of Fansipan van der
Werff 14435 (E), Quang Ninh:Taai Wong Mo Shan, near Chuk-phai, Ha-coi, Tonkin
Ts’ang 29108 (E), Lam Dong, Lac Duong District, slopes of Mount Lang Bian
Newman 134 (E), Vinh Phuc Province, Tam Dao 2 Skornickovd 854 (E), Vinh Phuc,
Tam Dao N. P. Binh & Dang 1440 (E), Lao Cai Province, Sapa, Ban Khoang, wet
places in Ban Khoang village Rushforth 4450 (E),

3.2 Methods

Specimens and illustrations labelled as 4. calcarata (Haw.) Roscoe, 4. bracteata
Roscoe, 4. bracteata Roxb., A. blepharocalyx K. Schum., and A. roxburghii Sweet
and other Indian Alpinia species were examined at E, K, BM, LINN, and LIV.
Digitised specimens on JSTOR Global Plants (https://plants.jstor.org/) were also
examined. The original descriptions and correspondence associated with them were
examined in the herbaria mentioned above and on Biodiversity Heritage Library

(https://www.biodiversitylibrary.org/).
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3.3 Results
The original specimen of 4. bracteata Roscoe in Monandr. P1. Scitam. (Roscoe,

1828) is badly drawn, especially the vegetative parts which do not resemble Alpinia

or any other species from the Zingiberaceae (Figure 3.2). As the habit was described

Figure 3.2: An illustration of Alpinia bracteata Roscoe in Monandr. P1. Scitam. 9/10, pl. 70 (1828).
This illustration is based on a Chinese drawing that belonged to Lord Stanley and is badly drawn.
Image courtesy- Biodiversity Heritage Library (www.biodiversitylibrary.org). Contributed by

Missouri Botanical Garden.

as being more like a Costus than Alpinia, it is possible that the Chinese drawing used
to describe the species was not an accurate illustration of the species. Hence, an
epitype for A. bracteata Roscoe must be chosen. On examination of herbarium

specimens, we found that the relative usage of Alpinia bracteata Roscoe against
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A. bracteata Roxb. is low, but this name also has not been applied often. Hence, the
name A. roxburghii Sweet should be applied for specimens labelled as 4. bracteata

Roxb.

Figure 3.3: Specimen chosen as the lectotype of A. calcarata (Haw.) Roscoe. This is the original
illustration of Renealmia calcarata (basionym of 4. calcarata) in The Botanists’ repository (P1. 421,

1805). Image courtesy- Biodiversity Heritage Library (www.biodiversitylibrary.org). Contributed by

Missouri Botanical Garden.

As A. calcarata (Haw.) Roscoe was described before the development of the type
concept, we propose to assign the original illustration published as Renealmia
calcarata Haw. in The Botanists’ Repository (Haworth, 1805) as the lectotype
(Figure 3.3). The protologue itself is vague and the only distinguishing character
mentioned is lance-sword-shaped leaves and an erect terminal racemus of flowers.
An epitype will also be useful and can be a specimen collected from the region in
south-east India (preferably from the Coromandel region). The epitype can also be a

specimen from a herbarium in India that has been collected from South India.
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3.4 Conclusions

The genus Alpinia has always had a complicated taxonomic history and continues to
present challenges to taxonomists. The lack of extensive sampling of species across
their geographical range has caused difficulties in telling species apart within certain
sections in this genus. Moreover, many species in A/pinia remain undescribed based
on the examination of herbarium specimens and live specimens. Taking detailed
notes in the field, and taking high quality images are essential when collecting

Alpinia specimens.

Resolving confusion among the names applied in Alpinia is the first step towards
untangling the complicated taxonomic history of this genus. Along with this,
thorough morphological and molecular analyses to understand species relationships
and determining species is crucial in Alpinia. The extent of hybridisation in this
genus also needs to be investigated as many species within the same clade have

overlapping morphological characters.

Alpinia and many other genera from the Zingiberaceae have not been recently
revised in India. There may be several Alpinia species in India that are yet to be
described but this may be difficult due to some of the taxonomic challenges
mentioned in Chapter 2. This work will lead to clarification of names which will aid
in the revision of this genus. Like the A. bracteata, A. calcarata and A. roxburghii
confusion, many other species names in A/pinia need to be resolved, such as the
name A. malaccensis (Burm.f.) Roscoe, which has been applied to all species that
have similar morphological characters right from the Western Ghats in India to

China and Indonesia.

Note: Following Art. 30.9 in the Shenzen Code, this chapter is not intended as an

effective taxonomic publication.
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Chapter 4: Investigating crossing barriers

4.1 Introduction

Reproductive isolation is central to the speciation process (Coyne and Orr, 2004).
Understanding the types of barriers that contribute to reproductive isolation and how
they evolve is crucial for understanding diversification (Lowry et al., 2008).
Reproductive barriers occur at different stages and can be categorised as either
prezygotic or postzygotic. Prezygotic barriers include niche differentiation, non-
overlapping phenology and pollinator differences, and the interactions between
pollen and pistil that impede interspecific mating (competition with conspecific
pollen) or fertilisation (failure of nonconspecific pollen to fertilise eggs) (Rieseberg
and Willis, 2007). Postzygotic barriers include zygote abortion, hybrid inviability
and infertility (Baack et al., 2015). All these barriers combined contribute towards
reproductive isolation. Postzygotic barriers are particularly important as they are the

final barrier to interspecies mating.

A key finding from studies of many plant groups is that the strength of reproductive
isolation increases with genetic distance (e.g., Silene- Moyle et al., 2004; Coreopsis-
Archibald et al., 2005; food-deceptive orchids- Scopece et al., 2007; Helianthus and
Madiinae- Owens and Rieseberg, 2014). This is due to the low divergence between
closely related species where the species may not have accumulated reproductive
barriers (Moyle et al., 2004) as these barriers accumulate over time. This correlation
particularly applies to postzygotic barriers, where genetic incompatibilities can
accumulate rapidly as species diverge. The number of genic incompatibilities, also
known as Dobzhansky-Muller incompatibilities (DMI), between taxa increases much
faster than linearly with time (Orr, 1995; Matute et al., 2010; Moyle and Nakazato,
2010; Larcombe et al., 2015). These incompatibilities are considered to be among the
main causes of postzygotic reproductive isolation as they lead to hybrid inviability or
sterility (Orr and Turelli, 2001). This is caused as a result of interactions that cause

low viability of hybrid seeds or reduced pollen and/or ovule fertility.
Natural hybridisation is common in plants, with about 25% of plant species involved

in hybridisation with at least one other species (Mallet, 2005, 2007). This natural

hybridisation can have a wide range of outcomes. It can be beneficial as it can lead to
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adaptive introgression where it increases the fitness of the recipient species (Abbott
et al., 2013) or it can have detrimental effects where extensive introgression can
drive a species to extinction (Rhymer and Simberloff, 1996). Hybridisation also has a
significant impact on the way species are delimited as it causes the sharing of genetic
variation and obscures morphological differences between species (Soltis and Soltis,
2009). Therefore, the presence of hybridisation can cause difficulties in phylogenetic
analyses, and in taxonomy. Studying the occurrence and impact of hybridisation is
critical, particularly for rare and endangered species where hybridisation may be a

potential cause of population decline and extinction.

Alpinia Roxb. is the largest and most taxonomically challenging genus in the ginger
family (Zingiberaceae). It is made up of more than 230 species, and the genus is
widespread throughout tropical and subtropical Asia. These species are distinguished
only on the basis of plesiomorphic characters in the tribe Alpinieae such as a
terminal inflorescence on the leafy shoot. Alpinia species are usually found in the
forest understorey along water bodies, and are pollinated by carpenter bees, birds and
bats. This genus has had a complex taxonomic history with molecular analyses
showing that it is polyphyletic, forming six clades in the tribe Alpinieae (Figure 2,
Kress et al., 2005, Chapter 1). Many species within clades have similar
morphological characters and are difficult to tell apart. Discerning generic
boundaries within the tribe Alpinieae has always been challenging, and molecular
studies over the years have shed a light on the complexity of these relationships
(Kress et al., 2005, 2007). The polyphyletic nature of several genera within this tribe
has challenged generic concepts and there is a need for recircumscription of old
genera and the description of several new genera. Some of this work has already
been carried out in genera such as Amomum Roxb. (de Boer et al., 2018) and a few

groups of Alpinia as well (Docot et al., 2019).

To date, very few studies have examined the occurrence of hybridisation in Alpinia
(but see Liu and Wang, 2009; Liu et al., 2009) and the potential role it may play in
blurring species boundaries and causing taxonomic complexity. Most genera in the

Alpinieae are diploids with the same chromosome number (2n = 48) (Ramachandran,
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1969; Rice et al., 2015), suggesting that ploidy differences are unlikely to be a
barrier to hybridisation. The presence of intermediate morphology, low pollen
viability, overlapping phenology and sympatry of parent species indicated
hybridisation of A/pinia species in Taiwan. Using nuclear and plastid markers, Liu et
al. (2009) confirmed that naturally occurring morphologically intermediate

individuals were hybrids.

Aframomum

Alpinia clade | + Elettaria | (Alpinia Fax clade)

| Amomum s.s. (Amomum clade | + Elettariopsis)

Alpinia clade Il (Alpinia Galanga clade)

Alpinia clade VI (Alpinia Rafflesiana clade)

_|: Alpinia clade lll (Alpinia Carolinensis clade)
Alpinia clade IV (Alpinia Zerumbet clade)
Alpinia clade V (Alpinia Eubractea clade)

Etlingera + Hornstedltia |l clade

— Amomum clade IX + Hornstedtia |ll
Hornstedltia |

Meistera (Amomum clade VIII)
Wurfbainia (Amomum clade VII)

Epiamomum (Amomum clade VI)

Geocharis
_E Sulettaria (Amomum clade V + Elettaria Il)
Conamomum (Amomum clade V)

Sundamomum (Amomum clade lll)
_: Lanxangia (Amomum clade 1)
Geostachys

Siliquamomum

Riedelieae

Siphonochilus kirkii (Outgroup)

Figure 1: A condensed tree of the subfamily Alpinioideae. The six polyphyletic clades of Alpinia are
highlighted in bold. Adapted from the molecular phylogeny of Alpinia based on ITS and matK
markers by Boer et al (2018).

In some cases, more than two species were involved in hybridisation. The occurrence
of hybridisation in Taiwanese A/pinia might be a result of secondary contact due to
habitat disturbance. Interspecific crosses can lead to the generation of hybrids that
have improved floral and vegetative characters than the parental species. As Alpinia

is an economically important genus and many species are grown as ornamental
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plants, the knowledge that A/pinia species are capable of hybridisation can be

utilised in horticulture.

This chapter uses artificial hybridisation experiments to investigate the potential for
hybridisation within and between A/lpinia clades. Investigating the cross-
compatibility of species within and between clades is essential information for
understanding whether there is strong postzygotic reproductive isolation between
these species. Given the complexity of relationships within and between genera in
Alpinieae, understanding the extent of reproductive isolation may also help us
improve our understanding of the mechanisms that prevent gene flow between taxa.
To investigate this, I addressed the following research questions:

1. Are species within and between clades of Alpinia cross-compatible?

2. Is there a correlation between the genetic distance and seed set?

If morphologically distinct taxa are cross-compatible this suggests the potential for
natural hybridisation, which may have been overlooked in this species-rich group.
However, if the strength of reproductive isolation increases with genetic distance

then we may expect hybridisation to be limited only to closely related species pairs.

4.2 Methods

4.2.1 Manual pollination experiments

The tropical glasshouses and research collections at the Royal Botanic Garden
Edinburgh include more than a 100 accessions of Alpinia along with many other
species of Zingiberaceae. Most of the accessions flower in the spring and therefore
crosses were performed from March-May. To investigate reproductive barriers and
the potential for hybridisation within A/pinia, the following types of crosses were
performed in 2017 and 2018:

o Self(S)

e Cross (C)- between different individuals of the same species.

e Close Outcross (CO)- between species within the same clade
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e Far Outcross (FO)- between species in different clades or between closely
related genera.

e Emasculated (E)- removal of anthers before their dehiscence.

Figure 2: A few of the Alpinia accessions used for manual hybridisation at the Royal Botanic Garden

Edinburgh. (A) Alpinia aff. hainanensis from China, (B) Alpinia pricei from Taiwan, (C) Alpinia aff.

melichroa from Indonesia, (D) Alpinia polyantha from Vietnam, (E) Alpinia purpurata from Solomon

Islands, (F) Alpinia rafflesiana from Malaysia. Accessions A, B, C and D are from clade IV, E is from
clade V and F is from clade VI sensu Kress et al., 2005.

For all treatments, the flowers were emasculated and the pollen was collected and
deposited on the stigma. In total, 44 maternal and 47 paternal accessions were used
for crossing (Appendix 4.1). Each treatment was replicated depending on the number
of flowers open per day on the parent species, with the aim of achieving a minimum
of five crosses per parental combination where possible. The crosses were carried out
at different times of the day, from early morning until late afternoon. Each accession
was observed at different times of day to check for the occurrence of flexistyly and
the type of morph. Each cross was assigned a unique ID and the flowers were tagged
with this ID and the date. The cross type, maternal and paternal accessions, time of
crossing, date, and position of the maternal flower on the inflorescence were

recorded. Flexistyly, a unique floral dimorphism found in several genera in the
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Alpinieae (discussed in Chapter 5) was also recorded as it may affect pollen viability
and stigma receptivity. After crossing, the accessions were monitored to check for
fruits and fallen tags and aborted fruits. The fruits ripened four to six months after
crossing. Once collected, the seeds per fruit were counted. About 1000 crosses were
performed in 2017 and 2018. Species from genera such as Adelmeria, Meistera, and

Etlingera were also included.

To check for seed viability, 10 seeds per fruit were randomly selected from the
successful crosses made in 2017, and germinated at the glasshouses at Kings’
Buildings. The seeds came from 25 maternal parent accessions, and were sown in
262 pots. The seeds were first soaked in water for a few days to remove the dry aril
coating the seeds. Once cleaned, five seeds per pot were sown in the potting mix of
potting bark, propagation bark, perlite, charcoal, osmocote and dolomitic limestone.
The number of germinated seedlings per pot was counted between May and

September 2018.

4.2.2 DNA extraction, PCR and sequencing

My aim was to use obtain genetic data, to (1) estimate genetic distances for parents
used in crosses, (2) confirm experimental crosses were of hybrid origin, (3) assign
some unnamed individuals to their clades. For these purposes, I selected the nuclear
ribosomal Internal Transcribed Spacer (ITS) as a marker. This marker has been
commonly used to resolve relationships within Alpinia (Rangsiruji et al., 2000; Kress
et al., 2005) and to discern generic boundaries within Alpinieae (Kress et al., 2007;

de Boer et al., 2018), often in combination with other plastid markers.

The leaf tissue of the accessions mentioned in Appendix 4.1, along with the hybrids
germinated in the Kings’ Buildings glasshouses from the successful crosses listed in
Appendix 4.3 were collected. The leaves were divided into pieces of about 2cm? and
dried in desiccating silica gel. About 18-20mg of dried leaf material was used for
genomic DNA extraction using the Qiagen DNeasy Plant Mini Kit following the
manufacturer’s protocol. The primers used to amplify ITS were ITSS (forward

primer): 5’-GGAAGTAAAAGTCGTAACAAGG-3’ and ITS4 (RP): 5°-
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TCCTCCGCTTATTGATATGC-3’ (White et al., 1990). Each 25ul PCR
amplification used 1ul of template DNA, 0.5ul each of forward and reverse primers
(10uM), 12.5ul of Taq 2X Master Mix (New England Biolabs), and 10.5ul of dH20.
The following steps were used for amplification- initial denaturation at 95°C for 5
min, followed by 35 cycles of denaturation at 95°C for 30sec, annealing at 48°C for
40 sec and extension at 72°C for 1 min, and final extension at 72°C for Smin. The
PCR products were visualised on a 2% agarose gel stained with SYBRSafe. The
successfully amplified PCR products were then cleaned with a SAP-Exo Kit (Jena
Bioscience) following manufacturer’s protocol and submitted to Edinburgh
Genomics (University of Edinburgh, UK) for Sanger sequencing on the ABI3730
using the ITSS and ITS4 primers.

19/35 parental accessions and 0/32 hybrids sequenced had high quality sequences
that were used to calculate genetic distances between accessions. For the sequences
that were poor quality, the PCR product was diluted before the clean-up and re-
submitted to Edinburgh Genomics and to Eurofins (Wolverhampton, UK).

4.2.3 Sequence alignment and genetic distance

The forward and reverse sequences were assembled using the De Novo Assembly
option and then quality checked and edited manually in Geneious v. 8.1.9

(https://www.geneious.com). Sequences were aligned using Automatic alignment

(Global alignment using free end gaps) followed by manual edits. A Neighbour-
Joining tree was generated based on the alignment and the patristic distance matrix

was used to obtain pairwise genetic distance.

4.2.4 Statistical analyses

Generalised linear mixed-effect models (GLMMs) were used to evaluate the effect of
crossing treatment, flexistyly, time of crossing, inflorescence position, and genetic
distance on the crossing success and the seed set. The response variables were
analysed as either Poisson or Binomial. The analyses were done in R version 3.6.1

using the package Ime4 (Bates et al., 2015). The first model was to estimate the
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success of crosses where the response variable was success (1 for success, 0 for
failure to set fruit), the fixed effects were the cross type, inflorescence position, and
flexistyly morph type (anaflexistyly or cataflexistyly). The second model compared
the seed-set for the different cross types with cross type, inflorescence position and
morph type, time of the cross as fixed effect and ordered accession numbers and
names of maternal and paternal species as the random effects. The correlation
between the genetic distance and seed set was analysed by a GLMM with genetic
distance as the fixed effect and ordered accession numbers and names of maternal
and paternal species as the random effects. The relationship between genetic distance
and seed set was also analysed. All the graphs were plotted using ggplot2 (Wickham,
2016).

4.3 Results

4.3.1 Crossing summary

198/1000 crosses were successful (78/284- self, 3/11- cross, 105/376- close outcross,
12/312- far outcross) (all crosses listed in Appendix 4.2 and successful crosses in
Appendix 4.3). Accessions such as Alpinia aff. haenkei (19991898A) and Alpinia cf.
malaccensis (20081105A), set seeds for all types of crosses for most of the replicates
except emasculation. Some accessions had a higher proportion of successful selfed
crosses such as Alpinia aff. melichroa. Autonomous self-pollination was observed in
a few cataflexistylous accessions such as 20001434A, Alpinia warburgii
(20091014A), Alpinia aff. melichroa (20080412A), and Alpinia shimadai
(19934175C). It was also observed in accessions that lacked flexistyly such as
Alpinia aff. haenkei (19991898 A) where the stigma was in close proximity with the
anthers. Some accessions such as Adelmeria cf. pinetorum (19972512A) and Alpinia
purpurata (20070002B) did not set seed for any cross type. The germination success
per successful cross was 19/55 for selfs, 1/3 for cross, 29/61 for close outcross, and

3/8 for far outcross (Appendix 4.4).
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Figure 4.3: Fruits growing on some of the Alpinia accessions in the glasshouses at the Royal Botanic

Garden Edinburgh.

4.3.2 Comparison of the success of different cross types

The success of self-pollinated crosses compared to the other cross types indicated
that close outcrosses were more successful in terms of the number of crosses but this
was not significant (Table 1). The only cross type that was significantly different
from the selfs was far outcross. In terms of the average seed set per cross type, self-
pollinated crosses had a higher seed set than the other cross types (Figure 4.4). The
average seed set for self was 34, cross was 29, and 18 for both close and far
outcross. Even though the average seed set in close outcross is low, there is a high

variance in the seed set.
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Table 1: Result of the generalised linear mixed model for the effect of cross type on the success of
experimental Alpinia crosses. The model compares the success of self-pollinated (represented by the
intercept) with other cross types. The random effects are represented by ordered species accession
numbers or species names of female (pollen recepient) and male (pollen donor) into a single factor.

The model assumes binomial residuals. *** p <0.001, ** p <0.01, * p <0.05.

Fixed effects Estimate Std. Error z value Pr(>|z|)
(Intercept) -1.6772 0.3973 -4.221 0.0000243***
cross_type - close_outcross 0.1634 0.4423 0.369 0.7118
cross_type - cross -0.6304 1.1182 -0.564 0.5729
cross_type - emasculated -2.5601 1.4924 -1.715 0.0863
cross_type - far_outcross -2.4387 0.5578 -4.372 0.0000123%**
Random effects
Groups Name Variance Std.Dev.
species_accession_female male (Intercept) 1.692 1.301
species_name_female male (Intercept) 1.313 1.146
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Figure 4.4: Mean seed set for the various crossing treatments performed on the different Alpinieae
accessions at the Royal Botanic Garden Edinburgh. The numbers on the box indicate the number of

successful crosses for each cross type.

4.3.3 Comparison of the seed set of different cross types

The number of seeds produced for close and far outcross was significantly different

from the self seed set (Table 2). Factors such as position of the flower on the
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inflorescence, time of the cross, and flexistyly did not have a significant impact on
the seed set. Although the inflorescence position is not significant, its value indicates
that there might be a negative correlation between number of seed set and
inflorescence position (Table 2). This indicates that flowers on higher inflorescence
positions produce fewer seeds. Although the success of close outcrosses is higher

than self, the average number of seeds set in the close outcrosses is lower.

Table 2: Result of the generalised linear mixed model for effect of cross type on the seed set of
experimental Alpinia crosses. The model compares the number of seeds produced for non-flexistylous
accessions that were self-pollinated with other cross types and anaflexistylous or cataflexistylous
accessions, position on the inflorescence of the flower crosses, time of the cross. The random effects
are represented by ordered species accession numbers or species names of female (pollen recepient)
and male (pollen donor) into a single factor. The model assumes Poisson residuals. *** p <0.001, **

p<0.01, * p <0.05.

Fixed effects Estimate  Std. Error z value Pr(>|z|)
(Intercept) 3.256506  0.320312 10.167 <2e-16 ***
cross_type - close_outcross -0.388261  0.197069 -1.97 0.0488 *
cross_type - cross -0.149785  0.426733 -0.351 0.7256
cross_type - far_outcross -0.698824  0.313536 -2.229 0.0258 *
inflo_position -0.00163 0.002423 -0.673 0.5011
time hr 0.016418  0.0156 1.052 0.2926
flexistyly female — Anaflexistyly 0.556861  0.363455 1.532 0.1255
flexistyly female - Cataflexistyly -0.276885  0.362068 -0.765 0.4444
flexistyly female - Anaflexistyly:time hr -0.025668  0.020871 -1.23 0.2188

flexistyly female - Cataflexistyly:time hr -0.032853  0.020808 -1.579 0.1144

Random effects

Groups Name Variance  Std. Dev.
species_accession_female male (Intercept) 0.3091 0.556
species_name_female male (Intercept) 0.1479 0.3846

4.3.4 Effect of genetic distance on seed set

The pairwise genetic distances ranged from 0-0.121 for 19 accessions that had high
quality nrITS sequences (Appendix 4.5). The species pair Alpinia cf. malaccensis
(20081105A, Clade 1V) and Alpinia mutica (19901470, Clade IV) had a genetic
distance of zero whereas the species pair Alpinia roxburghii (20120190B, Clade IV)
and Alpinia purpurata (20070002B, Clade V) had the highest genetic distance of
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0.121. The relative seed set decreases as the genetic distance increases (Figure 5), but

this correlation is not significant (Table 3).

Relative Seed Set

0.000 0.025 0.050 0.075 0.100 0.125
Genetic Distance

Figure 5: Relative seed set versus genetic distance for crosses between Alpinia species. Relative seed
set is the ratio of the close or far outcross seed set by the self seed set for that particular maternal

accession. The genetic distance was measured using nrITS.

Table 3: Result of the generalised linear mixed model for the effect of genetic distance on the seed set
of experimental Alpinia crosses. The model compares the number of seeds with genetic distance
(measured using nrITS). The random effects are represented by unique ID for each cross and ordered
species accession numbers or species names of female (pollen recepient) and male (pollen donor) into

a single factor. The model assumes Poisson residuals. *** p <0.001, ** p <0.01, * p <0.05.

Fixed effects Estimate Std. Error z value Pr(>|z|)
(Intercept) 2.6344 0.1939 13.588 <2e-16%**
genetic_distance -1.277 5.7024 -0.224 0.823
Random effects

Groups Name Variance Std.Dev.

Cross_no (Intercept) 0.23 0.4796
species_accession_female male (Intercept) 0.2202 0.4693

species name female male (Intercept) 0.3805 0.6168
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4.4 Discussion

4.4.1 Alpinia species show cross-compatibility under experimental conditions

My experimental crosses show that closely related Alpinia species can set seed when
crossed artificially. Although most far outcrosses failed, a few of them were
successful, which indicates that distantly related species can potentially cross. The
proportion of successful crosses was comparable for self (27.4%) and close
outcrosses (27.9%) but self-pollinated accessions set the highest average seed. A
negative correlation between the genetic distance and seed set was observed and the
far outcross treatment had the lowest proportion of successful crosses (3.8%). Seed
set was observed to decrease with increasing genetic distance which is consistent
with several studies that have investigated this correlation, but this correlation was
not significant (Table 3). My results show that closely related species are cross-
compatible and successfully set seeds, with some evidence that more distantly related

species can set seed in a few instances.

Self-pollinated accessions set the highest average seed, indicating that accessions
from several Alpinia and other closely related genera are self-compatible (Figure 4).
This is consistent with studies that have carried out self-pollination in the Alpinieae
(Li et al., 2002; Zhang et al., 2003; Wang et al., 2005; Cui and Li, 2015), but there
were many accessions where no self-pollinated flowers set fruit (Appendix x). This
indicates that self-incompatibility in A/pinia is polymorphic or that there might be
some technical issues that have affecting pollination success. These technical issues
may include factors such as pollen viability or stigma receptivity. In the self-
pollinated treatments for many of the artificial pollination carried out in Alpinia and
closely related genera, seed set for self-pollinated flowers was lower than the
outcrossed seed set indicating inbreeding depression (Li et al., 2002; Ren et al.,

2007; Sun et al., 2007; Jia et al., 2015).

Delayed selfing in cataflexistylous morphs is possible if there is some pollen

remaining on the anthers. When the style curves downwards, it might come into
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contact with the stigma leading to self-pollination. This has been reported from
Alpinia galanga, where the cataflexistylous morph is self-compatible and this is a

strategy for reproductive assurance in the absence of pollinators (Cui and Li, 2015).

Most of the unsuccessful treatments were the ones that failed to set fruit at all, but in
some cases, postpollination postzygotic barriers such as zygote abortion were
observed. This abortion of fruit is generally associated with shortage of resources or
limited resources allocated to female function (Stephenson, 1981). Alternatively, the
fruits might have fallen off when there were other crosses done on that accession.
The inflorescence position was measured from the bottom, and there was a negative
(but non-significant) correlation between inflorescence position and number of seeds.
Alpinia and other closely related genera have an acropetal inflorescence
development, where it is often presumed that the probability of fruit set or number of
seeds per flower is higher for early opening flowers (Medrano et al., 2000). This is
true for species with one flower per cincinnus but might not be true for species such
as A. galanga, which have many flowers per cincinnus and flower in acropetal
waves. Some genera in the Zingiberaceae such as Globba L. have evolved a
separation of the sexes, hermaphrodite flowers at the base of the inflorescence and
functionally male flowers above (Sangvirotjanapat et al., 2019). This also occurs in
Alpinia sect. Myriocrater and Alpinia sect. Monopleura (Burtt and Smith, 1972).
Therefore, the position of the flower on the inflorescence might have an impact on

the seed set.

It was not possible to verify the crosses for the accessions that set seed across all
treatments by using genetic markers as most of the hybrids had poor quality
sequences. It is possible that while crossing, some self-pollen was deposited on the
stigma (if the anthers had already dehisced depending on the time of the cross),
which would have resulted in a mixed pollen load, with fruit for several crosses for
those particular accessions. This might be unlikely, as I ensured that I provided
plenty of supplementary pollen. Autonomous self-pollination is especially not
possible for anaflexistylous accessions as the stigma is curved above the anther once

the anther releases pollen. Based on the overall results, several Alpinia accessions
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can cross therefore have not accumulated DMIs. But the divergent taxa may have
accumulated these incompatibilities as the far outcrosses were not as successful as

the other type of crosses.

4.4.2 Reproductive barriers within the Alpineae

Reproductive barriers within the Zingiberaceae have not been well studied. The most
widely studied genus from an evolutionary perspective in the Zingiberales is Costus
(Costaceae), where postpollination barriers such as lower conspecific pollen
adhesion, reduced germination rates, slower pollen tube growth and pollen tube
attrition are responsible for the lack of hybrids between sympatric species even

though these species share pollinators (Yost and Kay, 2009).

Other than postpollination prezygotic and postzygotic barriers such as failure to set
fruit, zygote abortion and low seed set, Alpinia and other closely related genera
might possess are range of other, prezygotic, reproductive barriers such as non-
overlapping distributions and non-overlapping phenology. Many of the accessions
crossed in this study have a wide variation in floral size and form which might
indicate non-overlapping pollinators. Clade IV is the largest and most well-
represented in this study. The species from other clades such as Clade I were not
present in the collection at RBGE and the species from Clade II did not have an
overlapping flowering period with the rest of the clades. The non-overlapping
flowering period here might serve as a reproductive barrier in the wild. Other
postpollination reproductive barriers such as F; viability and fertility could not be

tested as the Fis take at least two years to produce flowers and fruits.

Factors such as non-overlapping floral phenology and niche differentiation might be
the most effective reproductive barriers in Alpinia (Liu et al., 2009). Flexistyly, a
unique floral dimorphism within the Alpinieae, is an effective mechanism to prevent
self-pollination but it might not prevent interspecific gene flow. The presence of
flexistyly might affect stigma receptivity and pollen viability as the stigma is
considered to be receptive when the style is curved below the anther and the pollen

might be viable only after it has dehisced from the anthers.
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Floral size differentiation has also been reported from Alpinia nieuwenhuizii in
Borneo where the floral size varied between habitats. The smaller floral type was
found in forest floors and the large one along roadsides and riversides and they also
had different legitimate pollinators. This indicates that floral size dimorphism might
also play an important role in reproductive isolation in Alpinia species (Takano et al.,

2013).

4.4.3 Evolutionary significance of reproductive isolation in Alpinia

Only a few studies have investigated the presence of hybridisation within Alpinia
(Liu and Wang, 2009; Liu et al., 2009). Given the difficulty in delimiting species
based on morphology, investigating the occurrence of hybridisation is necessary as
this may blur species boundaries in the wild. Although most accessions crossed in
this study are allopatric (Appendix 4.1), this study indicates that there is the
possibility that where species do co-occur they may be cross compatible and this
may allow the formation of hybrids. Hybridisation may also be possible as most
species within Alpinia, or even the Alpinieae have the same chromosome number
(2n=48). As Alpinia is a horticulturally important genus, generating new hybrids can
be useful for ornamental plants. This has been previously done to generate a range of
hybrids, including intergeneric hybrids such as Alpinia purpurata x Etlingera elatior

(Luc-Cayol and Fereol, 1997).

In conclusion, Alpinia species show widespread interspecific cross compatibility,
especially within clades, and in a few instances, between divergent clades as well as
genera. Whether this cross-compatibility in the glasshouses translates to
hybridisation between A/lpinia species in the wild still needs to be tested. As habitat
destruction due to anthropogenic effects is on the rise, it may be possible for many
species to encounter nonconspecific pollen due to secondary contact which might

result in hybridisation.
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5.1 Introduction

Angiosperms possess a remarkable range of floral traits and forms that enable them
to reproduce successfully (Barrett, 2010b). As flowering plants are mainly
hermaphroditic in nature, opportunities for self-fertilisation can occur. This can lead
to reduction in viability and fertility of offspring, or inbreeding depression
(Charlesworth and Charlesworth, 1987). Therefore, strategies to avoid self-
pollination are widespread in angiosperms and many of these reproductive strategies
have evolved to promote outcrossing by means of a pollen vector (Barrett, 2010a).
The evolution of these reproductive strategies might also be driven by a range of
other factors to prevent conflicts that interfere with pollen deposition on the stigma
and pollen removal from the anthers, which may not be necessarily associated with

self-pollination (Barrett, 2002a).

Among many such floral traits are stylar polymorphisms that promote insect—
mediated cross-pollination and prevent pollen wastage due to interference between
male and female function within a bisexual flower (Barrett, 2010a). The most widely
studied stylar polymorphism is heterostyly, where each population comprises two
(distyly) or three (tristyly) floral morphs that differ reciprocally in style and stamen
lengths. This polymorphism was first recognised as early as the 16" century in the
genus Primula L. (Ornduff, 1992). Heterostyly was also one of Darwin’s research
interests. His work lead to the publication of The different forms of flowers on plants
of the same species (Darwin, 1877) which has laid a strong foundation for the

research on heterostyly over the years.

Heterostyly has multiple independent origins within flowering plants and is found in
at least 199 genera from 28 families (Barrett, 2002b; Naiki, 2012). Distyly was
thought to be a diallelic trait, with the short styled morph dominant (S/s) and the long
styled morph recessive (s/s). Three genes at the S locus were thought to control the
trait- G (Griffel (style) length), P (Pollen size and number) and A (Anther position)
(Lewis and Jones, 1992) held together by tight linkage due to suppressed
recombination (Charlesworth, 2016). Recent work on the genetics of heterostyly in

Primula has revealed that the short-styled morphs are hemizygous and not
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heterozygous for the S locus. The s haplotype lacks a 278 kb sequence that contain
genes such as CYP734A450 (Cytochrome P450) that controls style length and GLO?2
(short-morph specific GLOBOSA gene) that controls anther height (Huu et al., 2016,
2020; Li, Cocker, et al., 2016). The hemizygous nature of distyly was also found in
other systems such as Fagopyrum (Yasui et al., 2012), Linum (Ushijima et al., 2012),
and Turnera (Shore et al., 2019). Therefore, we are now learning more about the
genetic basis of this floral trait in a range of plant groups. Many other forms of stylar
polymorphism exist such as enantiostyly, inversostyly, stigma-height dimorphism
(where the stamen levels are the same), and flexistyly (summarised in Barrett

(2010a)).

Among these stylar polymorphisms, the only one that involves stylar movement is
flexistyly. This phenomenon was first reported by Li et al., (2001) where they
observed this new mechanism in nine species of Alpinia. It is known to reduce
pollen-pistil interference and promote outcrossing . Species displaying flexistyly
possess two morphs that exhibit spatial as well as temporal separation of sexual
function. The morphs can either be cataflexistylous (protandrous, cata=downwards),
in which the anthers disperse pollen in the morning, while the style is curved above
the anther, or they can be anaflexistylous (protogynous, ana=upwards), in which the
style is curved below the anther while the anther does not disperse pollen (Figure
5.1). Around midday, the style of the cataflexistylous flower curves below the anther
and receives cross pollen whereas the anther halts pollen release and the style of the

anaflexistylous flower curves above the anther and the anthers begin to release pollen

(Lietal., 2001, 2002; Zhang et al., 2003).

Stylar movement in A/pinia was observed as early as 1820 in Roxburgh’s Flora
Indica where he noted that Alpinia galanga possessed a style that curved above the
anther and recurved under the anther afterwards (Roxburgh, 1820). But this
phenomenon was not observed in detail until 1996 when Cui et al. discovered
reciprocal stylar movement in Amomum tsao-ko (now accepted as Lanxangia tsaoko)
(Cui et al., 1996). They observed the two floral morphs and found that only one

morph type can be borne on a particular plant. The response of flowers was found to
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be dependent on photoperiod and the flowers were found to be self-compatible when
artificially pollinated. The fruit set in the presence of only one morph type was found
to be low hence it is pollinator dependent for reproductive success via this

mechanism.

Figure 5.1: Flexistyly in Alpinia accessions at the Royal Botanic Garden Edinburgh. A-
Cataflexistylous morph (style curved above the anther along with anther dehiscence (4lpinia cf.
malaccensis, Accession no. 19751793A). Picture taken at at 10:22am. B- Anaflexistylous morph

(style curved below the anther and no anther dehiscence) (Alpinia roxburghii, accession no.

20120190B). Picture taken at 10:30am.

Flexstyly has been reported from more than 24 species in Zingiberaceae subfamily
Alpinioideae, mostly from A/pinia s.1. (Kress et al., 2005). It is also found in several
genera such as Amomum s.1. , Etlingera, Paramomum, Plagiostachys, and
Siliquamomum in the tribe Alpinieae (Cui et al., 1996; Kress et al., 2005; Leong
Skorni¢kova et al., 2014; Jia et al., 2015; Poulsen and Phonsena, 2017). The two
morphs are always present in a 1:1 ratio in natural populations and hence it is
presumed that two alleles at a single locus control flexistyly (Renner, 2001). A
similar pattern is seen in walnuts (Gleeson, 1982) and pecans (Thompson and

Romberg, 1985), where protandry is the recessive homozygote and protogyny is
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either the heterozygote or dominant homozygote, but the heterozygote does not occur

due to the lack of selfing.

Alpinia is a non-model plant genus that is economically important and the species
from this genus are rich in compounds that have many pharmacological uses. Alpinia
species are ancient polyploids that have undergone diploidisation with 2n = 48.
Previous estimates of genome sizes in Alpinia include a 1C value of 2.29 pg for
Alpinia nigra (Basak and Rangan, 2018). NGS analyses have been carried out for
other closely related genera such as Amomum, where a target capture approach was
used to construct the phylogeny of the genus, and genome size evolution was
investigated. They found genome sizes ranging from 3.54-15.66 pg in Amomum s. s.
(Hlavata et al., in press). So far however, there is no complete genome assembly for
Alpinia or the wider Zingiberaceae. The nearest available genomes are of Curcuma
longa (Chakraborty et al., 2020), and Musa spp. from the banana family (Musaceae,
Zingiberales) (D’Hont et al., 2012; Davey et al., 2013; Wu et al., 2016; Belser et al.,
2018).

Whole-genome sequencing of pools of individuals or Pool-seq is a powerful and
cost-effective approach to determine allele frequency differences across the genome
(Futschik and Schlétterer, 2010). It allows for the analysis of genome-wide
polymorphism data at a low cost and has a wide range of applications from bulked
segregant analysis to genome evolution and can be used for model as well as non-
model species (Schlotterer et al., 2014). When it comes to flexistylous species, a
comprehensive study of their pollination and reproductive ecology has been done
where the studies have investigated the cross compatibility of the two morphs and
the significance of stylar movement (Li et al., 2001, 2002; Zhang et al., 2003;
Takano et al., 2005; Ren et al., 2007; Sun et al., 2011; Aswani and Sabu, 2014; Jia et
al., 2015; Yang et al., 2016) but little is known about the genetic basis of this trait.
Therefore, my aims are:

1.To generate a reference genome for A/lpinia.

2.To find the region(s) with allele frequency differences between the ana and cata-

morph using a Pool-seq approach.
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Here, I have used Pool-seq data to detect genomic regions where there are allele
frequency differences between the two morph types. As a complex phenotypic trait, I
expect flexistyly to be controlled by multiple but tightly linked loci. Based on this,
my expectation is that there will be few regions of the genome where there are many
Fsroutliers. Moreover, if this trait is hemizygous, I expect to see a coverage

difference between the pools in regions of the genome underlying flexistyly.

5.2 Methods

5.2.1 Study system

Alpinia Roxb. is the largest and most taxonomically challenging genus in the
Zingiberaceae. It comprises more than 230 species throughout the tropics and
subtropics (Smith, 1990). Many species in this genus are flexistylous, one being
Alpinia nigra (Gaertn.) B.L.Burtt, which is distributed from the Indian subcontinent
to China (South Yunnan) (Figure 5.2). This species was chosen to study the genetics

of flexistyly as large populations are easily found in its native range.

Figure 5.2: Flexistylous morphs of Alpinia nigra at Pakke Tiger Reserve, Arunachal Pradesh, India.

A- Anaflexistylous (protogynous) morph (picture taken at 9:40am), B- Cataflexistylous (protandrous)
morph (picture taken at 8:45am).
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5.2.2 Sample collection

Samples were collected in July 2018 from Pakke Tiger Reserve near the Seijosa
region (26°57' N 92°59' E) located in East Kameng district, Arunachal Pradesh
(Collection permit number- CWL/G/13(95)/2011-12/Pt.V/342/-26) in India. The
populations of 4. nigra were found at an elevation of 100-200m in the periphery of
the reserve (Figure 5.3). They are found in marshy regions and are widespread in the

réscerve.

Figure 5.3: Population of Alpinia nigra at Pakke Tiger Reserve, Arunachal Pradesh, India.

Leaf tissues of 51 anaflexistylous and 63 cataflexistylous individuals of A/pinia
nigra were collected along with one individual for the reference genome (Appendix
5.1). As Alpinia and other Zingiberaceous plants reproduce vegetatively by
underground rhizomes, the tissues from the plants collected were at least 1 m apart to
minimise collecting from the same genet. Samples were collected across a distance

of 2 km (Figure 5.4). The tissues were cut into 1 cm? pieces and dried in silica gel.
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Figure 5.4: Sample collection of the ana- and cata-morphs of Alpinia nigra from Pakke Tiger Reserve,
Arunachal Pradesh, North-East India (Pink- ana-morph, blue- cata-morph, green- unknown morph).

The unknown morphs were not used for Pool-seq.

5.2.3 Reference genome assembly

5.2.3.1 DNA extraction (genome)

DNA was extracted from a silica dried leaf tissue from a cataflexistylous individual
collected from Pakke Tiger Reserve using a modified CTAB protocol (Doyle and
Doyle, 1987). Eight such extractions were done for leaf tissue from the same
individual followed by gel extraction using QIAEX II (Qiagen, Valencia, CA, USA)
using the manufacturer’s protocol. The DNA from all the samples was pooled and
purified using Genomic Tips (Qiagen, Valencia, CA, USA). The sample was then
concentrated using the Savant SpeedVac (Thermo Fisher Scientific, USA). An
[llumina Tru-Seq Nano gel-free library with a 550bp insert size was prepared from
the DNA sample. The genome was sequenced at Edinburgh Genomics (UK) using
NovaSeq 6000 (Illumina) with 250bp paired-end run at a 100x coverage.

5.2.3.2 Genome assembly

The quality of the raw reads was checked using FastQC v0.11.7 (Andrews, 2010).
The raw reads did not show Illumina adapter contamination. K-mer Analysis Toolkit

(KAT) (Mapleson et al., 2016) was used to check the k-mer occurrences in the raw
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data using the hist tool. The genome was subsequently assembled using DISCOVAR
de novo (Weisenfeld et al., 2014) with default parameters. The quality of the
assembly was evaluated using QUAST v5.0.2 (Gurevich et al., 2013).

To check for the presence of DNA contamination from bacteria and fungi, I used
BlobTools v1.1.1 (Laetsch and Blaxter, 2017). BlobTools helps infer the taxonomy
of each contig and compares the GC proportion to the read coverage to check for
contigs that have a skewed GC content and coverage along with contaminant DNA.
It requires an assembly file, a coverage file, and a hits file. To obtain the coverage
file, the genome was indexed and the raw reads were mapped back to the assembled
genome using BWA (Burrows-Wheeler Aligner) (Li and Durbin, 2009) to generate a
SAM (Sequence Alignment/Map) file. Samtools (Li et al., 2009) was used to covert
the SAM file to a BAM (Binary Alignment/Map) file using the ‘view’ tool followed
by sorting and indexing the files. For the hits file, a nucleotide similarity search
using blastn (v2.9.0+) was performed against the NCBI nt database and a Diamond
blastx (Buchfink et al., 2015) translated nucleotide sequence similarity search against
the Uniprot database. The BlobTools module taxify was used to convert the output of
the protein similarity searches into a BlobTools compatible input. The assembly file,
coverage (BAM) file, and the protein and nucleotide hits file were used to create a
blobDB and the contigs were annotated using the parameter ‘-x bestsumorder’ to
generate a blobplot. No significant contaminants were found so no sequences were
filtered out. The completeness of the assembly was evaluated using BUSCO v3.0.2
(Seppey et al., 2019) with the embryophyta lineage dataset. Smudgeplot (Ranallo-
Benavidez et al., 2020) was used to estimate the ploidy and copy number of genomic

regions of Alpinia nigra.

5.2.4 Pool-seq

5.2.4.1 DNA extraction

DNA was extracted from 51 anaflexistylous and 63 cataflexistylous individuals using
the Qiagen DNeasy Plant Mini kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s protocol. The DNA was quantified using the Qubit dSDNA BR Assay
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kit on the Qubit 2.0 Fluorometer. Two equimolar pools of the respective ana- and
cata-morph were prepared. Due to DNA degradation, the pools were gel extracted
using Zymoclean Large Fragment DNA Recovery kit (Zymo Research, Irvine, CA,
USA) and concentrated using the Savant SpeedVac (Thermo Fisher Scientific, USA).
The samples were sequenced by Novogene (UK) with 150bp paired-end reads on an
[llumina NovaSeq 6000 instrument, aimed at generating 50x sequencing coverage

per pool.

5.2.4.2 Genome mapping and analysis

The raw reads were quality checked using FastQC v0.11.8. The reads were aligned to
the reference genome using BWA to generate a SAM file. Samtools v1.9 was used to
convert the files from SAM to BAM using the option ‘view’ followed by sorting and
indexing the files. PoPoolation2 (Kofler et al., 2011) was used to compare the allele
frequency differences between the two pools by following the tutorial
(https://sourceforge.net/p/popoolation2/wiki/Tutorial/). Ambiguously mapped reads
were removed using Samtools v1.9 using the option view, -q 20 to include reads with
mapping quality > 20 and then sorted. Samtools was used to create an mpileup with
the BAM files from the two different pools which was then synchronised. Fsr values
were calculated using a sliding window approach with window sizes 1 kbp and 10
kbp with a step size of 1 kbp for both windows with min-coverage 10, max-coverage
500 and min-count 10. Larger window sizes smooths out the noise but reduces the
signal and opposite is the case for smaller window sizes hence different window
sizes were used. Fisher’s exact test was used to test the significance of differences in
the allele frequencies. The Fst and Fisher’s exact test files were converted into an
IGV (Integrated Genomics Viewer) compatible format. To plot the Fsr, the IGV files
were converted to be compatible with R using the perl script Genome R script.pl
(https://github.com/Gammerdinger/Manhattan plots) and Manhattan plots were
generated using R v3.6.3. As chromosomal level information was not available for
the genome assembly, the plots were made using only the position data of the
genome (i.e. along each contig in turn). To calculate the average coverage per
scaffold, I used Samtools v1.9 with the option ‘depth’ and used the python script
avg_deps.py (Becher, pers. comm.).
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5.3 Results

5.3.1 Alpinia nigra genome assembly

A reference genome of Alpinia nigra was generated from a cataflexistylous
individual from a wild population using a short-read Illumina platform. Each file
(forward and reverse) contained 528,651,368 reads. The pre-assembly quality check
indicated that no sequences were of poor quality (Phred score > 30) and there was no
adapter contamination. The 27-mer spectrum (Figure 5.5) indicated that the genome
is heterozygous as there are two main peaks.
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Figure 5.5: A 27-mer distribution plot for Alpinia nigra. The presence of two peaks indicates that this

genome is heterozygous. The heterozygous peak is at x=56 and the homozygous peak is at x=109.

The peak at x=56 represents the k-mers that are unique in the reference and the peak
at x=109 represents the k-mers that are present twice in the genome. The first peak
with coverage near 1 represents the unique k-mers of low frequency present due to

sequencing errors (Li and Harkess, 2018). The smaller peak at x= 222 indicates that
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there are duplicates present. As expected for an outcrossing species, the k-mer

spectra shows moderate heterozygosity, estimated as 1.06%.

Discovar de novo produces an assembly where polymorphisms are represented by
bubbles. These bubbles usually contain heterozygous sites or somatic mutations,
which are then flattened. The final assembly file contains these flattened lines, that
produced a total of 2.07Gbp in 1 kb+ contigs with a read coverage of 127.5 based on
the DISCOVAR de novo assembly statistics.

Table 5.1: Assembly metrics for the Alpinia nigra genome assembled using DISCOVAR de novo. The
assembly metrics were estimated using QUAST v5.0.2 (Gurevich et al., 2013) and the completeness
of the assembly was estimated with BUSCO v3.0.2 using the embryophyta odb10 BUSCO set. *C=

complete [S= single copy, D=duplicated], F=fragmented, M=missing, n=number of orthologues in

comparison.
Total length (>= 0 bp) (Mb) 2389
Total length (>= 1000 bp) (Mb) 2119
No. of contigs(>= 0 bp) 1072070
No. of contigs (>= 1000 bp) 158389
N50 Length (Kb) 48.9
Longest contig (Kb) 591.2
BUSCO score* C:91.1%[S:84.1%,D:7.0%],F:4.9%,M:4.0%,n:1375

Assembly metrics were also produced using QUAST that are listed in Table 5.2.
Many contigs smaller than 1000bp were present. The complete (single and
duplicated) BUSCOs were over 91% which implies that the assembly completeness
is high. N50 is an important metric for assembly contiguity and is dependent on the
type of data used. As the Alpinia genome assembly is based on short reads that
cannot resolve long repeat regions, the scaffold N50 is 48.9 kbp. Sequence filtering

was not required as the blobplot showed very low contamination (Figure 5.6).
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Figure 5.6: Blobplot for the Alpinia nigra reads using Blobtools v1.1.1. This plot was produced using
the hits obtained from blastn and Diamond hits of NCBI nucleotide or UniProt proteome databases.
These hits were used to assign taxonomy (using bestsumorder). 97.69% of the reads mapped back to
the assembly out of which 84.79% belonged to Streptophyta and 12.73% were no-hits. The values in

the brackets of the legend represent count, sum length and n50.

I used a graphical representation of heterozygous k-mer pairs, implemented in
Smudgeplots, to show the haplotype structure and estimate ploidy (Figure 5.7). As
84% of the k-mer pairs are consistent with a diploid haplotype structure (i.e. with a
1:1 ratio of the two haplotypes), this species is confirmed as diploid. Triploid and
tetraploid haplotype structures are also present albeit in extremely low proportions.

These smudges match the peaks in the k-mer spectrum (Figure 5.5).
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Figure 5.7: Smudgeplot for Alpinia nigra for k=21. This tool estimates the ploidy and monoploid
coverage. The heat of the smudge indicates how frequently the haplotype structure is represented in

the genome. The bar plots represent the sequencing coverage.

5.3.2 Pool-seq

Two pools of anaflexistylous (51 individuals) and cataflexistylous (63 individuals)
morphs from a single wild population (same as the reference genome) were
sequenced using Illumina short reads. There were no obvious coverage differences
between scaffolds of anaflexistylous and cataflexistylous pools for the first 200,000
scaffolds (Appendix 5.2). About 92% of reads from anaflexistylous pool and 90% of
reads from cataflexistylous pool mapped back to the reference genome. As
recommended in the Popoolation?2 tutorial, the ambiguously mapped reads were

removed, leaving only reads mapping to a single location for downstream analysis.
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Figure 5.8: Fst values for window-size 10 kbp (left) and 1 kbp (right) with step size 1 kbp from
comparison of the pools of the anaflexistylous and cataflexistylous morphs of A/pinia nigra generated

from Popoolation2 (Kofler et al., 2011). These plots only include non-zero Fsr values.

Fsr values from the Popoolation2 analysis were used to find regions of allele
frequency differences between the two morphs. The distribution of Fst values for the
two window-sizes are represented in Figure 5.8, and these show most Fst values are
below 0.2. The mean genome-wide Fst for window size 1 kbp was 0.0435 and for 10
kbp was 0.0432. The number of windows greater than Fst>0. 5 and >0.8 was 312
and 13 for window-size 1 kbp and 152 and 7 for 10 kbp respectively.

To visualise the Fst values across the scaffolds, a sliding window analysis was done
for window size 10 kbp (Figure 5.9A). As the scaffolds are ordered by length in a
Discovar de novo assembly starting from the largest, a large accumulation of Fst
values was present at the tail end of the genome as the reads don’t map so well to the
short scaffolds. Overall, no specific region stood out in terms of densely packed high
Fsr values. Therefore, I decided to zoom in on regions of 500Mbp length to visually
check if any moderate genomic differences could be detected (Figure 5.9B-F). Most
of the genome shows low differentiation and there is no evidence for clustering of
any outliers, which would be indicative of a large inversion. Similar plots were
generated for window-size 1 kbp but no outliers were seen for this window size

either (Figure 5.10).
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Figure 5.9: Fst summary for window-size 10 kbp and step size 1 kbp from comparison of the pools of

the anaflexistylous and cataflexistylous individuals of Alpinia nigra. A- Genome-wide Fsr scan, B-
scan across the first 500Mbp , C — scan from 500-1000Mbp, D- scan from 1000-1500Mbp, E- scan
from 1500-2000Mbp, F- scan from 2000Mbp-end. The scaffolds are ordered by length starting from

the largest.
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Figure 5.10: Fst summary for window-size 1 kbp and step size 1 kbp from comparison of the pools of
the anaflexistylous and cataflexistylous individuals of Alpinia nigra. A- Genome-wide Fsr scan, B-
scan across the first 500Mbp , C — scan from 500-1000Mbp, D- scan from 1000-1500Mbp, E- scan
from 1500-2000Mbp, F- scan from 2000Mbp-end. The scaffolds are ordered by length starting from

the largest.
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5.4 Discussion

5.4.1 Draft genome assembly of Alpinia nigra

In this chapter, I have presented a draft genome sequence of Alpinia nigra. The
assembly metrics indicate that this genome is of high quality. It has a high contiguity
(N50 = 48 kbp) for a genome assembled using short-reads that is comparable with
other de novo assemblies such as those of six heterozygous Begonia L. species (N50
ranging from 11.71-58.63 kb) (Campos-Dominguez et al., unpublished), or of
Anopheles arabiensis (N50=22.3 kb) (Love et al., 2016). It is likely to have a good
representation of genic regions (91% BUSCO completeness) and is diploid with a
genome size in the range of 2-2.3 Gbp. Within the Zingiberales, only the genomes of
Curcuma longa (Chakraborty et al., 2020) and banana species such as Musa
acuminata , M. balbisiana , M. itinerans, and M. schizocarpa have been sequenced
so far (D’Hont et al., 2012; Davey et al., 2013; Wu et al., 2016; Belser et al., 2018).
As banana is one of the most economically important fruits in the world, these
genomes have served as an invaluable resource for breeding strategies for new
cultivars with improved yield (Wu et al., 2016). The availability of these high quality
genomes has also provided an insight into the evolution of monocot lineages

(D’Hont et al., 2012).

Similarly, many species in the Zingiberaceae are of agricultural importance such as
ginger (Zingiber officinale), cardamom (Elettaria cardamomum) and turmeric
(Curcuma longa). Therefore, availability of a reference genome from the ginger
family can help in many downstream analyses such as improving yield, disease
resistance, investigating the potential of wild relatives (Edwards and Batley, 2010),
and investigating the biosynthetic pathways of essential compounds (Lichman et al.,
2020). The draft genome presented here will also be an important resource for

ecological, systematic and evolutionary studies in the Zingiberaceae.
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5.4.2 The genetic basis and evolution of flexistyly

Here, I have used a Pool-Seq approach to investigate the allele frequency differences
between the ana- and cataflexistylous individuals. Pool-seq has been used to identify
the genes underlying many traits such as the dwarfism gene in watermelon (Dong et
al., 2018), to identify genomic regions that are involved in the maintenance of
ecotypic variation in Mimulus guttatus (Gould et al., 2017) and to compare genomic
diversity in populations of non-model species such as brown trout (Kurland et al.,
2019). It is a useful approach for studies that involve detecting the genetic basis of

traits with different phenotypes in a cost effective manner (Schlotterer et al., 2014).

Flexistyly is a complex phenotype so it is most likely to be controlled by multiple
loci. These loci are presumably tightly linked as the morph types are always found in
a 1:1 ratio within a population (Cui et al., 1996; Li et al., 2001, 2002; Zhang et al.,
2003; Ren et al., 2007; Jia et al., 2015). Therefore, it would be predicted that this loci
might reside in a region of reduced combination so that they are inherited together,
such as a large polymorphic chromosomal inversion or a supergene (Twyford and
Friedman, 2015; Charlesworth, 2016; Jay et al., 2018). The genome-wide sliding
window Fstscans do not reveal any significant allele frequency differences against
the background of low differentiation for most of the genome. There is no clear
evidence for a large chromosomal inversion here due to the lack of a large region
containing Fst outliers. This lack of a clear genetic signature between the pools could
be due to a number of reasons. This trait might be governed by a single small
genomic region or a single gene that might be difficult to detect. While I did find a
handful of nearly fixed SNP differences between pools, these SNPs appear in
isolation, rather than being clustered as would be expected from highly divergent
alleles. It is also possible that the region governing this trait belongs to a complex
genomic region, which is difficult to assemble and thus not represented in the
reference genome. Genome assemblies that use only short read data are often
fragmented and lack large contiguous genomic regions (Thomma et al., 2016). There
are many short scaffolds (<=1000bp) in the assembly presented here (>913,000). The
difficulty in assembling a genome is also exacerbated by the presence of repeats

which cause breaks in an assembly. If there is a chromosomal inversion present, it
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might be hard to assemble as active transposable elements are often found at the
breakpoints (Delprat et al., 2009). As was seen in Primula spp., there was a notable
coverage difference in the thrum specific region as compared to the pin indicating
hemizygosity of the region (Li, Cocker, et al., 2016; Cocker et al., 2018) but this
pattern was not seen upon comparing the read depths of the anaflexistylous and

cataflexistylous pools.

An alternative route to pooled sequencing for finding the gene(s) underlying stylar
movement would be to perform comparative transcriptomics, particularly tissue-
specific sequencing of stylar tissue at different time intervals from a few hours prior
to anthesis to the first and second curvature. This can reveal the genes that are
differentially expressed between the morphs. Utilising long-read sequencing such as
PacBio HiFi, combined with long-range scaffolding with technologies such as HiC
or BioNano genome mapping, could be used in the future to improve genome
contiguity and assembly. This can aid in detecting structural variants between the

two morphs.

Understanding the phenotype in more detail can give clues to the genes that underlie
flexistyly. All the flowers of the same morph type that open on the same day are
synchronous (Li et al., 2001, 2002; Zhang et al., 2003) and the speed of stylar
movement depends on the weather (Li et al., 2001). Studies have revealed that this
stylar movement is dependent on factors such as light and auxin transport. When
exposed to light before anthesis, the style of the anaflexistylous morph curves above
the anther instead of downwards. The second curvature was not affected by light in
either morph type hence both the curvatures of cata-morph and the second curvature
of the ana-morph are controlled endogenously (Luo and Li, 2010; Su et al., 2017).
The exogenous IAA (indole-3-acetic acid) treatment increased the stylar curvature in
light but not in the dark for both curvatures in both the morph types. Upon treatment
with auxin efflux inhibitors, the first curvature was not affected but the second
movement of ana-morph was enhanced while the second curvature of the cata-morph
did not occur (Luo et al., 2012; Su et al., 2017). In Alpinia galanga, neither IAA nor
NPA (-N -naphthylphthalamic acid, an auxin efflux inhibitor) had any noticeable
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effects on style bending (Su et al., 2017). It is presumed that light might activate
auxin transport that promotes stylar movement in Alpinia and the effects of these
factors are different for different morph types (Luo et al., 2012). Therefore, an
annotated genome would be useful to see if any SNP differences between morphs

reside in loci involved in light regulation.

There are many reasons as to why this novel mechanism may have evolved in
Alpinia. Alpinia flowers are hermaphroditic and are open only for a day compared to
other taxa with similar zygomorphic structure, such as orchids, where the flowers are
open for days or even weeks. The risk of selfing is likely to be higher in gingers in
which pollination must be achieved in a much shorter period than in most orchids.
Therefore, this stylar movement has evolved to ensure cross-pollination and prevent
sexual interference within the flower (Zhang et al., 2003; Sun et al., 2007, 2011). As
flexistyly has been reported from many genera within Alpinieae, this dimorphism
may have evolved in the common ancestor of the tribe or may have evolved
independently several times (Kress et al., 2005). As more evolutionary research on
the genomic basis of flexistyly is performed, the origins of this trait will become

clear.
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Chapter 6: General discussion

6.1 Thesis overview

The main aim of this thesis was to recognise the taxonomic challenges present in
tropical plants and investigate various aspects of a taxonomically complex tropical
group. The main outcomes were that I resolved nomenclatural problems associated
with a group of species, investigated the reproductive barriers maintaining species
differences, and provided initial characterisation of the genetic basis of a floral trait,

all in the genus Alpinia.

In chapter 2, I identified the taxonomic challenges that plant biologists face when
working on tropical taxa. Based on the survey and literature search, I found that both
practical issues and biological factors hinder taxonomic research in the tropics.
Practical issues entail various aspects of fieldwork and herbaria-related problems
such as inaccessibility of sites, undercollection of specimens, lack of taxonomic
expertise, and incomplete herbarium specimens. Biological factors include processes
such as rapid radiations, hybridisation, and phenotypic plasticity obscuring species
boundaries. These issues have a significant impact when estimating species diversity

or making conservation assessments.

In chapter 3, I resolved the nomenclatural confusion associated with the name
Alpinia bracteata used by both Roscoe and Roxburgh in the early 19% century. 1
found that the original illustration of Alpinia bracteata Rosc. was badly drawn so this
name should be rejected. I found that the relative usage of A. bracteata Roxb. is low
hence its synonym A. roxburghii Sweet should be used. I also assigned a lectotype

for A. calcarata (Haw.) Rosc., a species commonly found in India.

In chapter 4, I investigated the reproductive barriers between and within the different
Alpinia clades and a few other closely related genera. On carrying out artificial cross-
pollination between species, I found that Alpinia species show a potential for
hybridisation within clades, and in a few cases, between clades and genera as well.
Overall, the self-pollinated crosses were the most successful and the seed set

decreased with increasing genetic distance.
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Finally, in chapter 5, I presented the draft genome of Alpinia nigra, a species
widespread in Northeast India, and used a Pool-seq approach to investigate the
genetic basis of flexistyly. The genome assembly presented here has a high
contiguity and completeness and can serve as a reference genome for downstream
analyses. On comparing the pools of the cataflexistylous and anaflexistylous morphs,
I found no clear genetic difference and very few windows had Fst values greater than
0.8. I demonstrated the utility of the draft genome presented here with its use to

investigate the genetic basis of a novel floral trait in a non-model plant.

In light of these results, I will discuss this work in the wider context of tropical plant
research. In particular, I highlight the problems working on a non-model tropical
plant group. I also highlight the importance of this research in genomics, taxonomy
and conservation. Lastly, I discuss proposed future directions of research for

evolutionary and taxonomic studies of Alpinia.

6.2 Taxonomic complexity is pervasive in tropical plant groups

The problems encountered when working with A/pinia such as polyphyly, difficulty
assigning names to specimens, problematic classification on the basis of
morphological characters, and issues with generic delimitation are common in other
tropical genera as well. For example, Myrcia is a species-rich tree genus (~770 spp.)
found in the Neotropics (Amorim et al., 2019), which until recently was recognized
as four distinct genera. These four genera were classically distinguished on the basis
of floral characters but molecular phylogenetic studies showed them to be para- or
polyphyletic (Lucas et al., 2007, 2011). Myrcia and several other large genera in the
Mpyrtaceae such as Eugenia, Eucalyptus, and Syzygium are taxonomically complex as
they exhibit convergent as well as parallel evolution of floral traits (Vasconcelos et
al., 2015, 2017). Myrcia is now divided into nine sections and each of the sections
can be recognised on the basis of morphology (Lucas et al., 2018). Thorough
integrative systematic analyses have helped in resolving the complex relationships in

this group and in identifying threatened species that couldn’t be assessed previously
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due to data deficiency (Lucas et al., 2018; Amorim et al., 2019; Nic Lughadha et al.,
2019).

Similar patterns are also seen in Echinopsis (100-150 spp.), one of the largest genera
in Cactaceae, which was found to be polyphyletic (Schlumpberger and Renner,
2012). The genus, in its broad circumscription, comprises 18 genera but to ease the
problematic generic boundaries, all these were lumped (Arakaki et al., 2011). Based
on the molecular results, there is a need to divide the genus into smaller units, or a
larger one including a few other closely related genera. Overall this circumscription
requires the use of more stable traits (Schlumpberger and Renner, 2012). Genera
such as Miconia (Melastomataceae, ~1000spp.) (Goldenberg et al., 2008), Polyalthia
(Annonaceae, ~150 spp) (Xue et al., 2012) are also highly polyphyletic and
classification of taxa is difficult due to lack of obvious synapomorphies or parallel
evolution. Large scale phylogenetic studies have also revealed the polyphyletic
nature of smaller genera such as Campylospermum and Sauvagesia in the Ochnaceae
highlighting the need for extensive taxon sampling (Schneider et al., 2020). As no
large scale phylogenetic analysis of Alpinia s.1. has been produced in the last 15
years (Kress et al., 2005), it would be extremely informative to perform more taxon
sampling and detailed morphological studies in the light of phylogenomic analyses,

to distinguish genera and species and find more informative characters.

6.3 Challenges of genomic analyses in a non-model plant

Advances in sequencing technologies have considerably improved the quality of de
novo genome assemblies (Kersey, 2019; Michael and VanBuren, 2020). The low
costs of sequencing, improved bioinformatic algorithms, and the low cost of
computation has made it possible to sequence and assemble many genomes of non-
model organisms (Schatz et al., 2012). The focus of plant genomics has traditionally
been on model species where many high quality, chromosome-level assemblies have
been produced using long sequence reads (e.g., Zea mays- Jiao et al., 2017,
Arabidopsis thaliana- Michael et al., 2018). The genomes of these model species

have often used highly-inbred homozygous lines that makes them easier to assemble.
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Assembling non-model plant genomes can be difficult as they tend to be large, can
have high ploidy levels, and are often repeat-rich and heterozygous (Claros et al.,
2012; Michael and VanBuren, 2020). Although most Alpinia species are self-
compatible, generating a homozygous line is difficult as they take about 2-3 years
from seed to flowering (Ranavat, pers. obs.). This long generation time was also an
issue for investigating the hybrid viability and fertility from the artificial pollinations

that I carried out in Chapter 4.

The silica-dried leaf tissue for the Alpinia species I used for DNA extraction had
several issues for whole genome sequencing. I attempted high molecular weight
DNA extraction using various CTAB (cetyltrimethylammonium bromide) based
protocols (Fukushima et al., 2017; Harkess, 2017; Hulse-Kemp et al., 2018) that
were used for other plant DNA extractions but proved unsuccessful as the samples
always had degraded DNA with a low concentration. Therefore, with this degraded
DNA I was limited to short-read sequencing. However, the use of long-read
sequencing, either on its own or in conjunction with short-read sequences, often
leads to more contiguous genome assemblies (e.g., PacBio + [llumina- Camellia
sinensis, scaffold N50- 1.39Mb (Xia et al., 2019)). Although Alpinia accessions
successfully amplified by PCR, the Sanger sequencing of nrITS produced low
quality sequences for most accessions. Alpinia species are rich in secondary
metabolites such as terpenoids, phenols, alkaloids and essential oils (reviewed in Ma
et al., 2017) that tend to inhibit DNA extraction, amplification, restriction digestion,
and sequencing. These compounds can interfere with enzymatic reactions and their
oxidising activities can reduce the yield of DNA extracted (Khanuja et al., 1999). As
leaf material is rich in secondary metabolites (Healey et al., 2014), using a different
part of the plant for extraction might be useful. It is also possible that because the
silica-dried material was used between 3-10 months after collection the DNA may
have degraded over this period of time (Guo et al., 2018). However, even the freshly
silica-dried material showed some degradation. Using methods such as CTAB based
extraction can avoid this problem but often yield very low quantities of DNA

(Healey et al., 2014). Within Alpinia, species may have different concentrations or
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compositions of metabolites, which may be why some Sanger sequencing was

unsuccessful.

6.4 Alpinia nigra genome as a resource

Alpinia nigra is a diploid species with a relatively modest genome size (2.3 Gbp) in
comparison to many other angiosperms, which have genome sizes ranging from
61Mb -149Gb (Pellicer et al., 2018). I have presented a good quality draft genome of
Alpinia nigra using short-read data (N50- 48 kb, BUSCO score- 91.1%), which is
comparable to the genome of the polyploid species Curcuma longa (turmeric) that
has been sequenced recently using 10x Genomics linked reads (N50- 18.8 kb,
Complete BUSCOs- 81.8%) (Chakraborty et al., 2020). This assembly can serve as a
reference genome that can be used in a wide range of research areas, from
conservation genomics to broadscale-phylogenomics (Kersey, 2019). Once the
genome is annotated, it could also help in understanding the biosynthetic pathways
underlying the production of secondary metabolites (Zhao et al., 2013) . These
chemicals not only play an important role in plant defence and attracting pollinators
but also in pharmacology, and many studies are under way to characterise and
investigate their biological effects. This genome can also play an important role in

comparative studies of metabolite production across species in the Zingiberaceae.

As an application of the use of this draft genome as a reference, I have investigated
the genetic basis of flexistyly, a novel floral trait in the Alpinioideae. In comparison,
the most well-studied stylar polymorphism, heterostyly, has been studied for the past
150 years but its genetic basis (presence of hemizygosity in the pin morph) was only
discovered in the last decade (Ushijima et al., 2012; Yasui et al., 2012). Indeed,
researchers are still discovering the various genes at the S morph locus and their
function (Huu et al., 2020). The foundation of this heterostyly research is
strengthened by researchers working on the genomics not only in Primula (Huu et
al., 2016; Li, Cocker, et al., 2016; Cocker et al., 2018) but also other genera such as
Fagopyrum (Yasui et al., 2012), Linum (Ushijima et al., 2012) and Turnera (Shore et
al., 2019). The availability of high quality, homozygous genomes has also aided in
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unravelling the genetic basis of this trait. Therefore, finding the genes underlying a
complex trait such as flexistyly will not be straightforward and will take many years.
My work has ruled out a simple genetic basis such as a large chromosomal inversion,
but more research is required to pin down the gene(s). A similar route adopted for the
study of heterostyly could be used to investigate flexistyly. This may involve further
development of genomic resources such as genome annotations, transcriptomes, high
coverage genome sequencing of the anaflexistylous morph (complementing the
cataflexistylous morph that was sequenced in this study), and widening these
analyses to other flexistylous genera such as Amomum: s.1. , Etlingera, Paramomum,
Plagiostachys, and Siliquamomum (Cui et al., 1996; Kress et al., 2005; Leong-
Skorni¢kova et al., 2014; Jia et al., 2015; Poulsen and Phonsena, 2017).

Su et al., (2017) found that there are a few differences in the mechanism of stylar
movement in different A/pinia species. When they compared the effects of auxin
(Indole-3-acetic acid) enhanced stylar movement and auxin transport inhibitors (1-N
-naphthylphthalamic acid) they found that they inhibited the second bending of the
cataflexistylous morph in 4. oxyphylla (clade IV) but this had no obvious effect on A.
galanga (clade IT) (Su et al., 2017). Other clade IV species where this was studied
also showed similar responses to auxin and its transport inhibitors (Luo et al., 2012).
My hypothesis is that Alpinia species from different clades may be affected by
chemicals other than IAA that are involved in plant movement, but this needs to be
examined across clades and in other flexistylous genera. therefore there is likely to
be a different genetic basis in these other groups. The effect of light was similar
across all species (Luo and Li, 2010; Luo et al., 2012; Su et al., 2017) therefore the

downstream effect of light might be variable for different species.

6.5 Taxonomic challenges of Alpinia in India

The number of species of Alpinia s.1. in India is contentious as no comprehensive
taxonomic study has been carried out for at least 19 years, especially from section
Alpinia subsection Catimbium (sensu Smith, 1990). Based on my fieldwork

experience, in the future many new species will be added. On visiting herbaria in
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India (ARUN, ASSAM, KFRI, MH, TBGT) and the UK (BM, E, K, LINN and LIV),
I found that many specimens from India were wrongly determined. This is a
consequence of the species that were described in the early 19" century, where the
original material left to study is not ideal due to poorly preserved characters, and the
species descriptions are often ambiguous. I have corrected a few of the names, but
more effort is required to clarify these problems with nomenclature and species
delimitations. This would require careful examination of herbarium specimens, live
collections in botanic gardens, and extensive fieldwork. The species collected during
my fieldwork in the Western Ghats and the North-East states in India (summer 2017
and 2018) and a few accessions in the RBGE research collections could not be
assigned names based on the taxonomic key available (Wu and Larsen, 2000). This
highlights the need for an increased collection effort across the geographic range of
species and use of molecular tools for species delimitation. Tools such as target
capture have been used to resolve species relationships (Hlavata et al., in press), and

could be applied here, too.

As reproductive isolation is critical for speciation, understanding the presence of it is
essential. Investigations of reproductive isolation is largely neglected in large
tropical groups (but see Pinheiro et al., 2016). I carried out genus-wide crossing
experiments (chapter 4) which was a first for Alpinia. Carrying out this large scale
crossing experiments for this tropical genus with a wide distribution was possible
only because of the large collection of live plants at the Royal Botanic Garden
Edinburgh. This allowed me to test the range of potential interactions across the
genus, and in the future such crossing results could be linked to geographical and
ecological isolation of species in the wild. Moreover, the large number of accessions
available gave sufficient replication for statistical analyses. This may not be possible

for other tropical taxa, but smaller scale studies can be carried out where possible.
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6.6 Implications for conservation

As many species are now threatened due to habitat loss and fragmentation, there is
an urgent need to conserve them (Corlett, 2016). Nic Lughadha et al. (2020)
estimated that about 39.4% of all vascular plants are threatened and the main drivers
of biodiversity loss are changes in land and sea use, climate change, and exploitation
of organisms. Geographical biases were also visible with tropical Asia having a gap
in assessments on the Red List compared to Africa. The average number of species
being described every year is about 364 from Southeast Asia (excluding India,
Bangladesh and Bhutan) in addition to the 50,000 that have been recorded (Raven et
al., 2020). The Environmental Information System (Botanical Survey of India)
reports that there are over 18,000 angiosperms that include over 4,000 endemic

species in India (Floral Statistics of India 2018, BST ENVIS). But the Red List

assessment coverage of India is low whereas the proportion of species threatened is
relatively high (Nic Lughadha et al., 2020). Therefore, the need to explore, collect,

and document species is vital in India and tropical Asia in general.

In Indian Alpinia, few species have been assessed such as A. conchigera and A. nigra
(least concern), A. manii (vulnerable), and A. malaccensis (data deficient) (IUCN
2020). Several species in the Zingiberaceae that are now being described are data
deficient (Hareesh and Sabu, 2018; Ashokan and Gowda, 2019). The identity of
many widespread species such as A. malaccensis need to be clarified as the original
description was vague and this has caused erroneous application of this name for
what are possibly different species (Lim, 2016). Therefore more effort is needed to
clarify names and accurately circumscribe species, prior to further conservation
assessments. Increased collection effort coupled with detailed morphological studies
are critical for species delimitation in Indian Alpinia, which will be part of a broader
investigation of the problematic subsection Catimbium throughout its range from Sri
Lanka to New Guinea (Smith, 1990). Most of the species from the Catimbium clade
that I examined throughout the course of my PhD could not be delimited as there is a
lack of a comprehensive taxonomic key. There may be a few new species from this

section that need to be described.
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6.7 Concluding remarks

This thesis has highlighted the taxonomic challenges in the tropics and emphasised
the importance of carrying out taxonomic, ecological, and genomic studies in parallel
for understanding the evolutionary history of tropical taxa. There is a big gap in
biodiversity of tropical taxa that needs filling (Pimm and Joppa, 2015; Corlett, 2016).
The conservation status of species cannot be assessed if they have not been
described. This is a common problem in species-rich regions in the tropics, where
there is a big conservation gap (Corlett, 2016), and many Zingiberaceae species are
found in these regions (Larsen et al., 1998). Therefore, a concentrated taxonomic
effort to collect more species for herbarium and live collections, ex sifu conservation,

along with utilisation of genomic resources to protect plant species is essential.
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