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Abstract

Flower morphology is an important aspect in horticulture as it can be used to create new varieties, it
plays an important role in pollination and it influences the visual appeal of a plant. The genus Clivia
is important in horticulture due to the plant’s ornamental value, adaptability, low maintenance
requirements, easy propagation and showy flowers. The genus comprises plants that exhibit two
distinct flower morphologies, namely, the pendulous (drooping) and non-pendulous (upright) forms.
The aims of the study were to sequence the transcriptome of the two Clivia flower shapes; identify
flower morphogenesis genes and identify differentially expressed morphogenesis genes between the
pendulous and non-pendulous Clivia flowers. lllumina sequencing and analyses generated a 200
MB Clivia flower transcriptome. A total of 36 flower development-related genes from the Flower
Interactive database (FLOR-ID) were identified, including AGAMOUS, APETALA, SEPALLATA,
PISTILATA, TERMINAL FLOWER1 and WUSCHEL. DE analysis resulted in 7,303 DEGs which
were annotated using the SwissProt/Uniprot, KEGG, GO, PANTHER, Pfam, TMHMM, SignalP,
EggNog and RNAmmer databases. The top three species with sequence homologies to the
annotated Clivia transcriptome were Arabidopsis thaliana, Zea mays and Oryza sativa. Several
transcription factors were found to be unique to each flower form, including a MADS-box gene
likely to be responsible for the different morphologies. Our results contribute towards
understanding the molecular mechanisms of flowering, flower development and morphogenesis in

Clivia.

Keywords: Clivia, differential expression, flower development, MADS-box, morphogenesis, next-

generation sequencing, transcriptome analysis.
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Clivia is a genus from the Amaryllidaceae family. The genus is distributed along the east
coast of South Africa and Swaziland (Ran et al. 2001). The genus consists of herbaceous, perennial
monocotyledonous angiosperms with green strap-like leaves and bright flowers of varying colours
(Spies et al. 2011). The plant also produces berries that are somewhat spherical and contain ivory-
white coloured seeds. The bush lily, as it is sometimes called, occurs naturally in habitats including
riverbanks, swamps, dunes and forests (Swanevelder 2003). Specimens usually flourish in shaded
habitats with well-drained soil. Clivia species are cultivated in most parts of the world including
Australia, China, Japan and the United States of America (USA). Moreover, clivias produce
alkaloids with medicinal properties (Hirasawa et al. 2022). Thus, it is a horticulturally and
medically important genus. The genus comprises non-model plant species and therefore

developmental studies and gene discovery is not as extensive as reported for model plants.

Flowers are an important part of nature for several reasons, besides horticulture. One reason,
possibly the most important of all, is that flowers have a responsibility in plant reproduction. The
morphology of a flower (which serves as the reproductive organ of a plant) is very important for
complete pollination to occur. Flower morphology needs to allow the suitable pollinator to access it
successfully and easily i.e., tubular/trumpet shaped flowers for bird pollinators or funnel-shaped
flowers for butterfly pollinators. The mismatch of flower morphology and the type of pollinator will
hinder pollination and thus halt reproduction. To ensure reproductive success, angiosperms have
diversified immensely with regards to floral colour, scent, size, morphology and flowering time.
Research on the evolutionary and developmental genetics of floral display and diversification has
created a foundation for insights into the genetic basis of flower morphogenesis and formation
(Theissen and Melzer 2007), and thus, the molecular regulatory interactions that could possibly

control morphogenesis of Clivia flowers.

Several regulatory transcription factor (TF) genes have been identified through forward

genetics and linked to the developmental control of floral shape. The molecular basis of floral organ
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development has been studied in model plants such as Arabidopsis thaliana and Antirrhinum majus
(Bowman et al. 1989; Schwarz-Sommer et al. 1990), leading to the development of the ABCDE
model (Almeida et al. 1997). Flower architecture is controlled by interactions among regulatory
genes involved in the ABCDE model of flower development. Interestingly, the functions of the
ABCDE model genes appear to be conserved in angiosperms (Wozniak and Sicard 2018), providing
us with a foundation to study the process in any plant species. The discovery of the MADS-box
gene family as well as the ABCDE model of flower development created a foundation that genes
involved in the initiation, morphogenesis and flowering are conserved among angiosperms (Shore
and Sharrocks 1995). This implied that phenotypic variation between closely-related species may be
due to differentially expressed regulatory genes, which are either upregulated or downregulated
(Chen 2007). Fortunately, advances in next-generation sequencing technolgies(NGS), as well as
comparative transcriptome analysis methods have made it possible to identify regulatory genes that
may be responsible for morphological differences between particular flowers (Eveland et al. 2010;

Schneeberger 2014; Bian et al. 2019).

The overall aims of the study were to:

» Use NGS to sequence and de novo assemble transcriptome
» ldentify flower morphogenesis genes.
> ldentify differentially expressed morphogenesis genes occurring between pendulous

and non-pendulous Clivia flowers.
The objectives of the study included:
» Plant sampling and RNA extraction
» Next-generation sequencing of the RNA-derived from pendulous and non-pendulous

flowers of Clivia.
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» Assemble and characterize the pendulous and non-pendulous and combined

transcriptome.

> ldentify flower development and morphogenesis genes as well as possible gene

interactions that control flower morphogenesis in the two flower forms.

> ldentify differentially expressed genes (DEGs) that may be responsible for

pendulous and non-pendulous flower forms.

This dissertation is presented in the following manner: Chapter One will comprise an
extended review of the literature. The first section will describe the morphology, climate and
distribution of Clivia species. Then, the second section will cover the genetics of flower
development, and the final section will explain NGS as a technique and its applications in gene

discovery and expression analysis

Chapter Two will describe the materials and methods used to address the objectives of this
study. These will include defining the selected plant material, the RNA extraction protocol, various
bioinformatic techniques and software. Chapter Three will describe the findings obtained after
performing different experiments outlined in Chapter Two; Chapter Four will discuss the meaning
of the findings. Chapter Five will comprise general concluding remarks that seek to address the
objectives relating to the aims of the study. The final chapter, Chapter Six, will contain all

references cited in the document.
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Chapter One - Literature review

The genetics of flower development and its implications in the non-model
horticultural crop Clivia miniata.



Chapter 1: Literature review

1.1. Introduction

Flowers are important plant parts that ensure the successful reproduction of angiosperms
(flowering plants), providing food for birds, humans and insects as well as serving as medical
remedies. Flowers serve as the reproductive organs of all angiosperms and they show variations in
their colour, size, scent, structure/shape as well as flowering time (Sauquet et al. 2017).
Angiosperms have evolved and diversified in many ways. For example, plants show off their
flowers to ensure reproductive success (Ma et al. 2017). Flowers have male and female reproductive
parts (carpels and stamens, respectively) that partake in plant reproduction (Stegemann et al. 2019).
A standard flower typically has four main organs, namely, sepals, petals, carpels and stamens
(Wessinger and Hileman 2016). Sepals are the outermost organs that protect the flower bud before
anthesis and maturation. Petals are usually perceived to be the beautiful and brightly-coloured
organs that attract pollinators to the plant (Bercu et al. 2017). The arrangement of floral organs can

influence the overall morphology of the flower.

Clivia is a genus of monocotyledonous angiosperms within the family Amaryllidaceae (Ran
et al. 2001). Commonly referred to as ‘clivia’, the plants are herbaceous with green, strap-like
leaves and brightly-coloured flowers (Spies and Spies 2018). Flowers of Clivia species typically
have three sepals and three petals that are collectively referred to as ‘tepals’. This is mainly due to
the organs’ similarity in shape and colour (Yue et al. 2018). Members of the genus Clivia occur
naturally in southern Africa, albeit the plant has been cultivated in most parts of the world including
Australia, Belgium, China, Japan, New Zealand and USA (Liu et al. 2020). Clivia is of high interest
to enthusiastic breeders and collectors (Biggs 2021). Being a non-model plant means that there are
many under-explored research aspects regarding this plant, such as the molecular basis and
regulation of flower development. In-depth knowledge of the genetic regulatory network of flower
development would be advantageous to plant breeders and horticulturists as they would be able to

better plan and produce desirable crops.
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Chapter 1: Literature review

Studies on the molecular basis of flower development in the model plant Arabidopsis
thaliana revealed many genes relating to organogenesis and identity (Huang et al. 2020). The
mutations and phenotypes in A. thaliana led to the development of the ABCDE model, where each
letter refers to a gene(s) from the MADS-box-containing gene family (Almeida et al. 1997). NGS
technologies are essential tools that have made it possible to study many gene families in different
flowering plants, including non-model species (Ward 2012). Such technologies include the popular
[llumina  (https://www.illumina.com;  Shendure and Ji 2008) and lon Torrent
(https://www.thermofisher.com /za/en/home/brands/ion-torrent.ntml; Rothberg et al. 2011)
platforms that permit fast, accurate, efficient and cost-effective sequencing of nucleic acids (Sasaki
et al. 2017). Increasing evidence from flower development studies suggested that the ABCDE
model is universally conserved in angiosperms, and RNA sequencing experiments (an NGS-based
research strategy) have been instrumental in the discovery and expression profiling of many flower

development genes (Li et al. 2017; Wozniak and Sicard 2018).

The objectives of this literature review were to 1) describe the climate, distribution,
relationships and morphological differences of species in the genus Clivia; 2) report on the species’
importance for horticulture and for medicinal purposes; 3) discuss the genetics of flower
development, including the endogenous and exogenous pathways of flowering, the ABCDE model
of flower development as well as the architecture of gene regulatory networks that control flower
development in angiosperms; and 4) describe the background of NGS techniques and applications

of such techniques in gene discovery and expression analysis studies.
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Chapter 1: Literature review

1.2. Clivia — defining the plant.

1.2.1. The morphology of a typical Clivia flower.

In Clivia, petals are usually wider than sepals, but because they are so similar, they are
jointly referred to as ‘tepals’. Each flower consists of six tepals that are fused at the base in a
tube-like manner. Individual flowers typically possess six stamens that have long filaments and
end with anthers (Fig. 1.1). Stigmas (the sticky knob at the top of the pistil) are positioned at
the end of the style (slender stalk within the plant) and can usually be seen protruding past the
length of tepals. Although the basic structure remains the same, flowers from certain species
are upright and open, whereas others are narrow and hang downwards (Duncan 2004,
Koopowitz 2002; Swanevelder and Fisher 2009). These are referred to as non-pendulous (open,

upright) and pendulous (narrow, drooping) flowers, respectively.
1.2.2. Flower morphology in the genus Clivia

Clivia are evergreen, rhizomatous plants that have stiff, strap-like distichous leaves. The
inflorescences have several flower stalks/pedicels (pseudo-umbel) that spread from a common point
and grow on a solid, compressed peduncle, that produces predominantly red sub-globose berries.

The berries have yellowish or ivory-white seeds buried in a yellow pulp (Koopowitz 2002).

The most common and commercialised species in the genus Clivia is C. miniata (Fig. 1.2F).
Clivia miniata typically produces 10 — 40, upright, trumpet-shaped, open flowers (Kiepiel and
Johnson 2021). Although similar, the pendulous flower forms differ in minor ways including the
number of flowers on a plant, tepal length, recurving (curving inwards) tepal tips and green tipped
flowers. The most remarkable difference in flower shape remains that of the non-pendulous flower
form Clivia robusta (Fig. 1.2A), for example, is regarded as the tallest of all the Clivia species and
usually has 30 — 55 mm long falcate (curved like a sickle) flowers with a flaring apex. A typical
Clivia nobilis (Fig. 1.2B) specimen has about 28 — 40 flowers per inflorescence with slightly

curved, drooping green pedicels and a compact umbel (Dixon 2011). The flowers are tubular and
20



Chapter 1: Literature review
linear with straight inner petals that range from 20 to 40 mm in length. Clivia mirabilis (Fig. 1.2C)
typically produces 20 — 48 drooping falcate flowers (about 35 to 50 mm in length) with increased
flaring towards the apex of the flower. Their drooping pedicle is red or orange during flowering and
green during fruiting (Rourke 2002). Clivia caulescens (Fig. 1.2D) has a tight umbel that is
flattened on one side. The pedicle is erect and drooping towards the flower. Flowers are typically 30
— 35 mm long, tubular and curved with inner petals being recurved (deflecting downwards) (Abel
and Abel 2003). Clivia gardenii (Fig. 1.2E) has flowers that are tubular and falcate toward the tips
with recurved inner petals hanging on stiff red or orange pedicles. This species typically has 10 — 20
flowers that are usually 40 — 52 mm long. The leaves are recurved and have loose inflorescences

flattened on one side and rounded on the other (Swanevelder 2003).

Stigma

Anther

Tepal

Filament

Style

Ovary (with ovule)

Pedicle

Figure 1.1: A diagram showing different parts of the flower in Clivia miniata. The anthers and
filaments are collectively termed the stamen and the carpel consists of the ovary, stigma and style.

Diagram obtained from Snyman (2010).
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Chapter 1: Literature review

1.2.3. The genus Clivia and its climatic preferences.

Clivia species have been cultivated as ornament plants worldwide and are highly important
in horticulture. The genus Clivia was first described in 1828 by Lindley and Hooker independently.
However, in many publications, Hooker is omitted. The genus Clivia comprises sex recognised
species (Fig. 1.2). The first species to be described was Clivia nobilis (1828). Then, Clivia gardenii
was described in 1856 by Hooker. In 1864, Regel described Clivia miniata. It was followed by
Clivia caulescens, which was the first species to be scientifically described in South Africa by Dyer
in 1943 (Duncan 2004; Koopowitz 2002). Clivia mirabilis was described by Rourke 2002. The last
species to date, Clivia robusta was identified by Murray et al. (2004). Initially, C. robusta was
grouped together with C. gardenii and the morphological differences between the two species were
attributed to natural variation (Murray et al. 2004). It was only in 2004 that C. robusta was
recognised as a separate species. The species C. robusta is still commonly referred to as the ‘robust

form’ of C. gardenii.

Clivias are evergreen, resilient plants that can grow in any type of well-drained soil and
shaded habitat (Spies et al. 2011). They thrive in a wide range of terrains along the east coast of
southern Africa, including forests, swamps, dunes and riverbanks (Duncan 1999). Specimens prefer
cool areas with summer rainfall. They can sometimes exist as epiphytes — plants that grow on other
plants, commonly referred to as “air plants” because they are not anchored in the soil (Honiball and
Robbertse 2001). Clivia specimens desire growth positions under trees, shady garden corners or in
large pots on porches (Duncan and Du Plessis 1989). Overall, climatic preferences of the different

Clivia species affect the natural distribution of different Clivia species.

So, C. mirabilis prefers the drier climate prevalent in the Northern Cape Province of South
Africa (Murray et al. 2011). In fact, the anatomy of C. mirabilis and C. nobilis show features that
have developed to survive in arid environments (Matimati 2017). Such features include the semi-

succulent, stiff and leathery leaves that contain cutan, a biopolymer usually found in plants that are
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Chapter 1: Literature review
adapted to survive during prolonged periods of drought (Cookey et al. 2018). The roots of these two
species are also adapted to aerated leaf litter (not soil), and have strong absorbent and water storing
properties (Rourke 2002). All Clivia specimens may survive and grow in any type of soil, but then
they will flower poorly. Rather, these plants are distinctly adapted to wet and dry periods on rocks
or in leaf litter. The roots require a lot of oxygen around them and do not prefer being submerged in

water (Gagiano 2006). For this reason, thick soils like clay soils are not ideal for plant growth.

Clivia plants do not prefer direct sunlight or scorching hot temperatures, even during
daytime. They prefer temperatures between 5°C and 32°C (Honiball and Robbertse 2001). The
natural habitat of Clivia specimens is mostly forests. Forests are crowded with trees that provide
shade to make this a suitable environment (Shawky 2016). Fallen leaves act as mulch and therefore

protect the plants from frost in extremely cold conditions.

The flowering times of different Clivia species are mirrored by habitat conditions such as
rainfall peaks where they prefer bimodal rain. Bimodal rain (a rainfall period during two wet
seasons separated by a dry season) in thicket climates peak in early autumn and late spring, but
copious rain may fall at any time of the year (Dixon 2011). Clivia mirabilis, C. nobilis and C.
caulescens usually flower around October to November (Voster 1994; Duncan 2004), whereas C.
gardenii and C. robusta flower from April to June (Murray et al. 2004; Papenfuss et al. 2014).
Clivia miniata, in contrast, usually flowers around August to October, depending on where it is
located (de Smedt et al. 1996; Kiepiel and Johnson 2021). The areas of highest plant endemism in
South Africa, which happen to be the natural range of C. robusta, C. gardenii and C. caulescens,

are also the areas with the highest rainfall (Dixon 2011).

1.2.4. The natural distribution of Clivia species.

Clivia, which is also referred to as a ‘bush lily’ is endemic to southern Africa where it
occurs from the east coast of South Africa up to eSwatini, formerly Swaziland (Winter 2000) (Fig.

1.4). The most popular species of Clivia, C. miniata, occurs in eSwatini as well as the Eastern Cape,
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KwaZulu-Natal (KZN) and Mpumalanga Provinces of South Africa (Swanevelder 2003). Clivia
caulescens, on the other hand, occurs in Swaziland, Mpumalanga and Limpopo (Abel 2003). Clivia
robusta occurs in the Eastern Cape and KwaZulu-Natal, whereas C. gardenii is only found in Kwa-
Zulu Natal (Murray 2004). C. mirabilis only grows in the Northern Cape (Rourke 2002) and only in

the Eastern Cape will you find C. nobilis (Voster 1994).

1.2.5. Relationships among Clivia species

In the field of plant science, ‘form’ can refer to any plant or group of plants showing
differences in a specific character or trait. For example, yellow-flowering Clivia specimens within a
population of commonly orange-flowering plants represents a different form of clivia plants
(Conrad et al. 2003). Considering flower shape within the genus Clivia, the most remarkable
difference is the pendulous versus non-pendulous flower form (Swanevelder 2003; Conrad 2008;
Dixon 2011); while there are no major discernible differences between the pendulous species (Fig.
1.2). Therefore, it becomes interesting as to why different species exist among the pendulous flower

forms.

Phylogenetic studies have revealed that C. miniata is more closely related to C. gardenii and
C. robusta (Fig. 1.3). Ran et al. (2001) used sequences of the nuclear ribosomal 5S non-transcribed
spacer region and the 45S rDNA internal transcribed spacer (ITS) region to karyotype and
determine phylogenetic relationships among Clivia species. Analysis of the ITS region revealed
indel variations between the species, whereby C. nobilis had two nucleotides less than C. miniata,
C. gardenii and C. robusta and one nucleotide less than C. caulescens. According to Spies et al.
(2011) in a Clivia phylogenetic analysis study, C. miniata is, however, indistinguishable from its
pendulous counterparts on a molecular level. As such, this makes the current study more valuable

and interesting.
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Figure 1.2: Flower morphology in species of Clivia. A- Clivia robusta; B- Clivia nobilis; C- Clivia
mirabilis; D- Clivia caulescens; E- Clivia gardenii and F- Clivia miniata. Images obtained from

https://www.cliviape.co.za/listings/cliva-species-information and https://www.cliviape.co.za/

galleries/all.
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Figure 1.3: Phylogenetic analysis of the genus Clivia. The maximum likelihood tree is from Ran et

al. (2001).

1.2.6. The relationship between the flower morphology and pollination in Clivia

One of the few studies done on flower morphology in the genus Clivia was by Conrad et al.
(2003). Essentially, the study showed that the open, upright flowers of C. miniata are a derived
morphological characteristic. Later, Kiepiel and Johnson (2014) suggested that floral modifications
during plant diversification can explain pollinator shifts. They found that flower morphology was
responsible for the type of pollinator the plant attracts: in Clivia, all but one species (C. miniata) is
bird pollinated, whereas the remaining species are butterfly pollinated (Fig. 1.4). The difference in
pollinators is attributed to the evolution of upright trumpet-shaped flowers in C. miniata (Kiepel
and Johnson 2014). The morphology of pendulous flowers in Clivia species allows sunbirds to
reach the deeper flower parts (and nectar) while perched on the umbel stem. In the non-pendulous
C. miniata, however, it will be challenging for a bird to do this as it cannot be perched on the

inflorescence stem — something that butterflies can do with ease.
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Figure 1.4: The relationship among pollinators, flower shape and Clivia species distribution in
South Africa. Part A shows different Clivia species (named in part B) and their respective
pollinator. Part B depicts a map of South Africa showing the distribution and localities of each
Clivia species corresponding to the colour-coded labelled key. Figures obtained from Kiepiel and

Johnson (2014).

Other physiological and morphological traits unique to C. miniata include the production of
small nectar volumes and scent (Manning 2005). Clivia miniata emits volatile compounds that are
dominated by benzaldehyde, benzyl alcohol and benzyl benzoate. These compounds produce scent
that is 50 times greater than that of other Clivia species. (Manning 2005) and discernible by a
human nose. In ecological terms, floral scent is an important feature because pollinators (e.g.,
butterflies) use scent as a guide towards finding the flower. Omura et al. (1999) discussed the

relationship between scent and colour combinations in stimulating the butterfly Pieris rapae to visit
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flowers of Brassica rapa. Anderson (2003), on the other hand, explained the importance of scent
and flower colour to butterfly pollinators. Overall, scent and colour may attract many pollinators to

flowers, but then, flower morphology will filter out the most suitable pollinator.

1.2.7. Horticultural importance of Clivia species

Flower morphology, colour and patterning are some of the most sought after characteristics
in the South African horticulture market (Middleton 2015). Clivia miniata has received more
attention for its flower colour variation than the other Clivia species. However, interspecific hybrids
have become popular among breeders in countries such as China, with the pendulous Clivia species
being particularly sought after (Swanevelder 2003). Increasing interest in interspecific plants has
encouraged breeders to hybridize different species to produce new varieties in an industry where
new, different and unique equates to highly valuable and most wanted (Williamson 2008). The sale
of ornamental plants provides an avenue for innovation where growers and retailers are constantly

introducing new varieties of plants, keeping the industry dynamic and exciting.

In South Africa, a Clivia Club was founded in 1992 where public awareness on the plants
was heightened through shows and newsletters (Duncan 1999). This allowed collectors of rare
cultivars to show off their plant collection and to some degree set a sale price. Factors that
contributed to the commercial success of Clivia plants was, apart from the showy flowers, the
simplicity of its growth and hybridization (Swanevelder 2003). So far, commercially sold Clivia
hybrids were largely produced in South Africa (Rourke 2002), and they have reached prices in the
region of R100, 000 for a single plant (Naicker 2019). The sale of ornamental plants plays a
significant role in the growth and sustainability of the constantly evolving horticulture industry in

South Africa.
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1.2.8. Medicinal properties and importance of Clivia

Clivia species, specifically C. miniata, is not only important to South Africa’s floriculture
industry, but also the informal traditional medicine fraternity. It has been shown that plant extracts
from C. miniata can be used as medicine to treat human illnesses including fevers, coughs, malaria,
pneumonia and influenza (Growers 2017). Some local and rural communities in southern Africa use
the plant to induce or facilitate child labour whereas others even use it as an antidote for snakebites
(Musara et al. 2021). Hirasawa et al. (2022) identified many alkaloids that may be responsible for
the plant’s antiviral, antimicrobial and antidiabetic properties. These properties make the plant
highly sought after and the lack of legislation and protection has made C. miniata a threatened
species in the wild due to uncontrolled harvesting by community members, traditional healers, and
plant collectors (Williams et al. 2013). The loss of habitat caused by agriculture and urbanization is
also a contributing factor that could drive the wild population into extinction (Aubrey 2001).
Altogether, Clivia is considered “vulnerable” on the International Union for Conservation of Nature
(TUCN) red list of threatened species due to its medicinal properties, overharvesting and habitat

disruption.

1.3. The genetics of flower development

Flowering is arguably one of the most important phases during plant development. It is
essential that a small flower bud develops and matures into a flower. Flowering is particularly
important for animal and insect-pollinated plant species because the more visually appealing the
flower is, the higher the chance of it attracting pollinators and being pollinated (Reid 2005).
Reproduction is one of the key measures of plant fitness and flowering is essential for reproduction
to take place (Vimont et al. 2019). Reproduction varies a lot in response to environmental cues.
However, the genetic determinism of reproduction, and more specifically flowering, is not well
understood in most non-model plants, such as Clivia. For a plant species to survive and thrive,

flowering needs to be regulated timely (Funnel 2016). Weather conditions, pollinators, flowering
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time, as well as endogenous (autonomous and gibberellin pathways) and exogenous cues
(vernalization and photoperiodic pathways) need to be concise such that flowering can result in
successful reproduction (Bernier and Perilleux 2005). In the model plant Arabidopsis thaliana, four
pathways relating to flowering have been described thus far (Cheng et al. 2017). These include the
autonomous, gibberellin, photoperiod and vernalization pathways, and they will be described

below.

1.3.1. Endogenous and exogenous pathways leading to flowering and floral

development.

One of the main environmental cues toward flowering is prolonged periods of cold weather,
such as during winter or in artificially induced cold conditions by refrigeration. This process of cold
exposure is known as vernalization, and it prepares plants for flowering (Sheldon et al. 1999; Austin
et al. 2005). However, additional factors may be required for flowering to initiate (Fig 1.5).
Typically, the expression of a gene called FLOWERING LOCUS C (FLC) will prevent flowering by
repressing the expression of flowering promotion genes, including the SUPPRESSOR of
OVEREXPRESSION of CONSTANS (SOC1) and FLOWERING LOCUS T (FT) (Michaels and
Amasino 1999). In the vernalization pathway, cold conditions reduce the expression levels of FLC
and, in turn, increase the expression levels of SOC1 and FT. This then initiates flowering. Further,
FLC can also alter flower morphology via the repression of SEPALLATA (SEP), a floral
morphology regulator (Deng et al. 2011). The importance of the vernalization pathway lies in its
ability to regulate the timing of flowering, ensuring that plants do not flower too early or too late as

this can impact plant growth and reproduction.

The photoperiodic pathway, which is regulated by photoperiodic signals, can induce
flowering by inducing floral promotion genes SOC1 and FT (Helliwell et al. 2006). Floral meristem
identity genes LEAFY (LFY) and APETALAL (AP1) are activated by the floral integrators (SOC1

and FT) along with gibberellins and a product of FLOWERING LOCUS D (FLD) to effect a
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developmental change from the vegetative to reproductive phases. FLC expression is maintained by

a complex involving FRIGIDA (FRI), Polymerase-Associated Factor (PAF) and SWI2/SNF2-

related 1 chromatin Remodelling Complex (SWR1) during the vegetative phase (Alexandre and

Hennig 2008). Plants with recessive FLC alleles will tend to flower too early due to SOC1 and FT

not being repressed (Searle et al. 2006). Once flowering is initiated, several MADS-box

transcription factors (TFs) known as organ identity genes (including AP1, PISTILLATA (PI),

AGAMOUS (AG) and the paralogs SEP1-4), will control the differentiation process (Villar et al.

2020). These TFs will interact in an assembly known as the ‘ABCDE model of flower

development’, which ensures that correct genes are expressed in a temporally coordinated manner,

and ultimately, flower organs develop in corresponding whorls during development (Fernandez et

al. 2014).
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Figure 1.5: The four main endogenous and exogenous pathways of flowering in Arabidopsis

thaliana (adapted from Williamson 2008). Photoperiod pathway (yellow), autonomous pathway

(pink), vernalization pathway (blue) and gibberellin pathway (orange).
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Studies have shown that flowering genes are conserved in flowering plants (Ng and
Yanofsky 2001) and this provides an interesting starting point for research in non-model species.
Tzeng et al. (2003) determined that SEPALLATA-LIKE genes are highly expressed in petals,
carpels, stamens and sepals of mature Arabidopsis thaliana flowers in comparison to buds. As
expected, these genes were not expressed at all in leaves. Zhao et al. (2021) found high expression
levels of AP1 during the final stage of dormancy in flower buds of Populus tomentosa. In another
study, Vimont et al. (2019) defined and studied the five stages of flower bud development in sweet
cherry plants and found the expression of AG and AP3 to peak during eco-dormancy (stage 5 bud,
the stage they described as the final bud stage). Therefore, this means that the eco-dormancy stage

may be ideal for studying gene expression during flower development in angiosperms.

1.3.2. Arabidopsis as a model plant in flower development studies

The mystery of flower formation has been pondered for centuries (Mandel and Yanofsky
1995). Remarkable progress over the years using model plants such as Arabidopsis thaliana and
Antirrhinum majus has led to a simple model that describes the genetic control of flower formation
(Almeida et al. 1997). As a model plant, A. thaliana plays an important role in plant genetics and
research (Meyerowitz 2001) as it has many characteristics of a good model organism. First, the
plant matures very rapidly and has a very short lifecycle (six weeks) compared to other angiosperms
(Dinneny et al. 2005). Second, the plant is phenotypically small and occupies little space (Koorneef
and Somerville 2002). This means many individual plants can be grown in a small space such as a
laboratory. Third, the genome sequence has been determined completely. In fact, A. thaliana was
the first plant to have its whole genome sequenced (Kaul et al. 2000). Last, the plant is easily
manipulated, i.e., genetic transformation of the plant is generally not a tedious task and gene
function studies can be done easily (Alonso et al. 2003). Bowman (1997) was interested in these
characteristics and therefore studied the influence of genes on a flower’s architecture and used this

to describe a model (ABC model) of flower development.
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1.3.3. The ABC model of flower development.

A typical flower is comprised of four whorls/rings (Fig. 1.6). The first (outermost) ring is
represented by the sepals; the second ring comprises the petals. The third and fourth rings consists
of the stamens and carpels (innermost), respectively (Alvarez-Buylla et al. 2010). The letters A, B
and C in the model refer to broad classes of genes involved in flower development. Class A genes
include AP1, AP2 and LEUNIG (LEU). Class B consists of AP3 and PI and class C contains the
gene AG (Wang et al. 2020). Class A genes are typically active in the first and second ring
(Colombo et al. 1996), whereas class B genes are active in the second and third rings (Irish 2017) —
meaning, their activity overlaps with that of class A genes in the second ring. AG, the class C gene,
is usually active in rings three and four, and thereby, overlapping with class B genes in the third
ring (Coen and Meyerowitz 1991). Importantly, the activities of class A and C genes do not overlap.
In fact, these two classes seemingly antagonise each other (Kinoshita et al. 2020). Activities of the
ABC class genes will direct the meristem cells to develop into carpels, stamens, petals or sepals
(Zhao et al. 2020). Despite the diversity in flower morphology among different species, the ABC
model is integral to the development and organization of the floral organs (Thomson and Wellmer
2019). Clivia species are likely to be no exception to other angiosperms and we can, therefore, use

the ABC model as a guide to study flower morphogenesis in the genus.

1.3.4. Mutations in flower development genes

Mutations in one of the genes in the three classes may affect the morphology and structure
of flowers (Shi et al. 2020). Interestingly, when class A genes are mutated, class C genes may take
over their roles (McCarthy et al. 2015). Thus, stamens may develop in the place of petals and
carpels may develop instead of sepals (Fig. 1.6). Mutations in the class C gene may replace carpels

with sepals and stamens with petals (Duttke et al. 2012).

The variation in flower structure typically relates to differences in organ numbers and sizes

between plants (Wang et al. 2012; Sornchai et al. 2020). In A. thaliana, a regulatory assembly that
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is not part of the ABCDE model, involving WUSCHEL (WUS), CLAVATA (CLV) and additional
genes including ULTRAPETALA (ULT) controls flower size (Moreau et al. 2016). Mutations in
CLV may result in larger floral organs developing, whereas mutations in WUSCHEL (WUS)

produce flowers with smaller organs, and thus, smaller floral sizes (Moyroud and Glover 2017).

S

9

v @Y

Carpels Carpels Carpels

Figure 1.6: The genetic basis of flower morphology in Arabidopsis thaliana. Part A shows the
morphology of a wild-type flower in A. thaliana, B- color-coded version of Arabidopsis flower
(sepals; red, petals; purple, stamens; green and carpels; yellow). C- activity of ABC genes for the
development of each organ. D, E and F- mutant phenotypes of A. thaliana (obtained from Irish

2017).

Mutations in other genes result in some interesting floral outcomes. For instance, a mutation
in the TF protein-encoding gene LEAFY results in the development of leaves instead of flowers
(Krishnamurphy and Bahadur 2015). Also, a mutation that affects the ETTIN (ETT)/auxin
interaction causes larger flowers with extra sepals and carpels as well as less stamens (Waki et al.

2018). The ETT/ADP-ribosylation factor 1 (ARF1) complex works independently of CLV and WUS
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for the formation of larger flowers. Therefore, this shows the genetic complexity of flower

development and morphology.

Another interesting finding was that mutations in all ABC gene classes at the same time will
produce leaves instead of flowers (Pelaz et al. 2001). According to Dornelas and Dornelas (2005),
Von Goethe reported flower organs as modified leaves back in 1790 and this has now been
observed in some plants. The ABC class genes are important for the formation of different flower
organs (Refahi et al. 2021). However, reverse genetics studies on flower development genes have
yielded questionable results. For instance, when class A and B genes were activated in leaves, such
leaves did not develop into petals as expected (Pelaz et al. 2000). This led to the ABC model being
revised into the ABC-DE model (Ghaemizadeh et al. 2019). In essence, it was discovered that there
are two other gene classes (classes D and E) and their activities are also responsible for the
formation of sepals, petals, stamens and carpels (Himani et al. 2019) (Fig. 1.7). Class D consists of
the genes SEEDSTICK (STK) and SHATTERPROOF1 (SHP1) (Favaro et al. 2003) and class E
comprises of SEP1, SEP2, SEP3 and SEP4 (Ditta et al. 2004). In short, the activities of class A and
E genes produce green sepals (Moyroud and Glover 2017). When class B genes are active alongside
class A and E genes, they will together result in the petals formation. When class B genes are
combined with class A and E genes, they will result in the attractive petals. The interactions among
class B, C and E genes on the other hand, will produce stamens (male reproductive part), whereas
the activities of class C and E genes will yield carpels (female reproductive part). Class D genes
require the activity of class C and E genes to produce the ovules (Krishnamurphy and Bahadur
2015). Ultimately, all these organ identity genes in Arabidopsis are believed to be activated by LFY

and AP1 (Wellmer and Riechmann 2010).
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Figure 1.7: The revised ABCDE model showing genes in each gene class in Arabidopsis thaliana
(https://za.pinterest.com/saimas/science/) and B; Crocus sativus (https://www.amazon.com/Crystal-

Crocus-Sativus-Saffron-Bulbs/dp/BO8XTVNN71?dchild=1).

The revised ABCDE model has since been confirmed in several plant species. Tsaftaris et al.
(2011) cloned and characterized cDNA sequences encoding different MADS-box TFs that
constitute the ABCDE gene classes in saffron (Crocus sativus). Expression analyses of the isolated
genes showed that saffron supported the ABCDE model hypothesis by showing homologies as
follows: the class A gene is CsatAP2, class B CsatAP3/CsatPl, class C CsatAG and class E
CsatSep. Elsewhere, Yamade et al. (2009) established that expression of the class D gene STK was
responsible for the formation of ovules in alloplasmic wheat lines (Triticum aestivum L.). Similarly,
studies in different cereals (Ali et al. 2019) also found evidence supporting the ABCDE model. In

rice (Oryza sativa), the class B and C genes’ functions are dependent on the activity of class E
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genes to specify stamen and petal development (Fornara et al. 2003). Therefore, the ABCDE model

is essential for understanding the development and interconversion of different flower organs.

1.3.5. Polypetalous flowers

Some changes in phenotypes caused by mutations result in desirable traits. A polytepalous
clivia is surely of high horticultural value. A ‘double flower’ is a showy bloom that is characterised
by 17 to 25 petals revolving around the centre of the flower (Nashima et al. 2021). It is sometimes
referred to as a flower within a flower (Mandel and Yanofsky 1995). Examples of plants exhibiting
double flowers include hybrid tea rose, carnations and camellias (Meyerowitz et al. 1989). Another
contributor to flower structure is the type of organs the flower is made of (Lin et al. 2021). Roses,
for example, evolved from just five petals to having over 40 petals in modern-day specimens due to
stamens being repeatedly converted into petals (Dubois et al. 2010). Mutations have significant

influences on floral phenotype.

The double flower phenotype has been attributed to mutations in the class C gene, AG
(Johnson and Lenhard 2011). In A. thaliana, a class C gene mutation converted stamens into petals
and carpels into a new flower, and thus, producing a double flower phenotype (Waki et al. 2018).
Similarly, in petunia, when class C genes named Floral binding proteiné (FBP6) and Petunia Mads
box gene3 (PMADS3) have reduced expression, double flowers form (Gattolin et al. 2020). This

suggest that the AG mutations directly impact flower numbers.

The interactions between AG and WUS, a gene that promotes the formation and maintenance
of stem cells, interestingly terminates the maintenance of stem cells (Lenhard et al. 2001; Lohmann
et al. 2001). Normally, AG is required for the development of stamens and carpels. However, in ag
mutants of Arabidopsis, these organs are missing (Jibran et al. 2017). Seemingly, AG regulates
WUS negatively, thus, preventing the indeterminate growth of the flower meristem (Cruz et al.

2021). The expression of WUS in ag mutants is turned off in the centre of the flower, allowing the
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stem cells to differentiate and grow into new flowers (Mohrholz et al. 2019), forming the double-

flower phenotype.

Another example of the ag mutant causing a double-flower phenotype was observed in
camellia (Camellia japonica), which is highly priced in the floriculture/horticulture market due to
its unique characteristics (Sun et al. 2014). The mutation resulted in the lack of reproductive
structures (stamens and carpels) in the flower, meaning, the plants produce an endless array of
petals creating a flower within a flower (Jibran et al. 2017; Ma et al. 2018). This phenotype can also
be predicted using the ABCDE model, whereby a new flower forms within the original flower (in
place of carpels) due to a mutation in the class C gene (Wollmann et al. 2010). Other examples are
found in the transcriptomes of yellow horn (Xanthoceras sorbifolium) and Japanese rose (Kerria
japonica) whereby the mutated AG gene (Xsag and Kjag respectively) resulted in double flowers
(Ma et al. 2018; Wang et al. 2023). NGS can be used to expand knowledge of the relationship
between class C genes and the double flower formation in addition to identifying further gene-

phenotype correlations in other gene classes and more.

1.4. Next-Generation Sequencing (NGS)

NGS has revolutionized molecular biology research including plant biology (Brautpigam
and Gowic 2010). Before the first application of NGS based on Roche’s 454 technology in 2005
(Varadaraju et al. 2021), genome sequencing studies were conducted using the ever-popular Sanger
sequencing method (Sanger et al. 1977). For example, the Arabidopsis thaliana genome was
successfully sequenced using the Sanger method and was completed in 2004 (Kaul et al. 2000).
Since then, A. thaliana has become one of the most important plants for plant molecular studies
(Hamilton and Robin 2012). Advances in plant genome sequencing provide more accurate results in

a much shorter period and at lower costs (Marks et al. 2021).

With NGS, identifying candidate genes involved in producing structural differences in

flowers has become easier. This can be done using either forward or reverse genetics (Ma et al.
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2017). For example, a specific phenotype is observed in a population and subsequently an attempt is
made to identify the genes and sequence variants/mutations responsible for that phenotype. This is
known as forward genetics. Reverse genetics is when a study aims to predict the phenotype that will
be produced from a certain sequence or specific sequence variant. NGS, being a fast, efficient, cost-
effective and high-throughput approach, provides the opportunity to fulfil the abovementioned

scenarios.

1.4.1. Transcriptome research

NGS experiments typically follow a basic workflow that consists of three parts, namely
DNA preparation, sequencing, and data analysis/bioinformatics (Fig. 1.8) (Hess et al. 2020).
Initially, the Dbiological sample is collected and identified. Then, from this sample, cDNA is
synthesised, which is followed by library preparation (fragmentation, size selection and the addition
of linkers) and the sequencing of cDNA templates. Lastly, the raw data (in the form of short

sequence reads) produced from the NGS platform is analysed (Griffith 2015).

As an example, the Illumina protocol is described. The process of Illumina sequencing starts
with the isolation and purification of RNA (Cheng et al. 2017). Transposomes then fragment the
MRNA and tag it with adapters. Each fragment will be amplified in lanes, on a glass slide, that have
different oligonucleotides complementary to the two adapters (Fig. 1.9). The fragment will bind to
one complementary oligonucleotide, then DNA polymerase synthesises the second strand of the
fragment. The now double-stranded molecule is melted and the template strand is discarded, leaving
behind the strand that has just been synthesized. This strand folds over and aligns with the
oligonucleotide complementary to the alternate adaptor (opposite end of the fragment) and the
strand is used as a template, now in the opposite direction. After DNA synthesis, the two strands of
the ds DNA are separated by melting and will bend bind to open oligonucleotides on the glass slide.
This method of DNA amplification is called bridge amplification. This happens in all the clusters.

After the removal of all the reverse strands, only forward strands are left for sequencing.

39



Sample collection

l

Total RNA isolation

l

mRNA fragmentation
+

Linker addition

a-

v

Quality filter reads

v

Map reads to reference
or
Assemble reads de novo

l

Transcript abundance
quantification

l

Differential expression
analysis

l

Gene Ontology/

Pathway analysis/
RT-qPCR validation

(compiled using information from Singh and Jain 2014 and Griffith 2015).

Chapter 1: Literature review

FastQC +
BBDuk

SOAP/BLASTX

[r— or

Trinity

Salmon/
Kallisto

DESeq/
edgeR

Figure 1.8: A typical RNA-Seq experiment workflow from sample preparation to data analyses

The process of sequencing by synthesis of DNA fragments based on Illumina process has

been reviewed many times before (Bentley et al. 2008; Liu et al. 2012; Sucker et al. 2012; Knief
2014; Taheri et al. 2018; Layton et al. 2019; Bjornson et al. 2020; El-Bairi et al. 2020; Nelson and
Stewart 2020; Schilbert et al. 2020). When a nucleotide is incorporated on the newly synthesized
strand, the clusters on the glass slide are excited and emit light because each nucleotide has a
fluorescently labelled tag. This is done in a massively parallel way, whereby all the fragments that

emit the same colour are sequenced simultaneously. This happens for the reverse fragments as well,
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and then, the forward and reverse sequences are paired to create contiguous sequences. When
aligned, these sequences are termed as paired-end (PE) reads. The raw PE reads can then be used

for part three of the process, data analysis.

After sequencing, the data files containing raw sequencing reads are usually in the fastq
format. The software FastQC (https//bioinformatics.babraham.ac.uk/projects/fastqc/), for example,
can be used to open and visualise the data (Huang et al. 2020). The data will then undergo quality
control analysis including adapter removal and length trimming followed by conversion to fasta
format if necessary (Montero-Vargas et al. 2020). The quality trimmed reads can be mapped against
a reference genome (if available) or assembled de novo. Having a reference genome sequence
should simplify sequence assembly as well as the mining of many candidate genes. Also, a
reference genome can serve as a vital resource for investigating gene functions (Vlk and Repkova

2017).

After read mapping, information about the number of reads that mapped to the genome and
putative genes in the genome will be available. Further, read mapping data can also be used to study
gene expression within and between samples. An R-based programme such as edgeR

(http://bioconductor.org/packages/release/bioc/html/edgeR.html; Robinson et al. 2010) is better

suited for scenarios where less than 12 biological replicates are being studied, whereas DESeq2
(http://www.bioconductor.org/packages/release/bioc/html/DESeqg2.html; Love et al. 2014) is ideal
where more than 12 replicates are available (Pessoa et al. 2021). The identification of differentially
expressed genes (DEGS) can help to discover candidate genes involved in different phenotypical or

morphological scenarios
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Figure 1.9: Illumina’s sequencing-by-synthesis procedure (image obtained from Chaitankar et al.

2016).
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1.4.2. Using NGS for gene discovery and gene expression analyses

Every cell in the multicellular organisms contain an identical genetic makeup but differ in
the genes that are expressed, giving rise to a variety of cell types (Unamba et al. 2015). RNA
sequencing (RNA-seq) is an NGS approach used to analyse the expression level of mRNA and
enable the identification of genes that are expressed at any given time (Hong et al. 2021). The main
limitation of RNA-seq as a genotyping tool specifically is that several genes in certain tissues may
be lowly expressed or not expressed at all. (Onda and Mochida 2016). The advantages, however,
outweigh the limitations because RNA-seq provides an enormous amount of information on
expression in the form of either global or local gene expression profiles that reveal a specific section
of the entire gene set (Wang et al. 2009; Liu et al. 2012; Stickler et al. 2012; Taheri et al. 2018).
Overall, RNA-seq can be used to perform gene discovery and expression analyses, particularly in
non-model organisms. The applications of NGS in gene discovery and expression analyses provide

a basis for deeper understanding of processes such as flower development.

1.4.2.1.  Applications for in gene discovery

NGS can be used to discover many candidate genes simultaneously (Xu et al. 2021). For
example, Sasaki et al. (2017) confirmed that almost all flower development TF gene families
associated with flower morphology reported in A. thaliana were also present in Chrysanthemum
morifolium including AP3 and PI. However, they also identified new MADS-box TFs such as the
TM6 gene identified for the first time in C. morifolium that is putatively involved in diverse floral
trait formations such as floral architecture, petal shape and patterning (Sasaki et al. 2017). Liu et al.
(2017) detected a total of 12,664 DEGs between a normal and a malformed flower of a sugar-apple
(Annona squamosa), of which 701 were flower development-associated that, in turn were mostly
downregulated in the malformed form. The downregulated DEGs included AGAMOUS-LIKE 9
(AGL9), SEP1, AP1-LIKE, AP3-LIKE and PI. Gene discovery using NGS is not only limited to

developmental genes. For example, Illumina sequencing was used to identify drought resistance-
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induced TFs including dehydrins (DHN), Rubisco-binding protein (RBP) and calpains (ClpA and
ClpP) in red clover (Trifolium pratense) (Vaseva et al. 2011). Also, Garnica et al. (2013) applied the
RNA-seq method to search for genes that may aid the breeding of wheat lines that are resistant to
the damaging pathogen, Puccinia striiformis. Overall, NGS techniques can be used for the

discovery of candidate and novel genes involved in specific plant functions.

1.4.2.2.  Applications for gene expression analysis in flower
development

Differential gene expression analysis, in the context of NGS, refers to the use of statistical
tools to compare quantitative changes in expression levels between two or more experimental
sample groups (Salimonti et al. 2021). DEGs can provide valuable information on a wide range of
processes such as flower development and morphogenesis. There are many statistical packages that
can be used for expression analyses because, as NGS methods advance, so do the packages. Yang et
al. (2020) identified 7,395 floral development DEGs in daylily (Hemerocallis citrina) using the

Cufflinks software (http://cole-trapnell-lab.github.io/cufflinks/manual/; Trapnell et al. 2010).

Most of the DEGs were related to the regulation of the two processes (flower opening and
senescence), which are the most import processes during daylily flower development (Nitta et al.
2010). NGS expression analysis is not limited to flower morphogenesis. Zeng et al. (2017) used
RNA-seq to investigate gene expression in three developmental stages of crested wheatgrass,
namely, the stem elongation stage, boot stage and anthesis. A total of 1,544 DEGs were identified
between the stem elongation and boot stages, whereas 1,671 DEGs were detected between the boot
and anthesis stages. Among the many DEGs was a circadian clock gene that showed higher
expression in the stem elongation stage than in the boot stage, indicating its role in the transition to

flowering (Zeng et al 2017).

Singh and Jain (2014) also used RNA-seq analysis to profile the expression of transcripts

during flower development in chickpea (Cicer arietinum). The expression of 1,572 genes were

44


http://cole-trapnell-lab.github.io/cufflinks/manual/

Chapter 1: Literature review
differential in floral tissues as compared to vegetative tissues. Among these, 1304 genes were
upregulated and 269 genes were downregulated in floral tissues. Hu et al. (2021) used fertile and
sterile Chinese cabbage (Brassica rapa) flowers before and after stamen (male reproductive organs)
maturity. The sterile and fertile flowers had 5,645 DEGs in common, which suggested that these
genes are important for stamen development. The fertile line had 6779 unique DEGs possibly
indicating that these genes may be important for normal stamen growth. Genes unique to particular

phenotypes can be studied further to uncover their involvement in morphogenesis.

1.5. Concluding remarks

The genus Clivia is naturally distributed along the east coast of South Africa and some parts
of Swaziland. The plant prefers shady areas with little to no direct sunlight, especially in hot
climates. Clivia consists of six species, five with pendulous flowers and one with non-pendulous
flowers. The two morphologies are distinct and have different pollinators. This genus is of medical
and horticultural importance due to its medicinal properties and showiness, making it a good genus
to unravel further for morphology studies. Moreover, the differences in flower morphology within
the genus presents an opportunity to dissect the genetics of flower development in Clivia.

Previously, analysis of developmental processes and gene interactions responsible for floral
architecture in angiosperms revolved around model plants such as Arabidopsis thaliana and
Antirrhinum majus. The ABCDE model of flower development, which is the most basic and widely
accepted model that explains the genetic control of flower organ arrangement and morphology,
along with the endogenous and exogenous pathways of flowering, presents a starting point for
studying floral identity genes and transcription factors. Model species play an important role
because the activities and gene expression profiles of well-understood floral regulators can now be
analysed and compared in different species.

Numerous studies have clarified that flower development genes are to some degree

conserved in all angiosperms. There are many genes that have been shown to be involved in flower
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and organ development. Genes within these classes can be compared within a species or between
different plant species. Gene homologs can be identified in other species, gene functions can be
clearly outlined, and clearer developmental pathways can be established using NGS technologies.
The advances and efficiency of NGS can be used in transcriptome analyses to identify
morphogenesis genes and their functions in the anatomy of angiosperms, including the Clivia

genus.
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2.1. Plant material and collection

A total of nine Clivia flower buds were collected and used for RNA extraction. These included
three tiny bud (TB) samples collected from three independent pendulous plants, three intermediate
(medium) buds (IB) from another three independent pendulous plants (Clivia nobilis) and three
intermediate buds were collected from three independent non-pendulous plants (Clivia miniata;
MB) (Appendix A; Fig. S1). The plants originated from local landscape gardens in Bloemfontein
(Free State Province) and the private collection of an enthusiast in North Cliff (Gauteng Province).
All samples were snap-frozen in liquid nitrogen immediately after picking and transported to the

laboratory on dry ice. The samples were then stored in a -80°C freezer until required.

2.2. Total RNA extraction and NGS analysis

Frozen bud tissue samples were powdered with a mortar and pestle using liquid nitrogen. Then,
total RNA was extracted from each sample using the TRIzol® reagent (Thermo Fisher Scientific,
Waltham, MA, USA), based on the manufacturer’s recommendations. Specifically, approximately
0.1 g of tissue was homogenised in 500 pl of TRIzol, followed by incubation at room temperature
for 5 minutes. Next, 100 pl of chloroform was added per sample, shaken vigorously and incubated
for another 3 minutes. Centrifugation was done at 12 000 x g for 15 minutes (4°C) to effect phase
separation. The aqueous phase (top layer) was transferred to a new microcentrifuge tube and RNA
was precipitated using 250 ul isopropyl alcohol. The mixture was incubated for 10 minutes at 35 °C
and centrifuged as before. The RNA pellets were purified with 500 ul cold 75% ethanol, shaken
vigorously, and centrifuged at 7 500 x g for 5 minutes (4°C). After discarding the supernatant, the
pellet was air-dried, resuspended in RNAse-free water and incubated for 10 minutes at 58°C and
chilled on ice before spectrophotometry. The RNA’s quality was measured using a Nanodrop
Spectrophotometer (Thermo Fisher Sci.), whereas quality was measured by gel electrophoresis

(1.2% (w/v) TAE agarose gels). The extracted total RNA was sent to the ARC Biotechnology
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Platform (https://www.arc.agric.za/pages/btp.aspx) for NGS on an Illumina HiSeq2500 platform.

As further validation, the ARC BP also analysed the RNA samples for quality and quantity.

2.3. Read filtering based on quality and length

Upon receiving sequence data from the ARC, the raw reads were filtered for base call quality and
length. Read quality was inspected using the software FastQC version 0.11.5
(http:/bioinformatics.babraham.ac.uk/projects/fastq). To filter the reads based on quality, sequences
were freed of adaptors and trimmed using the BBDuk shellscript from the BBtools package
(http://jgi.doe.gov/data-and-tools/bb-tools/) in a two-step process. The first step entailed trimming
the Illumina adapters from reads and the second step is where the clean reads were obtained by
removing low quality reads. Subsequent analyses were completed using the high-quality cleaned

data.

2.4. De novo sequence assembly and assessment

The softwares Trinity-v2.10.0 (Grabherr et al. 2011) and SPAdes-v3.14.1 (Bankevich et. al 2012)
were used to assemble different flower bud transcriptomes (de novo) into contigs and scaffolds.
Specifically, an assembly was created for each of the three separate bud sample groups (hereafter,
referred to as the ‘Tiny buds or TB’, ‘Intermediate buds or IM’ and ‘Miniata buds or MB’) as well
as for all bud samples combined (the ‘Combined assembly’, hereafter referred to as the ‘Clivia
transcriptome’). After assembly, transcripts in each individual assembly were clustered based on
0.95 and 0.99 sequence similarity using the CD-HIT-EST package (Li and Godzik 2006; Fu et al.
2012). The clustered assembly was assessed for quality through the N50 and ExN50 statistics as
integrated into the Trinity software. N50 represents the length of the shortest scaffold that covers
50% of the total assembled sequences solely based on length whereas EXN50 (exact N50) takes
both length and accuracy into consideration and excludes scaffolds with errors. Assembly

completeness was analysed by mapping the reads back to the assembly (read representation) and
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BUSCO analyses as follows. The software package Bowtie2 (Langmead and Salzberg 2012) was
used to index the Clivia transcriptome into a reference and aligning the reads against the reference
sequences. A good assembly should have no less than 80% of the reads aligning back to the

reference (https://github.com/trinityrnaseg/trinityrnaseg/wiki/Transcriptome-Assembly

-Quality-Assessment). The assembled transcripts (in the Clivia transcriptome) were compared to a

reference dataset of orthologous genes from various species using the software BUSCO v5.4.3
(Manni et al. 2021). For the current study, the viridiplantea, eudicots and liliopsida lineage datasets

were used for analysis.

2.5. Quantifying transcript abundance

The alignment-free quantification method of Salmon v1.10.1 (Patro et al. 2015) was used to
measure the abundance of transcripts in each sample, and to build transcript and gene expression
matrices. A principal component analysis (PCA) was performed to assess correlations among the
replicates within each tissue sample and across all samples. All these analyses were done as

implemented in the Trinity package.

2.6. Functional annotation and pathway mapping analysis
2.6.1. Functional annotation by homology searching

Functional annotation and gene ontology (GO) assignments of sequences in the Clivia
transcriptome were performed using the Trinotate v3.2.2 pipeline (Bryant et al. 2017). For these
analyses, the assembled transcripts were first annotated to protein sequences (open reading frames,
ORFs) using the software TransDecoder v2.0.1 (Bryant et al. 2017), and then the proteins were
searched against several databases including the Swissprot/Uniprot database (release 2022 01),

KEGG (Kyoto Encyclopedia of Genes and Genomes) v105.0 and Gene Ontology (GO)

2.6.2. Enrichment analysis of GO and KEGG annotations
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Enriched GO terms in the Clivia transcriptome were visualized using the PANTHER database
(http://www.pantherdb.org/; Mi et al. 2013) and the software ShinyGO (Ge et al. 2020). The
PANTHER database was also used to characterize protein classes enriched in the Clivia
transcriptome. Pathway enrichment analysis based on KEGG annotations were performed at the
DAVID database (Database for Annotation, Visualization and Intergrated Discovery (https://david.

ncifcrf.gov/tools.jsp) using UniProt accessions obtained after analysis with Trinotate.

2.6.3. Flower development genes

Genes related to flower development were identified based on the list of Arabidopsis thaliana

sequences available at the Flowering-Interactive Database (FLOR-ID; http://www.phytosystems

.ulg.ac.be/florid/; Bouche et al. 2016). The A. thaliana gene sequences were obtained from TAIR

(https://www.arabidopsis.org/) and converted into a local BLAST-searchable database to enable the
identification of flower development genes. The transcript sequences in the Clivia transcriptome
were searched against the database using the TBLASTN algorithms (Altschul et al. 1990). For these
searches, the parameter max_target seq was set to 10, whereas percentage ID and sequence

coverage were set at > 50%. The e-value cut-off was set to 10°°.

2.7. Analysis and identification of DEGs
2.7.1. Differential expression analysis

The transcript abundance count matrices were used to determine differential expression (DE)
between sample pairs based on the software DESeq2 version 1.36.0 (Love et al. 2014). A false
discovery rate (FDR) of less than 0.005 (FDR < 0.005) and a log fold-change of 2 were used as
minimum parameters to identify genes that show significant DE between pairs of samples. The
DEGs were reported via a heatmap that showed sample clusters across all nine samples. Further, the

transcripts showing DE between sample pair comparisons (MB vs TB, TB vs IB and IB vs MB)
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were presented via Venn diagrams to illustrate transcripts shared between conditions. Venn

diagrams were constructed online at this website (https://bioinformatics.psb.ugent.be/webtools/

Venn/). Functional annotation of identified DEGs was carried out using the PANTHER DB and

ShinyGO as before.

2.7.2. Candidate genes linked to the pendulous and non-pendulous flower morphologies

Genes showing significant DE between the pendulous and non-pendulous flower samples were
screened to identify putative tissue-specific expression patterns. Identified genes were subsequently
annotated against the Swissprot/UniProt database using BLASTXx searches (e-value cut-off = 107).
The BLAST hits were manually inspected to identify flower development-related genes. Further,
protein-protein interaction (PPI) network analysis was carried out using the STRING database
v11.5 (https://string-db.org) to identify proteins that interact or show co-expression with identified

genes of interest.
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3.1. Plant material and RNA extraction

After the extraction of total RNA from the nine flower samples, the isolates were tested for quality
and quantity prior to NGS. The analysis of RNA quantity via spectrophotometry revealed that the
pendulous IB had the highest concentrations (Appendix A; Table S1). The mean A260/A280 and
A260/A230 absorbance ratios were 2.01 and 2.2 respectively. As expected, agarose gel
electrophoresis showed clear and distinct bands for all nine samples (Fig. 3.1). The top band
representing the 28S RNA band appeared to be twice as bright as the lower 18S RNA band. The

RNA isolates with the highest concentrations and distinct bands were submitted for NGS.
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Figure 3.1: Agarose gel electrophoreses of RNA isolates from different flower buds in Clivia. The
samples named ‘Tiny buds’ (TB) and ‘Intermediate buds’ (IB) originate from the pendulous flower
of Clivia nobilis x Clivia caulescens, whereas the Miniata buds (MB) originated from the non-
pendulous flowers of Clivia miniata. The bottom section of the figure represents the samples sent

for sequencing.
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3.2. Quality control and filtering of the reads

Illumina sequencing of the nine samples yielded 149,860,954 raw reads in total (Table 3.1). The
raw reads were 151 base pairs (bp) long and the GC-content in different samples ranged between
45% and 47%. On average, 97% of the read sequences were retained after removing adapters and
poor-quality reads. IB3 had the highest number of trimmed sequences and the lowest percentage of

retained reads at 91.38%. Sequence length after trimming ranged from 10 to 121 bp.

Table 3.1: Illumina sequencing results before and after quality control and trimming. Inter buds

refers to Intermediate bud samples.

Sample 1D Total sequences (raw reads) Trimmed/retained reads
Before trimming = After trimming No. trimmed seq. % Reads retained

Inter Bud 1 17,700,307 17,430,943 269,364 98.48
Inter Bud 2 16,632,383 16,283,468 348,915 97.90
Inter Bud 3 17,017,710 15,550,267 1,467,443 91.38
Tiny Bud 1 17,053,333 16,664,428 388,905 97.72
Tiny Bud 2 15,505,110 15,107,990 397,120 97.44
Tiny Bud 3 16,896,296 16,658,013 238,283 98.59
Miniata Bud 1 16,682,778 16,508,029 174,749 98.95
Miniata Bud 2 16,746,195 16,401,516 344,679 97.94
Miniata Bud 3 15,626,842 15,237,717 389,125 97.51
Total 149,860,954 145,842,371 4,018,583 97%

3.3. De novo sequence assembly

The number of scaffolds assembled by Trinity varied for each assembly. The IB assembly contained

a total of 398,674 scaffolds compared to 309,449 and 309,956 scaffolds in the MB and TB
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assemblies, respectively (Appendix A; Table S2). The MB assembly, however, contained more
scaffolds that are longer than 5 KB compared to the other two assemblies, whereas the TB assembly
had more scaffolds longer than 2.5 KB compared to the other two assemblies. The SPAdes
assembler provided the somewhat better results. The IB assembly contained a total of 343,957
scaffolds compared to 266,075 and 263,648 scaffolds in the MB and TB assemblies, respectively
(Table 3.2). The MB assembly, however, contained more and longer scaffolds in the categories 1,
2.5, 5 and 10 KB compared to the other two assemblies, whereas the IB assembly was the only one
with a scaffold longer than 25 KB. Based on these statistics, subsequent analyses were performed

using assemblies generated with the software SPAdes.

The reads from three independent transcriptomes were further combined to create one flower
transcriptome representing flower development in Clivia. The Clivia transcriptome contained
583,766 scaffolds that totalled 429.540 MB (megabites) (Table 3.3a). After clustering, 125
scaffolds of 10 KB or longer were clustered into the other scaffolds to yield a final number of 154
scaffolds longer than 10 KB (Table 3.3b). The transcriptome then contained 531,668 scaffolds
totalling 353.907 MB. Overall, the combined assembly comprised the longest and highest number

of scaffolds compared to the three individual assemblies, even after clustering the assembly.
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Table 3.2: Scaffold length (bp) distribution in the de novo assembled bud samples.

A: Intermediate buds
Minimum scaffold length No. of scaffolds

100 343,957
250 235,373
500 97,361
1 KB 47,523
2.5KB 7,754
5 KB 646
10 KB 41
25 KB 1

B: Miniata buds

Minimum scaffold length No. of scaffolds

100 266,075
250 192,425
500 94,183
1 KB 50,682
2.5 KB 10,394
5 KB 1145
10 KB 49
C: Tiny buds
Minimum scaffold length No. of scaffolds
100 263,648
250 183,834
500 84,911
1KB 44,744
2.5 KB 7,613
5 KB 642
10 KB 30

Total scaffold length
193,093,350
169,063,016
122,943,268
88,088,416

26,975,727
4,238,499
531,791
31,235

Total scaffold length
180,420,442
164,134,954
130,983,734
100,315,344
37,373,980

7,421,485
566,224

Total scaffold length
162,846,836
145,035,243
112,093,002
83,746,273

26,180,429
4,022,498
365,473
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Table 3.3: Scaffold length (bp) distribution in the de novo assembled combined transcriptome. The

combined assembly comprises of all the bud samples (a) before and (b) after clustering the

transcriptome.

a. Before clustering

Minimum scaffold length

No. of scaffolds

Total scaffold length

100 583,766 429,540,032

250 424,087 394,319,989

500 210,848 322,304,751
1 KB 118,752 257,659,911
2.5KB 31,144 119,407,327
5 KB 4,736 31,733,819
10 KB 279 3,481,970
25 KB 1 25,078

b. Post clustering

Minimum scaffold length

No. of scaffolds

Total scaffold length

100 531,668 353,907,434

250 380,878 320,591,866

500 175,900 251,368,059
1 KB 92,311 193,136,342
2.5KB 22,370 83,701,445
5 KB 2,983 19,718,394
10 KB 154 1,917,065
25 KB 1 25,078

3.4. Completeness of the assembled Clivia transcriptome

3.4.1. Read representation in the assembly as well as N50 and EXN50 statistics

Read representation in the Clivia transcriptome was assessed and determined using Bowtie2.
Overall, 97.23% of the reads aligned back to the transcriptome (Appendix A; Fig. S2). Assemblies
of the three sample groups (IB, MB and TB) and the combined assembly all showed a GC-content
averaging 39.5% (Table 3.4). The MB assembly showed better assembly statists compared to the
other assemblies, as it had the highest average contig length, median contig length and N50 value at
678.08, 344 and 1192 bp, respectively. Half of the assembled bases were found in contigs with a
minimum length of 875, 1192, 1046 and 1176 bp for IB, MB, TB and combined assembly,
respectively. The combined assembly had the highest total assembled bases, as expected. The

ExXNS5O0 statistic (Appendix A; Table S3), displayed the highest Ex value (peak) at 91 and, therefore,
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implying that an ExXN50 value of 2,754 bp is representative for the transcripts of this assembly (Fig.

3.2). Ex value represents the top most highly expressed transcripts that represent X% of the total

normalized expression data (Geniza and Jaiswal 2017).

Table 3.4: Summary of the scaffold and N50 statistics in the three assemblies.

Parameter Intermediate Bud Miniata Bud Tiny Bud Combined
Total assembled bases 193,093,418 180,420,442 162,846,836 353,907,434
Median contig length 309 344 323 334
Average contig length 561.39 678.08 617.67 665.65
%GC 39.45 39.29 40.10 39.01
N50 (bp) 857 1192 1046 1176
sample

ExN50

ExN50.stats

Figure 3.2: Plot of the Ex-value against EXN50 statistics of the main assembly.
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3.4.2. BUSCO (Benchmarking Universal Single-Copy Orthologs)

For the analyses of BUSCOs, the Viridiplantae dataset contained the most references, followed by
Eudicots and the monocot-specific lineage Liliopsida. As expected, most of the transcripts in the
Clivia transcriptome matched sequences within the lineage Liliopsida (Table 3.5). Specifically,
90.5% of the BUSCOs were complete and only 2.9% were missing. The lineage Viridiplantae
revealed the least total BUSCOs matching the Clivia sequences, but there were no missing
BUSCOs. The Eudicots lineage only had 2.1% fragmented BUSCOs and 6.7% of the BUSCOs

were missing.

Table 3.5: The assessment of assembly completeness through the analysis of BUSCOs.

BUSCOs Viridiplantae Eudicots Liliopsida
Total datasets 425 2326 3236
Complete 421 2121 2930
Complete and single copy 186 930 1318
Complete and duplicated 235 1191 1612
Fragmented 4 50 215
Missing 0 155 91

3.5 Quantification of gene and transcript abundance.

3.5.1. Biological replicates and Principal Component Analysis (PCA)

A PCA was constructed to determine the relationships between and among the nine flower bud
samples (Appendix A; Figure S3). Overall, it revealed that there is a good correlation among the
three replicate sets for each sample group (Appendix A; Fig. S3). Sample correlation was confirmed

by the display of more differentially expressed transcripts (red dots) between replicate 3 and the
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other replicates for all three sample groups. Overall, PCA (Fig. 3.3) shows that the sample

replicates grouped together away from the other sample groups.
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Figure 3.3: Principal Component analysis (PCA) showing correlations among replicates within

each bud sample.

3.6. Functional annotation and gene/transcript enrichment analyses

3.6.1. Sequence homology searches and functional annotation

Functional annotation was done through sequence homology searches against the Swissprot/Uniprot
and NR databases where sequence similarity searches were performed against the databases using
the BLASTXx algorithms (E-value cut-off set to < 1e®). A total of 62,580 and 145,080 annotations
were identified against the Swissprot and NR databases, respectively. Overall, the results from both
tests were similar with minor deviations excluding species distribution (Fig. 3.4). Approximately
4% and 5% of the mapped sequences were exact matches (E-value = 0) for Swissprot and NR,
respectively. Further, 30% of the query sequences revealed similarities > 80% in both tests.
Regarding the species hits at the Swissprot database, more than half of the annotated sequences

matched subjects from Arabidopsis thaliana (51%). The other species with significant matches
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included Oryza sativa (17%), Nicotiana tabacum (3%), Solanum nigrum (1%) and Zea mays (1%).
The species hits from NR were different with almost half of the annotated sequences matched
subjects from Asparagus officinalis (45%), whereas other species included Iris pallida (11%),
Elaeis guineensis (6%), Ananas comosus (3%) and Dendrobium catenatum (2%). Interestingly, 46
queries matched sequences from Clivia species including C. miniata, C. gardenii, C. caulescens and
C. robusta (data not shown). Overall, many sequences in the Clivia transcriptome hit transcripts

from other plant species, specifically other monocots.
3.6.2. Enrichment analysis: GO and KEGG

3.6.2.1. GO annotation

GO is an internationally standardized functional classification system for genes, aimed at describing
the properties of genes and their product within an organism using a dynamic-updated controlled
vocabulary. It comprises three main categories, namely, molecular function (MF), cellular
component (CC) and biological process (BP). GO analysis of the Clivia transcriptome revealed that
the most popular annotations under the BP category were the “primary metabolic process”,
“biological regulation”, “organic substance metabolic process”, “cellular metabolic process” and
“developmental process” (Fig. 3.5). Under the scheme MF, the popular terms included “catalytic
activity”, “ion binding”, “transferase activity” and ‘“organic cyclic compound binding”. The
predominant ontologies under CC included “cellular anatomical entity”, “intracellular, organelle,

membrane-bound organelle” and “cytoplasm”. Most of the observed subcategories are relevant in

flower development.
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Figure 3.4: Characterization of the Clivia transcripts against the SwissProt database. A) Statistics of
BLASTX searches against the SwissProt database including the distribution of E-values, sequence
similarity and top species hits. B) Statistics of BLASTp searches against the SwissProt database

including the distribution of E-values, sequence similarity and top species hits.
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The Clivia transcripts were further aligned to the Arabidopsis thaliana proteome using ontologies at
the PANTHER database (Fig. 3.6). This yielded 23 different classes of protein functions, of which
the majority were “metabolite interconversion enzymes” (30.5%) (Fig. 3.6). Other significant
protein functions included “protein modifying enzymes” (14.4%), “transporter proteins” (11%),
“RNA metabolism proteins” (7.9%) and “gene-specific transcriptional regulators” (7.8%). These

protein class categories show metabolites and metabolism as highly active protein functions.

3.6.2.2. KEGG

To better understand biochemical pathways in the Clivia transcriptome, all transcripts were mapped
against the KEGG database to identify transcripts involved in specific metabolic pathways. As a
result, 112,335 protein sequences inferred from the Clivia transcripts were assigned to 436
biological pathways. These include “metabolic pathways” (K:01100) with 1053 proteins,
“biosynthesis of secondary metabolites” (K:01110) with 475 proteins, “microbial metabolism in
diverse environments” (K:01120) with 163 proteins, 133 proteins for “biosynthesis of cofactor” and
101 proteins (K:01200) under “carbon metabolism”. Among these pathways, the circadian rhythm-
plant pathway (K:04712) was analysed further due to its connection to flowering and flower
development. Overall, 24 sequences from the Clivia transcriptome (Fig. 3.7) were identified that are
potentially related to the circadian rhythm pathway. These included sequences encoding the
proteins GlI, cryptochrome (CRY), phytochrome A (PHYA), several MYB containing TFs, LHY,
CCA1 and TOCL1. Photoperiodic genes were also identified, and they included PIF3, ELF3, FT and

CO.
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Figure 3.5: Gene ontology enrichment analysis of the Clivia transcriptome. The 20 top-most

significantly enriched genes in enrichment categories (a) cellular component, (b) molecular function

and (c) biological process are depicted. The false discovery rate (FDR) cut-off was set at 0.05.
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Figure 3.6: PANTHER protein class categories of the Clivia transcriptome assembly. Bar graph
depicting the broad biological functions associated with the transcriptome’s proteins. The colour

legend specifies each category.
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Figure 3.7: KEGG pathway enrichment analysis of genes involved in the circadian rhythm

pathway. The red stars indicate genes contained in the Clivia transcriptome.

3.6.3. Identification and characterization of flower development genes.

Flower development genes of Arabidopsis (http://www.phytosystems.ulg.ac.be/florid/) were used as
reference sequences to identify the corresponding potential orthologs in the Clivia transcriptome
(Fig. 3.8). Overall, 46 flower development genes were selected from the FLOR-ID database as
reference genes. Sequence homology searches revealed 70 sequences from the Clivia transcriptome
having matched the 46 reference genes. These hits (Table 3.6) represented 17 different flowering
genes, including AG, AP1, AP2, CAL, SEP and UTL. Some of these genes are the main candidates

that constitute the ABC model of flower development (Fig. 3.8).
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Figure 3.8: Flower development pathway and the ABC model of flower development based on the

FLOR-ID database. A total of 46 genes featured in the models were used as references for the

identification of flower development genes in Clivia.
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Table 3.6: Identification of flowering genes in the Clivia transcriptome based on sequence homology to the genes in Arabidopsis thaliana. The number

of transcript hits (obtained for each flower development gene from the FLOR-ID database) alongside the average percentage similarity, average p-

value and the function of the identified Arabidopsis gene during flower development.

TAIR_ID

AT4G18960
AT1G69120
AT4G36920

AT3G57130

AT2G40360

AT1G26310

AT4G38130

AT3G02310
AT2G03710

AT5G15800
AT2G42830

Gene name

AGAMOUS (AG)
APETALA 1 (AP1)
APETALA 2 (AP2)

BLADE ON PETIOLE 1 (BOP1)

BLADE ON PETIOLE 2 (BOP2)
CAULIFLOWER (CAL)
HISTONE DEACETYLASE 1 (HDAL,
HDA19)

SEPALLATA 2 (SEP2)
SEPALLATA 4 (SEP4)

SEPALLATAL1 (SEP1)
SHATTERPROOF 2 (SHP2)

No. of
transcript
hits
3
5
2

o o1 N

Mean %ID

65.2
63.4
63.8

68.5

65.6

63.79

75.9

63.9
69.9

63.8
61.8

Mean p-

value

4.8E-95
4.36E-70
1.65E-124

5.61E-211

1.53E-264

4.35E-60

1.48E-251

3.55E-78
1.55E-62

3.55E-79
1.79E-50

Functional annotation

Specifies floral meristem and carpel and stamen identity
Specifies floral meristem and sepal identity

Specification of floral organ identity, establishment of floral
meristem identity, suppression of floral meristem
indeterminacy, and development of the ovule

Nectary development and formation of normal abscission
zones.

Essential role in cell growth

Specification of flower meristem

Plays a role in embryogenesis

Ensures proper development of petals, stamens and carpels
Plays a central role in the determination of flower meristem
and organ identity

Involved flower and ovule development

Involved in fruit development
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AT1G62360

AT2G45640

AT2G25170

AT5G03840

AT4G28190
AT2G20825

SHOOT MERISTEMLESS (STM)

SIN3 ASSOCIATED POLYPEPTID
P18 (SAP18)
SUPPRESSOR OF SLR 2 (SSL2)

TERMINAL FLOWER 1 (TFL1)
ULTRAPETALA 1 (ULT1)
ULTRAPETALA 2 (ULT2)

72.45

70.29

60.49

69.4

68.8
64.9

1.88E-126

1.98E-58

1.23E-201

2.76E-86

2.19E-118
6.97E-109
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Prevents incorporation of cells in the meristem centre into
differentiating organ primordia
Involved in the regulation of salt stress

Involved in post-germination repression of embryonic
development

Controls inflorescence meristem identity

Production of extra flowers and floral organs

Negative regulator of cell accumulation in shoot and floral

meristems.
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3.7. Analysis and identification of DE transcripts

3.7.1. Differential expression of transcripts

Gene expression of transcripts differed between the pairs of sample groups. The MA (M for log-
ratio and A for log-average on the axes) plot and Volcano plots show the number of significant DE
transcripts between sample groups (Appendix A; Fig. S4). As visulaised on the heat map (Fig. 3.9)
there are two clusters of DEGs, the top (A) and bottom (B) clusters. Cluster A is further divided into
2 sub-clusters whereby in the top sub-cluster, most transcripts in the tissue 1B seem to be highly
expressed (the yellow segments), while transcripts in MB show low expression levels and TB
revealed both high and low expressed transcripts. In the bottom sub-cluster, 1B and MB mostly still
contains highly expressed transcripts, whereas TB shows low transcript expression levels (the
purple segment). Cluster B shows low expression for IB and MB compared to the highly expressed

transcripts of TB.

Expression analysis using DESeg2 (p-value < 0.05) yielded 3,026, 14,928 and 7,411 DEGs for the
Intermediate/Miniata, Miniata/Tiny and Intermediate/Tiny comparisons, respectively (Fig. 3.10a).
Only 119 DEGs were common to all three tissue comparisons. Among the DEGs, 2414 were
upregulated and 612 downregulated in IB/MB, 4107 were upregulated and 3304 downregulated in
IB/TB and 7031 upregulated and 7915 downregulated) in MB/TB (Fig. 3.10b). The IB/MB and
IB/TB tissue comparisons revealed only 902 DEGs. The majority of DEGs occurred between the
MB/TB bud tissue comparisons. Overall, 9,201 DE transcripts were unique to the MB/TB bud
tissue comparison, whereas 749 occurred in the Inter/Miniata tissues and 2038 in the Inter/Tiny

tissues.
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Figure 3.9: Heatmap displaying differential expression of the top 50 genes within pairwise
comparisons. Significantly expressed transcripts (FDR < 0.001) with 2 fold differential expression
are shown in normalized TPM value. Colour key indicates the intensity associated with expression.
The yellow colour indicates highly expressed or upregulated transcripts whereas the purple

transcripts are downregulated or have low expression levels.
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Figure 3.10: General profile of differentially expressed genes among three pairwise comparisons.

(a) Number of differentially expressed transcripts pairwise comparisons of the three bud tissues. (b)

Bar graph showing the number of significantly upregulated (green) and down regulated (red) genes.
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3.7.2. Annotation of DE transcripts

GO enrichment analyses of the DE transcripts were performed using the PANTHER database.
According to these analyses, 28 ontologies were enriched in the DE transcripts (Fig. 3.11). Under
the scheme BP, the DE transcripts were involved in processes including “cellular process”
(GO:0009987), “metabolic process” (G0:0008152), “biological regulation” (GO:0065007),
“localization” (G0:0051179) and “developmental process” (G0:0032502). MF ontologies included
involvement of the DEGs in “catalytic activity” (G0:0003824) and “binding” (G0O:0005488),
followed by “transporter activity” (GO:0005215) and “ATP-dependent activity” (GO:0140657).
The CC shows enrichment in only two processes, namely, “cellular anatomical entity”

(G0O:0110165) and “protein-containing complex” (G0O:0032991).

3.7.3. Transcripts unique to the pendulous or non-pendulous flower morphology

Searching the 46 flowering genes of Arabidopsis against the Clivia transcriptome revealed several
transcripts, some of which encode TFs. These included transcripts encoding GI, the TF named ABA
Ethylene-responsive (ERF) as well as several bHLH (bHLH140 and bHLH74) and MYB (MYB?2,
MYB8 and MYBS3) TFs that were specific to the pendulous flower samples. A few other proteins,
including FRI, and the TFs bHLH130, MYB17 and TCP3 were uniquely detected in the non-
pendulous flower morphology. The most interesting transcript was the AGAMOUS homology 1,
which encodes a MADS1-containing domain - flower development-related gene (Roy-Choudhury et
al. 2012). Analysis of the AG protein sequence at the STRING database revealed associations
between AG and other flower developmental proteins (Fig. 3.12). Overall, the interaction network
showed that AG directly interacts with SEP3, AP3 and AGL2. Other proteins that seemingly interact
with AG include WUS, AP2, LFY, SUPERMAN (SUP), BEL1 and LEU. Transcripts encoding some
of these TFs were identified in the Clivia transcriptome and may possibly explain the morphological

differences between pendulous and non-pendulous flowers in Clivia species.
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Figure 3.11: GO annotation of the DE transcripts. The colour legend indicates the relative enriched

GO terms. The genes are distributed among three categories: (a) biological process, (b) molecular

function and (c) cellular component.
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Figure 3.12: Protein interaction involving the protein AGAMOUS (red node) obtained from the

STRING database.
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Flowering is defined as the transition of plant tissue from the vegetative to reproductive
phase. This process has been used many times to study the regulatory gene networks involved in
floral initiation and morphogenesis in different plants (Dadpour et al. 2011; Mauracher and Wagner
2021; Rouet et al. 2022). Clivia is a genus of monocots that is regarded as horticulturally and
medicinally important. The genus is endemic to southern Africa and comprises six species, but only
one is popular (Clivia miniata) throughout the world. Five of the six species have flowers with a
drooping (pendulous) morphology, whereas C. miniata displays open and upright (non-pendulous)
flowers. However, flower architecture in Clivia species has not received much attention and this
knowledge gap should be addressed to boost the use of clivia in the horticulture market. The aims of
this study were to sequence, assemble and characterize the Clivia transcriptome, identify candidate
genes responsible for the variation in Clivia flower shape (pendulous and non-pendulous); and
lastly, identify morphogenesis genes that are differentially expressed between the different flower
forms. As a non-model crop with limited genetic resources, the Clivia transcriptome was first
sequenced and assembled de novo. Then, after validating the quality and completeness of the
assembly, the transcripts were functionally annotated and analysed for global and differential
expression in the pendulous and non-pendulous flower samples. Overall, many transcripts were
identified, including several MADS-box genes that may possibly explain the variation in flower

shape of Clivia species.

It is essential that necessary measures are taken during RNA extraction procedures to ensure
good quality RNA isolation. This is because compromised RNA quality could effectuate unreliable
findings in gene expression studies (Vermeulen et al. 2011). The Trizol reagent method is an
inexpensive method that does not require complicated tasks. Wang et al. (2022) compared four
RNA extraction methods using lilies (Lilium davidii) and concluded that the Trizol method was the
most effective compared to other reagents. To improve RNA extraction, Roy et al. (2020) added an

extra ethanol purification step that resulted in consistent yield and purity. Dutta et al. (2020) used a
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modified Trizol method to combat co-precipitation of carbohydrates in starch-rich maize. Overall,
Trizol reagent offers the better method for RNA extraction because it maintains RNA integrity by
efficiently hindering RNase activity during homogenization, even in samples with high secondary
metabolites such as passion fruit (Passiflora edulis) leaves (Luz et al. 2016). In this study, RNA
extraction was conducted on nine RNA samples using Trizol and agarose gel electrophoresis. The
samples with the best absorbance ratios and high concentrations were used (Fig. 3.1). The 260/280
and 260/230 absorbance ratios averaged 2.01 and 2.2 respectively. These results indicate that the
RNA was pure and relatively free from protein contamination or reagent carry-overs. Gel
electrophoresis revealed clear, intact bands corresponding to 18S and 25S leading to the conclusion
that the RNA had no obvious degradation and was, therefore, good quality suitable for subsequent

analyses.

Illumina sequencing in the current study yielded a total of ~150 million raw reads. Only a
small portion of the reads were of bad quality. For most studies, the bad quality reads would
account for 4% to 33% of the total raw reads (Singh and Jain 2014; Lee et al. 2016; Yue et al. 2018;
Gul et al. 2019; Xu et al. 2022). That only 3% of the Illumina sequencing results from the current
study were flagged as poor quality is most likely due to the good quality RNA obtained from the
Clivia flower tissue. After read trimming, the read lengths ranged between 10 - 121 bp. Longer
reads are necessary as they permit better sequence overlap and mapping with reduced repetition but,
may not necessarily improve sequence assembly (Ekblom and Wolf 2014). According to Chang et
al. (2014) and Chhangawala et al. (2015), the length of PE reads does not affect the completeness of
an assembly or expression analyses once a threshold of about >50 bp has been reached. Therefore

we can be confident in the findings or the current study.

De novo transcriptome assembly is a process used to construct an entire transcriptome from
short read sequences without a reference genome (Grabherr et al. 2011). The transcriptome was
assembled de novo using the Trinity package and the SPAdes assembler since the predicted 19 Gbp

Clivia genome (Maleka 2020) is not yet available. Similarly, Wang et al. (2018) also assembled the
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Clivia leaf transcriptome de novo due to the lack of the genome sequence. In general, the Trinity
assembly algorithms tend to perform better than many other de novo assemblers (Cabau 2017).
However, in the current study, SPAdes yielded better assembly results. This is due to the use of two
longer kmers (43 and 63) in the assembly process compared to one kmer (25) used by Trinity.
Unlike Trinity that uses a default kmer of 25 (Haas et. al 2013), SPAdes selects suitable multi-
kmers based on input read length (Bankevich et. al 2012). Indeed, it is important to use different
software to compare the statistics of different parameters as this allows for evaluation and selection
of the best outcomes (Gurevich et al. 2013). Sequence assembly herein was done to represent each
bud sample as well as a large assembly that corresponded to all bud tissue samples. The large
assembly was subsequently clustered based on similar sequences to eliminate duplication which
reduced the total number of scaffolds to 531,668. Sequence clustering is known to aid the
identification of genes active in similar biological processes (Roberts and Roalson 2017).
Understandably, combining the assemblies should optimize transcript representation in the
transcriptome (Chen et al. 2015; Sadat-Hosseini et al. 2020). The individual assemblies comprised
266,075 (MB), 353,907 (TB) and 343957 (IB) scaffolds, but the combined assembly had 531,668
scaffolds with a total length of 353,907,434 bp. The large numbers of scaffolds indicate that there
are still many disjointed sequences in the assembly and these can be reduced to a realistic number

by further sequencing.

The final Clivia transcriptome was analysed in different ways, and each method showed that
the dataset is comprehensive and biologically meaningful. An overall 97.23% reads mapped back to
the transcriptome. When duplicated alignments were discounted, the alignment rate was 89.25%,
which is still quite high and acceptable. A number of studies (Zhang et al. 2014, Zeng et al. 2017,
Paya-Milans et al. 2019, Alhinho et al. 2021) found that a range of 63 — 90% of reads could be
mapped back to the genome uniquely. The Nx statistic was used to assess assembly quality using
transcript (contig) lengths. Half of the assembled bases (N50 statistic) in the current study ranged

between 857 and 1192. However, considering that the typical transcript length of an average gene in
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a plant genome is ~1500 bp (Maleka 2020), then these values represent about 50 — 80% of the
envisaged transcript lengths. To supplement the N50 statistic, Trinity applies the EXN50 statistic
that takes transcript expression data into consideration (Hass et al. 2013). The ExXN50 statistic of the
Clivia transcriptome (Fig 4.2 and Table S1) peaked at Ex=91. In the current study, Ex=83 and
transcript length of 2,599 bp showed results similar to those from Chen et al. (2019) where they
predicted 23,473 transcripts in the transcriptome of Clivia nobilis leaves. In A. thaliana, 27,000
transcripts were identified (Arabidopsis Genome Initiative 2000). Therefore, the EXN50 of the
combined assembly suggests that the current study may have detected transcripts corresponding to

most genes in the Clivia genome.

BUSCO analyses revealed that the Clivia flower transcriptome contains most of the single-
copy genes present in the Liliopsida lineage (Only 2.8% were missing). A high number of
duplicated sequences were detected even after sequence clustering at a threshold level of 95%
sequence identity. While these may relate to the limited sequence coverage leading to an incomplete
transcriptome, it is also believed that Clivia may have been an allopolyploid (with four sets of
chromosomes) that may have since lost some of its duplication (Prof. JJ Spies, pers. comm.). This
genomic feature could attribute to the high duplication levels observed in the Clivia genome but
awaits confirmation through genomic sequencing. Malli et al. (2019) conducted a BUSCO search
on their de novo assembled Lavandula angustifolia transcriptome. The results revealed that 53% of
the BUSCOs were duplicated and 78% of these duplicated BUSCOs represented real duplication
events in the genome and not assembly errors. Lanandula angustifolia is reported to be a polyploid

(Upson et al. 2004), and this scenario could also apply in Clivia.

Correlation matrices (Fig. S3: Appendix A) and PCA (Fig. 4.4) confirmed the biological
relationships among the studied Clivia samples. Each sample within a tissue sample group appears
to be a biological replicate. However, IB replicate three appears to be somewhat separated from the
other two. This means that the sample may be genetically different from the other two replicates.

BLASTX against the Swissprot and NR databases generally revealed plant subjects. The species
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distribution results obtained from the Swissprot database are similar to those from Lu et al. (2014)
where the transcriptome of Litchi chinesis was assembled de novo and Bai et al. (2011) who
focused on the ash tree (Fraxinus spp.). The top hits resulted from plant genomes of either
monocots or dicots. The NR database contains much more data compared to the Swissprot database,
and thus, hits represented different species. These species, however, were mainly monocots
including Asparagus officinalis, Iris pallida, Elaeis guineensis, Ananas comosus and Dendrobium
catenatum. In the current study, the species A. officinalis matched the most Clivia sequence hits
from the NR database. This is no surprise considering that both Asparagus and Clivia are perennial
monocots. Annotation challenges included that, of the 560,000 sequences, about 62,000 and
~145,000 had hits against Swissprot and NR, respectively. Further, that Clivia is not a model plant
means there is no reference genome available. Therefore, the clivia-specific sequences may not be
annotated properly at this point. However, in the NR annotation, 46 Clivia hits were matched. Also,
many sequences in the transcriptome were short (<100 bp) and could have been excluded during

searches on the protein database. Nevertheless, the NR database was more informative.

Functional annotation of the Clivia proteins using GO and the PANTHER database revealed
that the Clivia transcriptome encodes proteins that perform a number of different functions. Similar
to the current study, Wang et al. (2021) found that in the floral transcriptome of Solanum
lycopersicum, the terms “cell process”, “metabolic process”, “response to stimulation”, and
“biological regulation” were significantly enriched in the category biological process. Liu at al.
(2016) identified the GO terms “flower development” and “stamen development” in the category
biological process of Chrysanthemum morifolium, GO terms that we also expected to identify in the
current study. Analysis of the Clivia protein class categories at the PANTHER database revealed
“RNA metabolism protein”, “RNA binding protein”, “transcriptional regulator” and “transporters”
as the most popular. RNA metabolism plays an important role in several developmental process in
A thaliana, including the induction of flowering (Kuhn et al. 2007). RNA-binding proteins, on the

other hand, are known for their involvement in metabolism during plant development and growth
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(Lee and Kang 2016). Transcriptional regulation of flower development genes is mostly controlled
by TFs from the bHLH, TCP and MYB families that are involved at different developmental stages
(Chen et al. 2018; Zhou et al. 2019). Transporters were among the top five enriched protein classes,
and some are involved in development. As an example, Gill (2021) found that membrane
transporters regulate plant architecture. In conclusion, the enriched protein classes play important

roles in initiating flowering, flower development and architecture.

Transcripts in the Clivia transcriptome mapped to 436 biological pathways at the KEGG

database, more pathways in comparison to most of the similar studies. Unigenes from
Chrysanthemum morifolium mapped into 280 pathways (Liu et al. 2016), Liu et al. (2017) mapped

transcripts of Annona squamosa into 124 pathways, whereas Zhang et al. (2014) predicted 123
pathways in Litchi chinensis and Lee et al. (2016) predicted 129 pathways in Rafflesia cantleyi. The
circadian rhythm pathway was identified as the only one relating to plant flowering, and therefore,
considered for further analysis in this study. Circadian rhythms are oscillations that regulate various
metabolic and developmental processes within a 24-hour period (Marshall et al. 2023). The
circadian pathway is related to the photoperiod pathway of flowering (Bunning 1936; Niwa et al.
2007; Liang et al. 2021). About 73% of the circadian pathway genes in A. thaliana were detected in
the transcriptome of Clivia, including CCA1, PPR7, TOC1, LHY, PIF3, GI, CO and FT. This
suggests that the photoperiod pathway is active during flowering in Clivia and provides a basis for
further studies to investigate the photoperiod pathway and other flowering processes in Clivia. The
circadian pathway is indirectly involved in flower development though the photoperiod pathway as
the circadian clock controls CO expression through Gl (GI regulates the expression of CO to hasten
flowering). CO activates FT, a TF that activates AP1 expression, and thus, promoting floral
meristem genes (Williamson 2008). Abdul-Awal et al. (2020) reported that, in sorghum, gi mutants
showed delayed flowering compared to the wild-type genotypes under both short day and long day
photoperiod conditions. Mutations in Gl and CO may cause a delay in flowering, and thus, an

extended vegetative growth phase, which, in turn, may affect morphology (e.g., increased node
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number) (Suarez-Lopez et al. 2001; Abdul-Awal et al. 2020). Further studies may look into the

effects of delayed flowering on flower morphology in Clivia.

The Clivia transcriptome assembly contained transcript sequences that matchd 17 of the 46
FLOR-ID genes (Bouche et al. 2016). The identified genes included AP1, which is known as a
meristem identity and floral induction gene (Gregis et al. 2009). Once flower development begins,
MADS-box TFs commonly known as “organ identity genes” will control the tissue differentiation
process (Villar et al. 2020). The Clivia transcriptome had several MADS-box TFs including AP2,
AP3, AG, PI, LEU and SEP1-4. These genes are also referred to as the ABC-model of flower
development genes (Almeida et al. 1997). KNUCKLES (KNU) is activated by AG to repress the
expression of WUS (a stem cell maintenance gene) as soon as flower patterning is complete. UTL1
is involved in the formation of extra petals (Fletcher 2001). Overall, the current study seems to have

addressed the aims accordingly.

In order to acquire better understanding of the genes expressed in Clivia tissue, we analysed
the expression patterns through three pairwise comparisons namely, IB vs TB, IB vs MB and MB vs
TB. The heatmap (Fig. 3.9) presented two main clusters whereby MB and TB have opposite trends
in terms of transcript expression. Most DEGs were found between the MB (upregulated) vs TB
(downregulated) tissue comparison. This is likely due to the different flower morphologies that they
are supposed to produce and the physical sizes of the studies samples in relation to flower
development. Unexpectedly, the tissues IB and TB revealed many DEGs, possibly due to the
differences that occurred in IB replicate three. It could be possible that IB replicate three may be
genetically different from the replicates one and two. One of the most important enriched functions
in this study was the “transcription regulator activity” and it correlates with the presence of TF
families linked to flower development (Li et al. 2020). These include MYB, bHLH, ERF and
MADS-box flower development-related TF families. This indicates that flower development TF

families are active in the Clivia transcriptome to direct flower development.
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The differential expression of genes between small buds versus mature buds that are
preparing to flower involves various candidates that associate with different aspects of flower
development and maturation (Singh et al. 2013). SEPALLATA genes, for example, encode TFs that
are essential for the development of floral organs (Pelaz et al. 2000). Expression levels may differ in
TB versus IB buds as preparation for flower development initiates (Smyth et al. 1990). In the
current study three of the five SEP transcripts showed higher expression levels in IB than in TB.
Specifically, transcript NODE_100197 length_1184 cov_1053.818912 g37053 i4 was highly
expressed in  IB (115.9) compared to TB (10.2) tissues. Another transcript
(NODE_107884 length_1103 cov_104.919231 g49287_i0) showed expression levels of 221.5 in
IB and 0.3 in TB, whereas NODE_129682_length_906 cov_52.002372_g64197_i0 showed 58.6
(I1B) versus 37.4 (TB). The other transcripts had similar expression levels in both sizes. Regarding
APETALA 1, all transcripts showed higher expression levels in IB compared to TB, excluding
NODE_108500_length 1097 cov_46.030948 g49686_i0 (IB=33.3; TB=35). AP1 is one of the
floral organ identity genes and species stamen identity and thus is expected to be expressed more in
larger buds (Villar et al. 2020). Another important gene is AGAMOUS, whose expression may be
more pronounced in larger buds to indicate the formation of carpels and/or stamen within the flower
(Jibran et al. 2017). In the current study, the AGAMOUS transcript
(NODE_108375_length 1098 cov_206.778744 93219 i3) was expressed higher in IB than in TB.
However, the difference in expression levels may not be significant (1B=293.3; TB=257.6). It is
possible that 1B was still in the process of maturing, meaning, the expression levels may increase

further.

One flower-related gene that stood out as being differentially expressed between the
pendulous and non-pendulous flower shape is AGAMOUS. The organ identity gene, AG, is involved
in the formation of reproductive organs (stamens and carpels) in the third whorl (Alvarez-Buylla et
al. 2010). The Clivia transcriptome was screened for tissue specific genes that may be involved in

the development of pendulous and non-pendulous forms. Sequence homology searches on the genes
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showed very few flowering-related gene, with an Arabidopsis ortholog of the flower development-
related protein MADS1/AGAMOUS homology 1 being the most noticeable. This TF was expressed
in the pendulous flower sample (39.5, 0.000637, DESeq2) but not detected in the non-pendulous
flower samples (0). Quantitative PCR (qPCR) analysis of this transcript should be able to clarify its

differential expression and that of many other DEGs in the Clivia flower tissues.

Protein-protein interaction analysis showed that AG associates with some of the genes present in the
ABC model of flower development from the FLOR-ID database (Fig. 3.12) and Clivia flower
development genes (Table 3.6). These include SEP3, AP3, AGL2, WUS, AP2, LFY, SUP, BEL1 and
LEU. Zhang et al. (2022) studied grape morphology and found that MADS-box TFs were amongst
the candidate genes potentially responsible for differences in floral morphology. This suggests that
the same could be true for other flowering plants, including Clivia, whereby variations in flower
morphology between pendulous and non-pendulous flowers could be attributed to the MADS1
proteinas. Overall, future studies should focus on the sequencing of this gene to confirm its

influence on morphology in Clivia species.
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Molecular genetic studies have identified many genes and gene regulatory networks
involved in flower development. Included in these networks are transcription factors that regulate
the expression of target genes, signaling molecules and other regulatory components. While there is
still much to learn about the underlying regulatory and genetic mechanism of flower
morphogenesis, significant advances have been made in the last two decades. Floral regulatory
genes and gene networks have been characterized in crops such as maize (Bolduc et al. 2012),
model plants such as A. thaliana (Kanrar et al. 2008) and even in some non-model plants such as
Akebia trifoliata (Liu et al. 2010). Different developmental pathways such as cell division,
expansion and differentiation are activated at different stages of flower morphogenesis as genetic
and molecular signals propagate through the system and looking into the transcriptome can provide

information on these happenings in the cell.

Members of the genus Clivia are increasing in popularity among breeders, who target and
increase the quantity and quality of desirable traits in these plants. Despite the wide attention
towards the genus, very little is known regarding the molecular basis of flower development and
morphogenesis. Elucidating these processes may offer insights towards altering flower morphology

in Clivia for the benefit of consumers in the horticulture market.

The study was conducted to assemble and characterize the Clivia transcriptome as well as to
determine candidate genes responsible for the different flower forms within the genus by
identifying specifically differentially expressed morphogenesis genes between pendulous and non-
pendulous morphologies. Flower development has been looked at from two perspectives by Creane
(2018). One can look at modifications over time that give rise to variations in flower morphology.
Alternatively, one can study how morphology is affected by physical and internal factors such as
genes and the environment. We focused on the second perspective and carried out next-generation
sequencing (NGS) and transcriptome analysis to try and unravel the effect of flower morphogenesis
genes on the phenotype of a clivia flower. We successfully identified genes known to be involved in

flower development in the Clivia transcriptome. These included genes such as AP1-3, SEP1-4, AG,
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Pl, LEU, LATE MERISTEM IDENTITY (LMI1), BRC1, KNU, WUS, ULT1-2, TFI1 and STM. Of
these genes, MADS1 (an AG homolog) was upregulated in to the pendulous flower samples but not
the non-pendulous samples, permitting the conclusion that this gene may be involved in the

observed phenotypic variations.

Flower morphology is not only important in plant reproduction, species identification and
evolution, it is an important factor for the ongoing success of horticulture and floriculture industries
where anything new or unique is desirable. The floriculture industry has been identified by Coetzee
and Hoffman (2017) as one of the industries with the highest opportunity to grow and contribute to
the economy of South Africa. The applications of NGS and transcriptomics in flower
morphogenesis also offers new possibilities for the accurate design of breeding strategies to produce
desired traits and to improve horticultural value. An attempt to determine the genetic basis of an
observed phenotype is known as forward genetics. This approach requires phenotypic variation
(natural or experimental mutants) to be observable such as the pendulous and non-pendulous flower

forms of Clivia specimens.

It came as a surprise that only a few flowering-related genes were detected and even less
flower morphogenesis genes. This could be either due to the small sample size, and thus for, further
studies, we recommend using more samples or due to the strict p-value and adjusted p-value cut-off
that were set to < 0.005. Further studies could use genome-wide functional genomics techniques
combined with novel genome editing tools such as CRISPR/Cas9, which could conclude with
certainty that the MADS-box gene AGAMOUS-LIKE is responsible for the morphological
differences between pendulous and non-pendulous Clivia species. This can be extended to other

plant species, including crop plants.
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Figure S1: Clivia samples used in the current study. A and B show the non-pendulous flower buds

whereas C and D show the pendulous flower buds.
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Table S1: Nanodrop results depicted as average concentration, average 260/280 ratios and average

260/230 ratios.

Sample ID Average Concentration (ng/pl) | Average 260/280 | Average 260/230
Intermediate bud 1 2265.29 2.02 2.02
Intermediate bud 2 1965.33 2.03 2.34
Intermediate bud 3 2472.79 2.01 2.28

Miniata bud 1 1229.01 2.04 2.19
Miniata bud 2 1171.53 2.05 2.24
Miniata bud 3 987.55 2.03 2.32

Tiny bud 1 1046.17 2.03 1.79

Tiny bud 2 1231.80 2.05 2.17

Tiny bud 3 776.36 2.05 2.16
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Table S2: Scaffold length distribution in the de novo assembled bud samples.

A: Intermediate buds

Minimum scaffold length No. of scaffolds Total scaffold length

100 398,674 239,309,249

250 317,109 221,087,386

500 136,316 158,918,187

1 KB 58,395 105,083,937

2.5 KB 8,642 29,608,240
5 KB 614 3,941,692
10 KB 25 306,549

Sub total 919,775 758,255,240

B: Miniata buds
Minimum scaffold length

No. of scaffolds

Total scaffold length

100 309,449 223,003,611
250 261,009 212,138,288
500 131,490 167,132,219
1 KB 63,603 119,631,208
2.5 KB 11,135 38,716,113
5 KB 906 5,688,302
10 KB 28 355,738
Sub total 468,171 766,665,479
C: Tiny buds
Minimum scaffold length No. of scaffolds Total scaffold length
100 309,956 203,823,820
250 253,682 191,266,291
500 119,777 144,933,967
1 KB 54,957 99,848,207
2.5 KB 18,253 28,427,710
5 KB 641 4,024,540
10 KB 18 227,392
Sub total 757,284 672,551,927
Total 2,145,230 2,197,472,646
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Table S3: EXN5O0 statistics of the main assembly showing the ExN50 value corresponding to the

highest Ex value as well as the number of genes at a specific Ex value.

Ex ExN50 Num_genes
1 3138 1

2 7488 4

3 5625 7

4 3138 12
88 2712 33412
89 2731 36326
90 2746 39766
91 2754 43906
92 2742 49040
93 2701 55598
94 2615 64315
95 2478 76684
96 2273 96112

Inter Buds trimmed 2.fastq,Miniata Buds trimmed 2,fastq,Tiny Buds trimmed 2.fastq -S SPAdes transcri
Time loading reference: 00:00:01
Time loading forward index: 00:00:00
Time loading mirror index: 00:00:61
Multiseed full-index search: 06:35:42
147102407 reads; of these:
147102407 (100.00%) were paired; of these:

49302802 (33.52%) aligned concordantly € times

24305207 (16.52%) aligned concordantly exactly 1 time

73494398 (49.96%) aligned concordantly >1 times

49302802 pairs aligned concordantly © times; of these:
8464990 (17.17%) aligned discordantly 1 time

40837812 pairs aligned © times concordantly or discordantly; of these:
81675624 mates make up the pairs; of these:

8139116 (9.97%) aligned 0 times
2558975 (3.13%) aligned exactly 1 time
70977533 (86.90%) aligned >1 times

B7.23% overall alignment rate

Time searching: 06:35:46

Pverall time: 06:35:47

Figure S2: Read representation statistics of de novo assembled transcriptome
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Figure S3: The comparison of biological replicates. Plots (a) shows the sum of mapped fragments,

(b) replicate Pearson correlation heatmap, (c) pairwise comparisons of replicate log(CPM) values

where data points highlighted in red indicate a >2-fold change and (d) pairwise MA plot of

log(CPM) vs log(fold_change).
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Figure S3.2: The comparison of miniata bud’s biological replicates. Plots (a) shows the sum of
mapped fragments, (b) replicate Pearson correlation heatmap, (c) pairwise comparisons of replicate
log(CPM) values where data points highlighted in red indicate a >2-fold change and (d) pairwise

MA plot of log(CPM) vs log(fold_change).
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Figure S3.3: The comparison of tiny bud’s biological replicates. Plots (a) shows the sum of mapped
fragments, (b) replicate Pearson correlation heatmap, (c) pairwise comparisons of replicate
log(CPM) values where data points highlighted in red indicate a >2-fold change and (d) pairwise

MA plot of log(CPM) vs log(fold_change).
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Appendix A

Figure S4: Pairwise comparisons of transcript expression in different tissues. The MA plots depict

logFC (average log fold change) against logCounts (average log of counts) between (a) Miniata

buds vs Inter buds (b) Inter buds vs Tiny buds and (c) Tiny buds vs Miniata buds. Volcano plots

depict differentially expressed transcripts relative to FDR (False discovery rate) for (d) Miniata

buds vs Inter buds (e) Inter buds vs Tiny buds and (f) Tiny buds vs Miniata buds.
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Command Lines
Trimming
$ bbduk.sh inl=readl in2=read2 outl=outrl out2=outr2 ktrim=r k=23 mink=11 hdist=1 tpe tbo ref=adapter_file

$ bbduk.sh in1=outrl in2=outr2 outl=outrl_trimmed out2=outr2_trimmed qtrim=rl trimg=20 maq=20 ftl=21 ftr2=4
entropy=0.1 outs=trimmed_singles

Blast

$blastx -query fasta -db swissprot -out proteins.txt -evalue 1e-10 -word_size 3 -gapopen 11 -gapextend 1 outfmt ‘6 std
qlwn stittle’ -max_target_seq 1 -html -num_threads 4

Assembly
$ bowtie2-build Trinity.fasta Trinity.fasta

$ bowtie2 -p 10 -q --no-unal -k 20 -x Trinity.fasta -1 reads_1.fq -2 reads_2.fq 2>align_stats.txt | samtools view -@10 -
Sb -0 bowtie2.bam

STRINITY_HOME/util/TrinityStats.pl Trinity.fasta

$TRINITY_HOME/util/misc/contig_ExN50_statistic.pl transcripts. TMM.EXPR.matrix Trinity.fasta transcript | tee
EXN50.transcript.stats

Estimating transcript abundance

$TRINITY_HOME /util/align_and_estimate_abundance.pl --transcripts Trinity.fasta --seqType fq --left reads_1.fq --

right reads_2.fq --est_method salmon --aln_method bowtie --trinity_mode --prep_reference --output_dir_salmon

Building matrices

$TRINITY_HOME /util/abundance_estimates_to_matrix.pl --est_method salmon --quant_files
file.listing_target_files.txt

$TRINITY_HOME/util/abundance_estimates_to_matrix.pl --est_method salmon --gene_trans_map
trinity_out_dir. Trinity.fasta.gene_trans_map --quant_files salmon.quant_files.txt --name_sample_by basedir

STRINITY_HOME/util/misc/count_matrix_features_given_MIN_TPM_threshold.pl

trans_matrix. TPM.not_cross_norm | tee trans_matrix. TPM.not_cross_norm.counts_by _min_TPM
Comparing replicates

$TRINITY_HOME/Analysis/Differential Expression/PtR --matrix counts.matrix —samples samples.txt --log2 --CPM --
min_rowSums 10 --compare_replicates

Principal component analysis

$TRINITY_HOME/Analysis/Differential Expression/PtR --matrix Trinity_trans.counts.matrix -s samples.txt --
min_rowSums 10 --log2 --CPM --center_rows --prin_comp 3

Differential gene expression
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$TRINITY_HOME/Analysis/Differential Expression/run_DE_analysis.pl —matrix salmon.isoform.counts.matrix -
method salmon -samples_file main_samples.txt

$TRINITY_HOME/Analysis/Differential Expression/analyze_diff_expr.pl -matrix salmon.isofrom. TMM.EXPR.matrix
-P 1e-3 -C 2 -max_gene_clust 30 000

Trinotate
$ Trinotate.init

$ autoTrinotate.pl --Trinotate_sqlite exp_1.sqlite --transcripts expr_1_trinity_assembly.fasta --gene_to_trans_map

exprl_trinity_assembly.gene_to_trans_map --conf ufs_trinotate_conf.txt —CPU 6

*All command lines used can be found on Github (https://github.com/trinityrnaseg/trinityrnaseq/wiki)
and/or UFS docs (https://docs.hpc.ufs.ac.za/).
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