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Abstract

MicroRNAs (miRNA) are non-coding single stranded RNAs that plays crucial
role in regulating gene expression. The objective of this project is to study the
colour formation on the leaves of the Canna indica (C. indica) plant using two
different approaches. The first the hypothesis | wanted to test was that the red and
green sectors of C. indica cv Cleopatra are caused by the absence or presence of
transposons. Around 500 differentially expressed genes between red and green
sectors of C. indica cv Cleopatra have been identified and several of these were
Myeloblastosis (MYBs) and Basic Helix-Loop-Helix (bHLHSs) transcription
factors. Five MYBs genes and CHS were analysed by PCR but none of them
contained transposons, therefore a different approach was taken to find
transposons in genes that may interfere with the anthocyanin pathway. Genomic
DNA was extracted and the whole genome was sequenced by Pacific Bioscience
(PacBio) as there was no available genome sequence for C. indica cv Cleopatra.
The bioinformatic analysis identified a potential transposon in an intronic region
of a MYB gene that was differentially expressed between green and red sectors.
The validation of this transposon was not completed due to a lack of time but is
being further investigated by the research group. The second objective was, to
identify small RNAs differentially expressed in yellow striped C. indica cv
Pretoria and pink striped of C. indica cv Durban compared to plain green and red
leaves, respectively. The hypothesis was the SRNAs target enzymes involved in
the anthocyanin biosynthetic pathway and silencing these genes resulting in the
pinks strip. I also hypothesised that in the green leaves, SRNAs target enzymes
involved in the chlorophyl biosynthetic pathway and silencing these genes lead
to yellow strips. We found four miRNAs, miR166, miR529, miR530 and
miR6300 that were differentially expressed in the different coloured leaves. |
identified targets for some of these miRNAs but due to the lack of complete

transcriptome sequence we were not able to predict targets for all four miRNAs.



Since the submission of my thesis, the research group took advantage the recently
generated Canna genome sequence and found some potential targets for all
differentially expressed miRNAs. Validation these targets will shed light on the

effect of mMiIRNASs in colour formation in Canna leaves.
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Chapter 1: Introduction

1.1  MiIRNA

A major macromolecule of life, ribonucleic acids (RNA) play a crucial role in
gene expression. Ribosomal RNAs and tRNAs are key factors in protein
synthesis, while messenger RNAs convey the genetic information encoded by the
DNA to the sites of protein synthesis. In addition, RNA can also regulate the
expression of genes. There are two types of RNAs: coding RNAs and non-coding
RNAs. The most abundant small non-coding RNAs in plants are the 24 nucleotide
(nt) small interfering RNAs and the 21-nt microRNAs (miRNASs). In plants,
siRNAs were first discovered in relation to their contribution to post-
transcriptional gene silencing and transcriptional gene silencing (1-3). Later, it
was shown that they can cause specific downregulation of mammalian genes
through the RNA Interfering pathway (4). MIRNA was first discovered in
nematodes (Caenorhabditis elegans) by Victor Ambros and Gary Ruvkun who
showed that a specific miRNA (lin-4) regulates nematode larval development (5).

Many hundreds of miRNAs have been reported since then in animals and plants

(6)

It has further been found that 22-nt miRNA can cut mRNA targets in plants, and
the cleavage products can then be turned into dsSRNA by RNA-dependent RNA
polymerase 6. DICER like protein 4 subsequently generates secondary 21-nt
SiIRNAs by cleaving the dsRNA. These siRNAs have been named phased siRNAs
because the dsRNA is not cleaved randomly but in a phased manner, producing
the same 21mer siRNAs (7). There are two types of phasiRNA: trans-acting
siIRNA and cis-acting siRNA (8).
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The miRNAs that occur in plants are 21-24 nt, single-stranded RNAs that do not
code for proteins (9). MiRNA genes are small,and they are located either
between or within the protein-coding regions. MiRNA genes are transcribed into
primary miRNA (pri-miRNA) by RNA polymerase Il (10). Pri-miRNA has
an imperfect double-stranded region that forms stem-loop secondary structures
from which mature miRNAs are produced. In the nucleus, Pri-miRNAs can be
stabilized through a nuclear-localised, forkhead-associated domain of a-protein
called DAWDLE (11). After transcription, pri-miRNA is cleaved into hairpins to
create pre-miRNA by the enzyme DICER like 1 protein (DCL1), with the help of
the double-stranded RNA binding proteins Hyponastic Leaves 1 (HYL1) and
C2H2 zinc-finger protein SERRATE (SE) (12,13).

These proteins are also necessary for recognising and directing the pri-miRNA,
and for helping DCL1 to bind in an appropriate position. In the nucleus, the
HYL1 and SE proteins react with DCL1 indicing bodies (D-bodies)- or
SmD3/SmB-bodies, leading to pri-miRNA stabilisation (14,15). DCL1 then
cleaves the pre-miRNA to produce miRNA/MiRNA* duplexes, which contain a
2-nt overhang-at the 3’-ends. These then get methylated by the
3’ methyltransferase Hua Enhancer 1 (HEN1) by adding methyl groups to the 2’-
hydroxyl (OH) at the 3’-terminal nucleotides of eachstrand (16). The
methylation of the 2-nt overhangs is crucial in preventing the miRNA from being
degraded and uridylated by the exonuclease activity of the small RNA degrading
nuclease family (17-19). The methylated miRNA/MiRNA* is transported from
the nucleus into the cytoplasm through HASTY protein (HST)
(20,21). After separating miRNA duplexes in the cytoplasm, one strand is
selected and loaded into the RNA-induced silencing complex (RISC), which
contains Argonaute family proteins, while the other strand is degraded. The strand
that has the 5’ end at the weaker side of the miRNA/miRNA* duplex is

13



preferentially loaded into the RISC (22). Figure 1 illustrates miRNA biogenesis
(23).

In plants, Argonaute 1 is important for miRNA function (24). The Argonaute-
protein has-two main domains: the N-terminal PIWI/Argonaute/Zwille (PAZ)
and the PIWI domains. The PAZ domain can bind to the 3’end of single-stranded
RNA, while PIWI domain is likely to bind to the 5’end of RNA through its
carboxy-terminus. Each Argonaute family member is related with multiple
silencing pathways (25-27). Mature miRNA recognises a single target location
in the coding region, and a high level of complementarity between the miRNA
and its target leads to successful target mMRNA cleavage (10). The function of

mature miRNA is to provide negative regulation by targeting mRNA (28).
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Figure 1: Plant miRNA biogenesis schematic diagram (23).

MiRNA and Leaf Development

15

Both genetic information and environmental factors play a role in regulating plant
growth and development, and the expression of miRNA is an essential part of this
(29). A significant role played by miRNAs is the regulation of gene expression
by targeting specific mMRNAs. Several miRNAs function by interfering with the
level of plant hormones. One of the plant hormones is auxin, which plays an
Important role in leaf development and its level is regulated by miRNAs (30).
Throughout the lifecycle of a plant, new organs can be produced continuously.
The embryonic apical meristem contains stem cells that can divide into more stem

cells by self-renewing and eventually differentiate into specific tissues. It is the



shoot apical meristem (SAM) that forms and develops the aboveground organs
of the plant. Meristem activity is regulated via the SHOOT MERISTEMLESS-
WUSCHEL CLAVATA pathway (31).

In leaf development, leaf primordium is differentiated from the SAM and
develops to leaf blades. There are a variety of regulatory factors at play in these
processes. In the SAM, auxin distribution and polar transport are responsible for
organogenesis (32). MiR160 regulates auxin responses by targeting the Auxin
Response Factors (ARF10, ARF16, and ARF17). For example, in Arabidopsis
thaliana (A. thaliana), the leaves of mutants of ARF10 and ARF17, which are
resistant to miR160, are serrated and curl upward, and the cotyledons are

abnormally numbered (33).

Further, MYB domain protein transcription factor (TF) is expressed in leaf
primordium that promotes leaf genesis. In order to promote growth and
differentiation, the gene Asymmetric Leavesl/Rough Sheath 2/Phantastica
(ARP) functions as a transcription suppressor to inhibit KNOTTED 1-like
homeobox genes (KNOX1) expression. As plant leaves establish dorsal-ventral
polarity, the expression of KANADI (KAN), ARF3 and ARF4 determine the
dorsal axis, while homeodomain-leucine zipper (HD-ZIP) Ill determines the
ventral axis. Leaf dorsal development is determined by the YABBY gene, which
acts downstream of KAN. Due to the inhibition of HD-ZIP 11l family members
on the abaxial side by miR165/166, HD-ZIP |11 expression is maintained only on
the adaxial side (34,35).

For miR165/166 to regulate and restrict PHABOLUSA (PHB) to the adaxial side,
AGOL is necessary to target it at the HD-ZIP I11 transcripts in leaves (36). Similar

16



to AGO1, AGOI10 is localised on the adaxial side of the leaf, where it inhibits
miR165/166 activity and maintains HD-ZIP I1l mRNA accumulation (37). In
addition, miR390 and AGO?7 are critical for leaf polarisation. ARF3 and ARF4
are inhibited by TAS3 Trans-acting short-interfering RNAs (tasiRNASs) on the

abaxial side of leaves, thus determining the adaxial side (Figure 2) (38).

It is possible for miR165/166 to move from the adaxial surface to the abaxial side
in leaves, thereby regulating HD-ZIP 111 gene expression patterns and forming
leaf polarity. The SAM miR394 is a mobile signal produced by L1 layer cells that
moves toward L2 and L3 layers in order to suppress Leave Curling
Responsiveness (LCR) expression. Stem cell pluripotency can be maintained by
affecting the CLAVATA-WUSCHEL (CLV-WUS) loop by suppressing the LCR

signal in the lower stem cells (Figure - 2) (39).

Leaf size and structure are also regulated by miRNA. Leaf cell number and
meristem size are ultimately determined by the miR396 and growth-regulating
factor (GRF) balance (40). Furthermore, miR396 targets basic helix loop helix
(bHLH) 74 to regulate leaf size (41) while CUP-SHAPED COTYLEDON2
(CUC2) helps forming the organ primordial boundary. By degrading the mRNA
of the TCP-like TF family that regulates CUC2, miR319 regulates the growth and
development of the leaves of A. thaliana (42). The expression of CUC2 is also
regulated by the repressor miR164 (43). During the evolution of composite
leaves, the CUC2-miR164 system is critical (44).

When the level of miR171 decreases in plants, it can result in developmental
defects, short vegetative phytomers, and delayed flowering. In addition, when the

silencing suppressor HC-Pro gene is overexpressed in A. thaliana, there is an
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increase in the level of miR171 target MRNAS, possibly leading to virus-mediated
symptoms (45).

miR165/166 iRI65/166

AGO10

AGOI1-miR165/166

Figure 2: Functions of miRNAs in shoot apex (29).

As a result of vascular plants' xylem and phloem, water and nutrients are
transported upward by xylem and carbohydrate is transported downward by
phloem. Three tissues make up the vascular bundle: xylem, procambium, and
phloem (29). There is high expression of HD-ZIP 11l genes in vascular bundles
of roots, stems, and leaves of A. thaliana. In A thaliana, overexpression of
miR165 reduces transcription levels of all members of HD-ZIP 11 family, thereby

influencing vascular tissue differentiation and plant morphogenesis (46).

18



1.3 The structure and function of Transposons

Transposons were discovered by Barbara McClintock in maize (Zea mays) while
conducting research on chromosome breakage for which she won a Nobel Prize.
Her findings showed that these elements caused chromosomal translocations,
deletions, and insertions. Because she noticed that the maize transposons could
change the expression of genes close to or at the site of TE insertion, McClintock
originally gave them the name "controlling elements." (47). A transposable
element (TE) is a Deoxyribonucleic Acid (DNA) sequence. It can replicate,
move, and integrate into new regions of the genome. It can copy itself and insert
itself elsewhere in the genome (48-50). There are two major categories of
transposons based on their movement (50). Retrotransposons (Class I) are able to
spread their copy sequences throughout the host genome through the reverse
transcription of an intermediate RNA molecule using a copy-and-paste
mechanism. Class Il DNA transposons are typically cut and pasted into a different
region of the genome after being removed from their original location. Plants are
particularly rich in retrotransposons, which make up a large portion of their
genome. In maize, retrotransposons constitute 80% of the genome (51). Class |,
Retrotransposons can be classified into two types based on their DNA sequence
structure: The first type of retrotransposons is called long terminal repeat (LTR)-
type retrotransposons because they have long terminal repeats at either end of
their DNA sequence. A second type of retrotransposons is non long terminal
repeat (non-LTR) retrotransposons, consisting of short interspersed nuclear
elements and long interspersed nuclear elements. Both kinds of retrotransposons

are found in plants in large numbers (52).

TE insertions can affect phenotypes in a variety of ways. First, insertion can
increase genome size, which could slow down development and negatively affect

fitness in some environments (53-55). A second issue is that TE insertions can
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disrupt gene or regulatory sequences and impair gene function. Mendel, for
example, studied wrinkled pea mutations caused by TE insertions as loss-of-
function mutations (56). However, it is also possible that transposons are inserted
into promoter regions of protein coding genes that may lead to either increased

or reduced expression of the gene.

1.4 Pigment Flavonoids and Anthocyanin

Flavonoids are widespread in the plant kingdom and are classified under a group
of multi-functional compounds. They are important for regulating auxin
transport, determining male fertility, and helping plants defend against biotic and
abiotic stresses. They are also important as pharmacological, medical, and
nutritional compounds (57). Flavonoids are essential to a plant’s secondary
metabolism, which is related to their colouration mechanisms, chemistry,
biochemistry, genetics, and molecular biology. Flavonoids, such as cyanidin
glucosides, are also used in food colouring (58) and are the source of the various
colours of Cannas, with the different flavonoids distinguishing which flowers
will be red over yellow, etc. (9). Flavonoids are phenolics with a skeleton of
diphenylpropane. The basic structure of flavonoids is C6-C3-C6. They are
classified under several groups, such as flavones, flavanols, anthocyanins and
chalcones (58,59).

1.4.1 Biological Synthesis of Flavonoids

The major pathways of flavonoid biosynthesis (60) are illustrated in (Figure 3).
These pathways appear in all flowering plants and are well understood.
Flavonoids are synthesized in the cytosol. The biosynthesis enzymes form a super

molecular complex (i.e., metabolon) via protein—protein interactions and are

20



anchored to the membrane of the endoplasmic reticulum (60). Plants recruited
enzymes from pre-existing metabolic pathways, such as 2-oxoglutarate-
dependent dioxygenases, cytochromes P450 (P450) and glucosyl transferases
(58).

Among the committed enzymes in this pathway, chalcone synthase (CHS) is
responsible for catalysing the synthesis of tetrahydroxy chalcone (THC) from one
coumaroyl CoA-4 molecules and three malonyl CoA molecules. Chalcone
isomerase (CHI) rapidly and stereospecifically converts THC into colourless
(2S)-naringenin (58).

1.4.2 Structure and Biosynthesis Pathways of Anthocyanin in Plants

There are 19 known types of anthocyanidins, which are the precursors of
anthocyanins (Figure 4), although there are six main types are known: peonidin,
delphinidin, petunidin, cyanidin, pelargonidin, and malvidin. The difference in
colours is related to how many hydroxyl groups there are on the B-ring. For
example, a large number of hydroxyls lead to a blue colour, while a red colour is
due to the O-methylation of anthocyanins (58). While many enzymes are
responsible for synthesizing the various anthocyanin compounds, TFs regulate
the expression of these genes and therefore play an important part in colour
formation (61). Combinations of R2R3 MYB, bHLH and WD40-type TFs are
responsible for the spatial and temporal expression of structural genes during

anthocyanin biosynthesis (58).

The structures and biosynthesis pathways of anthocyanins and flavonoids are

summarised in Figure 3. The flavanone, flavonol, and flavone hydroxylation
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process is catalysed by the F3'H and F3'5'H groups. Rose hybrida,
Chrysanthemum X morifolium, Dianthus caryophyllus, and many other
floricultural crops lack varieties of the violet or blue colour due to the absence of
delphinidin. It is believed that this is due to their lack of the F3'5'H gene, which
may have been lost during their evolution (58). Blue/violet carnations and roses

have been instead developed by expressing the F3'5'H gene heterologously (62).

Anthocyanins are non-photosynthetic pigments produced in the cytoplasm and
stored in the vacuoles of epidermal cells (63). In fruit, anthocyanins are
commonly in the outer cell layers. Some strawberry cultivars contain as much as
40% of their total phenol in anthocyanins in the outer layers of the fruit's cells
(64). In plants, anthocyanins occur in flowers, leaves, fruit, grains, tubers, and
roots (65). Anthocyanins are water-soluble, nontoxic pigments. These pigments
are pH-sensitive and their colour changes when their pH of their environment
changes (66). At pH 3 and low, anthocyanins become more red and more stable
as the quinonoidal base forms, while at pH 6 and above, they become more blue

and more unstable (58).
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Figure 3: The structures and biosynthesis pathways of anthocyanins and
flavonoids (58).

1.4.3 Producing and Consuming Fruits with Anthocyanins

Many agricultural products, including apples, grapes, and berry fruits, have a
higher market value due to their anthocyanin-mediated fruit colouration (67).
Anthocyanins possess powerful antioxidant and anti-inflammatory properties,
which contribute to their health-promoting effects in humans (68). A substantial
amount of evidence has demonstrated that anthocyanin-rich fruits can lower the
risk of diabetes and cardiovascular diseases (69). Furthermore, anthocyanin
consumption has been associated with positive effects on brain function (70).

Accordingly, adding these bioactive compounds to fruits and vegetables enhances
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their health properties and increases their consumer appreciation and market
value. Itis also for this reason that food producers use anthocyanins to add colour
to their products (71), and as artificial foods become more prevalent,

anthocyanins derived from fruit are in greater demand (71).

1.5 Transcription Factors regulating the anthocyanin pathway
1.5.1 MYB Genes

Specialized metabolites in plants include many different compounds, including
flavonoids, phenolic acids, stilbenes, and monolignols. A variety of functions of
these compounds have been identified, including acting as cell wall components
(i.e., because of their mechanical strength), pigments, signalling molecules,
phytoalexins, and ultraviolet (UV) light protectors. MYB TFs make up one of the
largest families of TFs identified in plants. These MYB TFs are involved in the
regulation of specialized metabolite biosynthesis. In almost all eukaryotes, the
MYB TFs have a conserved MYB domain at their N-terminus (72).

The MYB structure is divided into two regions: the N-terminal region, which
binds the domain with DNA, and the C- terminal region, which is responsible for
regulating the activity of proteins. The MYB domain contains 4 imperfect amino
acids sequence repeats (R) among its 52 amino acids (73). The MYB family is
divided into four classes: 1R, R2R3, 3R and 4R. R2R3 is related to plants and is
widespread in plants (73).

The first MYB TF to be identified in the Avian Myeloblastosis Virus (AMV) was
v-MYB (74). In the MYB TF family, the number of imperfect repetitions varies

from one to four (75). There are several classes of MYB TFs based on the number
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of adjacent MYB repeats: 1R-MYB, R2R3-MYB, 3R-MYB, and 4R-MYB. In
plants, the COLOUREDL1 gene has been identified as the first gene encoding a
MYB domain protein; in addition, it participates in the synthesis of anthocyanin
in the aleurone layer of the kernels of Zea mays (76). MYB TFs are involved in
many biological processes, including the defence and stress response, the
circadian rhythm, seed and floral development, cell fate and identity, and the
regulation of the primary and specialized metabolism (77). MYB TFs play a
particularly important role in regulating the specialized metabolites of medicinal
plants (78), and many factors affect the specialized metabolisms of these plants
(79). For example, lignin syntheses can be inhibited by Musa nana MYB TFs
(MusaMYB31) (80).

The evolution of plants is affected by their interaction with their environment. In
turn, this results in specialized metabolites that can accumulate in the plant,
protect against pathogenic microorganisms, and play a crucial role in plant
metabolism. In studies of this process, MYB TFs were found to regulate the
specialized metabolism in Chrysanthemum X morifolium (CmMYBL1), Panicum
virgatum (PvMYB4a), Eucalyptus gunnii (EgMYBL1), Leucaena leucocephala
(LIMYB1), and Z. mays (ZmMYB31 and ZmMYB42), which can inhibit lignin
synthesis (81,82). In Malus domestica, MAMYBA, MdMYB3 and MdMYB1 are
responsible for the red-pigmented anthocyanin biosynthesis in the peel (83,84).
In the fruit cortex, MdMYB110a contributes to the red colouration during the late
stages of fruit maturity, while MdMYB10 contributes to anthocyanin production
in the foliage, peel and flesh (85,86).

R2R3 MYB is involved in the phenylpropanoid metabolism, biotic and abiotic

stress, defence, differentiation, the hormonal response and cell shape (73). For
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example, grapes are white or red based on the presence/absence of activators or
repressors of anthocyanin. In grapes, four types of MYB genes (VVMYBAL or
VVMYBAZ2 or both or none) were found to be responsible for the accumulation
of anthocyanin. Two of these genes are mutated in white grapes, while the active

forms of the two genes lead to red grapes (87).

1.5.2 Structure and Function of bHLH TFs

The structure of the bHLH family protein involves the helix-loop-helix (HLH)
(88). The bHLH gene family has the second highest number of TF genes (89),
and bHLH proteins play a critical role in many physiological and developmental
processes in plants, including anthocyanin biosynthesis (90), stress defence (91),
and growth and development (92). There are usually 60 amino acids in a typical
bHLH domain and 2 functional areas: helix and loop. The basic region consists
of 10-15 amino acids at the N- terminus and a spiral region (i.e., HLH region)

contains 40 amino acids (93).

The bHLH superfamily has an increasing number of members. Various plant
species have been functionally characterised since bHLH in Z. mays was first
identified as playing a significant role in anthocyanin biosynthesis (94). It is
encoded by the ZmR and ZmB genes (95) and Roth et al (1991). Demonstrated
that ZmC1 and ZmR interact in maize to enhance activity of ZmUFGT, a gene

that is critical for the synthesis of anthocyanins (96).

Arabidopsis also contains AtEGL3, AtGL3, and AtTT8 bHLH TFs, which are
also related to anthocyanin biosynthesis (97). The VVMYCAL gene is essential
for anthocyanin synthesis in grapes (98), while MdbHLH3 and MdbHLH33 are
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essential for the synthesis of anthocyanin in apples. Anthocyanin synthesis can
be promoted by MdBHLH3 and MdBHLH33 through interactions with
MdMYB10 that stimulate the MdDFR promoter (85). A ternary complex (MBW)
Is formed between the bHLH, MYB, and WD40 (MBW) TFs. This complex
regulates structural gene activity and flavonoid biosynthesis (99). It has been
found that VcbHLHL1 interacts with VcMYBL1 and VcWDL2 to promote the

accumulation of anthocyanins and the development of colour in blueberries (100).

Five MabHLH genes were found to be involved in cooling tolerance induced by
methyl jasmonate (MeJA) in banana fruit (101). Specifically, as part of the bHLH
gene family, MaMYC2 binds to MalCEZ1 to regulate induced cooling tolerance
in fruits (102). MabHLHG6 transcripts and proteins are both increased in bananas,
and they are positively regulated by starch degradation during fruit ripening
(103). The ripening of bananas is delayed from ripening by MaMYB3, which
negatively regulates MabHLHG6 (104).

1.5.3 Homeodomain-Leucine Zipper (HD-ZIP)

A few years after homeodomains (HDs) were first discovered in animals (105)
they were also discovered in plants. Specifically, the first plant TF with an HD
was discovered in maize (106). In the same year, TFs unique to plants, HD-Zip
TFs, were discovered (107). There are two types of dimerization motifs in these
TFs: the HD, which binds DNA, and the leucine zippers, which contain leucine
in every seven residues (107). In plants, HD-Zip TFs have been associated with
environmental responses (107), including those related to drought, salinity,
flooding, and UV radiation (108).
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There are four subfamilies of HD-ZIP TFs, which are classified according to their
evolutionary relationships and proteins structures: HD-ZIP |, HD-ZIP Il, HD-ZIP
[11, and HD-ZIP 1V (109). HD-Zip class | members are generally involved in
responses to abiotic stress, such as light and water (110). Research has revealed
that water-limiting conditions and abscisic acid (ABA) application upregulate A.
thaliana homeobox 12 (ATHB12) and ATHB7 expression (111). Expression and
transformation studies have revealed that class Il proteins play a major role in
phototropism and auxin responses (112). Arabidopsis ATHB-2 regulates shade
avoidance responses in three distinct phytochromes. In Arabidopsis seedlings
overexpressing ATHB-2, hypocotyl elongation has been included at a level that
Is similar to what observed in wild type plants when grown under far red light
(113).

HD-Zip class Il members contribute to morphogenesis. During embryonic
development, REVOLUTA/INTERFASCICULAR FIBERLESS1 (REV),
PHABULOSA (PHB), and PHAVOLUTA (PHV) were found to control the
pattern of apical formation (114). Molecular analyses also revealed the
importance of REV and PHB in maintaining and initiating SAMs (115).
Researchers determined the mechanism of action of REV, PHB, PHV and
KANADI in controlling lateral organ patterning (116). In plant organs, HD-Zip
class 1V is often expressed in outer cells where it regulates epidermal fate,

anthocyanin accumulation and trichome formation (115).

1.5.3.1 Structure and function of HD-Zip class Il TFs

The HD-Zip 111 subfamily consists of five members: PHB/ATHB14, ATHBS,
PHV/ATHB9, CORONA/ATHB15, and REV/IFL1. Between the HD and zipper-
loop-zipper (ZLZ) domains of this subfamily, there are four additional conserved

amino acids, and they engage in steroidogenic acute regulatory protein related
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lipid transfer (START), which is followed by a conserved adjacent region called
the START-adjacent domain (SAD). It has been well established that animal
START-containing proteins also contain lipid ligands, but plants have not yet
been found to contain any of these ligands (117). It is likely that this motif plays
a significant role in activity regulation due to its high conservation throughout
evolution. Each member of the superfamily has a conserved domain at the C
terminus, known as the MEKHLA domain, which was named after the goddess
of lightning, water, and rain. Several proteins throughout all kingdoms of life
contain a similar domain known as the Per-Arnt-Sim (PAS) domain, which is

involved in sensing light, oxygen, and redox potentials (118).

1.5.3.2 Expression and Function of HD_ZIP Class I

Subfamily 11l TFs have been well characterised in terms of their roles in apical
meristem development, vascular bundle development, auxin transport, and
adaxial organ development (i.e., through REV/FL1, PHB/ATHB9 and
PHV/ATHB14) and regulating vascular development (i.e., through ATHBS8 and
ATHB15) (114). This subfamily only contains one single mutant with a
phenotype: Arabidopsis REV. Five members of this subfamily share functional
overlap and there are defects in the development of shoots, leaves, stem cells, and
vascular systems in the REV phenotype (114,119). Mutants of ATHBS8 do not
exhibit any phenotypic defects; however, constitutive expression causes Xylem
overproduction (120). In addition, ATHBS regulates procambial development at
an early stage (121). Transcriptional and posttranscriptional regulation are both
present in HD-Zip 11 genes, for example both miR165 and miR166 target HD-
Zip 111 mRNAs (116,122).
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A primary cell wall is composed of xyloglucans, crystalline cellulose microfibers
and pectic polysaccharides. These cells can withstand mechanical forces and
secure space in which to grow because of this remarkable combination of strength
and pliancy (123). Secondary cell walls contain mechanical strength and rigidity
by combining cellulose, hemicellulose, and lignin, enabling vascular plants to
grow tall and compete for light (124). Studies have shown that miRNA165 and
mMiRNA166 regulate HD-Zip Il members (125,126). An 859 amino acid protein
is encoded by OsHox32. It has been identified as a member of the HD-Zip IlI
family (127), and it is thought that OsHox32 inhibits OsCAD2 and OsCESA7
expression by binding to their respective promoters, thus reducing the amount of

lignin and cellulose (128).

Researchers have found that knocking down miR166 in rice affects the stem
xylem development and reduces the hydraulic conductivity; due to this, the
plant’s leaf rolls and becomes drought-resistant (129). However, a study found
that plants with an overexpression of OsHox32 have narrow leaves and a shorter
height (130). Furthermore, this study also demonstrated reduced plant height and
rolled leaves in OEHox32 and STTM166b transgenic rice plants, supporting the
findings (128). OEHox32 and STTM166b transgenic plants were also observed
to have drooping leaves and brittle stems. In addition to modulating plant growth
and development, OsmiR166b-OsHox32 also enhances mechanical strength,
which indicates that it plays an important role to play in both (128). Similarly, in
bananas miR166 targets HOX32 and regulates plant height and pinnacle length
(131).
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1.6 Canna Lilly

1.6.1 Canna History

There are 10 species in the Canna genus, all native to tropical and subtropical
America, with the majority coming from South America. Since the mid-19™
century, Canna has primarily been known as a starchy crop. The rhizomes of C.
edulis are still harvested as food throughout the tropics and have been cultivated
in Peru for at least 4,500 years. The seeds of C. indica are hard and black, giving
it the nickname ‘Indian shot’(132). Canna is also called the C. lilly (133).

Canna grows widely in muddy soil (9). Canna has also evolved to flourish in
Europe, especially in Italy, under very different climatic conditions than those
found in West Indies (134). It forms small or large monotype stems, and it
can be found in various areas, such as in forests, near villages, and along roads
(135). It is also known as an ornamental plant for gardens because of its colourful

flowers and foliage (133).

C. indica can tolerate any type of soil, such as tropical latosols, weathered soils
and acidic soils. It prefers deep heavy soil that is fertile, well-aerated, well-
drained and rich in humus. The rhizomes grow slowly in compacted clay. C.
indica prefers warm weather and temperatures up to 32 °C. It can further grow in

forest areas, wetlands, river zones, water courses and wastelands (136).

C. indica is said to have been named indica by Charles de 1’Ecluse, who described
and sketched it (137). During the Victorian era, Canna became very popular as
an ornamental plant after it was first hybridized. The RHS trials in 1906 included

more than 270 Canna entries. During the 20" century, their popularity declined
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but in the 21 century they became more popular again. The majority of cultivars
are complex hybrids that originated from Canna indica, Canna warscewiczii,
Canna ridiflora, Canna glauca, and Canna flaccida. The first ornamental Canna
plants were bred in France in 1848 after Thré Année brought back plants that he
had collected in South America. Année’s plants were chiefly foliage subjects, but
twenty years later, a fellow French breeder named Antoine Crozy, successfully

developed cultivars that have larger flowers (132).

The books Hortus Cliffortianus and Viridiarum Cliffortianum were published by
Carl Linnaeus in 1737 and contained a list of the plants grown in the garden of

George Clifford. In this garden, Linnaeus noticed two kinds of plants:

1. Atype of C. indica which originated in the warmer region of Asia, Africa
and America and grows in the wild and it has in four varieties.
e A naturalis allegata planta, flore luteo.
e A Cannacorus flore luteo punctate Tournef.
e A Cannacorus amplissimo folio, rutile flore Tournef.

e A Cannacorus flore coccineo splendente Tournef.

2. A type of Canna glauca which originated in America's hot and humid
regions (138).

By arranging these descriptive sentences Linnaeus was later able to distinguish
between Canna indica and Canna glauca, the two species of Canna he would
later name. When Linnaeus published his book 'Species Plantarum' in 1753, the
official taxonomy of Cannaceae began. Using his new binominal system,

Linnaeus arranged the plants in this book, listing three species of Canna:

— Canna indica.
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— Canna glauca.

— Canna angustifolia (139).

In 1754, Miller continues to call the plant Cannacorus by the generic name in his
abbreviated 4™ edition. Six species were consisted of the genus, each described
using over than two Latin words, with the first being C. latifolius vulgaris which
Is Canna indica (140).

The first plant list compiled by William Aiton grown at Kew in the Royal Botanic
Gardens in 1789, called Hortus Kewensis. It included Canna glauca and Canna
indica, with Aiton dividing Canna indica into four varieties based on its leaves'

shape flower colour and whether the flowering parts were erect or reflexed:

e Cannaindica f lutea Aiton.
e Canna indica a rubra Aiton.
e Canna indica o patens Aiton.

e Cannaindica y coccinea Aiton (141).

In 1789, A.L. de Jussieu created the family Cannaceae. The genus Canna and a
number of monocotyledonous genera belonging to the Costaceae, Zingiberaceae,
and Marantaceae familiesm (142). The Cannae and the Scitamineae were split by
Roscoe in 1807 according to Linnaeus's definition of Cannae having one stamen
and one style. Based on John Lindley's classification in 1853, Marantaceae, which
includes Cannaceae, was classified as Anomales, which contains plants with
unsymmetrical flowers and parallel leaves(143). Canneae, Maranteae, Museae,
and Zingibereae were considered tribes of Scitamineae according to the Bentham
& Hooker system, as reported in Genera Plantarum in 1883. The definition of

Cannaceae was revised by Otto Petersen in 1888 (144).
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In most taxa of Canna, chromosome numbers are 2n = 18, but most hybrid species
are triploid 3n = 27 (145). The explanation for 3x = 27 is that a fertilised cell has
three sets of chromosomes (3n), totalling 27 (146) and Canna indica has been
reported to be triploid (147).

1.6.2 Canna Uses

The leaves of C. indica have historically been used for wrapping food, and the
seeds have been used for making necklaces and rosaries or as shot in children’s
pop guns (135). C. indica can also treat industrial wastewater in structured
wetlands by removing contaminants from the soil (148). Further, it has been used
as a traditional medicine in some tropical and sub-tropical regions, as it has
beneficial effects in the treatment of several diseases, such as hepatitis and
rheumatism (136). Canna leaves are fibrous, and they can be used to make paper.
The red flower of C. indica can be used as a food colourant and a natural
antioxidant (136). As Canna is highly tolerant of contaminants, it can be also used
to remove many undesirable pollutants in wetlands (149), such as organic
pollutants, phosphorus, nitrogen, and heavy metals (150). Spray made from
Canna stem or leaf has also been used to kill insects (133). Last, fresh leaves can
be used as fodder, containing approximately 90% water, 1% protein, 0.2% fat,
7% carbohydrates, and 1.4% ash; their digestibility is about 20% (133). Canna
seeds are usually black with a hard-coating and can be used to make beads or
rosaries. Poultices made from pounded seeds are used to relieve headaches in
Java, while rhizome juice is used to treat diarrhoea. The hard, impenetrable seed
covering on Canna makes it the only Liliopsida member (i.e., in the monocot

group) that is known to hibernate seeds (151).
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These plants have been used to heal humans since the dawn of time. Globally, all
cultures have a deep understanding of herbal medicine, and C. indica has been
used in traditional medicine for the treatment of a variety of ailments. It contains
several phytochemicals including carbohydrates, alkaloids, proteins, flavonoids,
cardiac glycosides, terpenoids, steroids, oils, saponins, tannins, phlobatannins
and anthocyanin pigment. Pharmacological studies have shown that these plants
have anti-viral, anthelmintic, exerted antibacterial, anti-inflammatory,
antioxidant, analgesic, hepatoprotective, anti-diarrheal and many other properties
(152).

Specifically, C. indica has been used in the treatment of malaria, dysentery,
diarrhoea, cuts and bruises, fevers and dropsy (153); it is also a diuretic and,
diaphoretic (154). Canna leaves are also used for treating rheumatic pain,
malaria, arthritis, and they have homeostatic properties as stop clotting and
bleeding (155).

Flower decoctions have been used for external wound healing and treatment of
eye diseases. The anti-inflammatory, anti-diabetic and anti-viral properties of
Canna, have been demonstrated in numerous pharmacological experiments along
with its effect on the enzyme acetylcholinesterase and treating anti-brain
disorders (156,157). There are also various bioactive molecules in Canna,
including flavonoids, tannins, cardiac glycosides, saponins, steroids, alkaloids
and terpenoids (158). Extracts of the whole plant of C. indica have been shown
to be anti-inflammatory, potentially radical scavenging and neuroprotective
(157).
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Several chemical compounds are present in C. indica, including henicosdine,
tarixer-14-en-3-one, tetracosane, and tricosane (159). Mouse studies have shown
that C. indica reduces clotting, abdominal capillary permeability, and bleeding
time (152). According to histological studies, a carbon ionic liquid electrode
(CILE) changes the morphology of tissue samples to some extent, demonstrating
some insignificant changes in tissue sections. Methanolic extracts of C. indica,
however, have been shown to have protective effects on tissues (160). The results
of that study also showed that rat livers are protected from CCl4-induced liver

damage by aerial methanol extracts of C. indica (160).

In C. indica, the leaf epidermis is very thin, and the lower epidermis is narrower,
more irregular and has more costal bands than does the upper epidermis, but both
epidermis layers are rectangular (161). There is only one layer of hypodermis
beneath the epidermis, and the hypodermal cells of the upper layer serve as

expansion cells (162).

1.6.3 Canna origin and phenotype

There are huge variations in flower colour, staminodes length, leaf number, and
leaf shape among C. indica cultivars (163). There are many cultivars, most of
which are unnamed. South America is known for two cultivars: ‘Verdes’ and
‘Morados’, which have dirty white ‘corms' and vivid violet foliage. C. indica
stems have a thin, cutinised epidermis, elongated cells, and somewhat thickened
walls, according to Noe (164). In parenchyma, one to two layers of small cells lie
beneath colourless hypodermal cells, which separating them it from the
epidermis. In addition, chlorenchyma patches remain attached to sclerenchyma
patches as well. A few thick-walled parenchyma bundles are sometimes found

adjacent to xylem and phloem, but vascular bundles are scattered irregularly
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(164). There are two layers of parenchyma in the leaves, palisade and spongy
mesophyll cells- which have characteristically oblique round cells with oblique
ends. In 1961, researchers found no differentiation between palisade and spongy
parenchyma in mesophyll. Occasionally, stomata are found on the upper surface
of leaves, and the type of stomata is unknown. The height of the Canna is less
than 0.75 m to 2.4 m. Its flowers have a variety of colours, including

yellow, cream, pink, red and orange (9).

The leaf of Canna is lanceolate or ovate and its leaves measures 10 cm to 30 cm
long by 10 cm to 20 cm wide. The laminae can reach a length of 60 cm, and the
inflorescence has waxy-glucose peduncles that are about 30 cm long. There are
dark green leaves with purple veins and margins, around the stem, and the petioles
of the oblong leaves extend downwards as sheathing. Veins are parallelly
arranged throughout the lamina. Smooth, wavy margins with acute apexes appear
on leaf margins (152). A typical cultivar of the plant has green leaves, but some
varieties have glaucous, maroon, brownish, or variegated leaves (134). It grows
from an underground, large, thick rootstock. Like banana plants, it has large

leaves, but they are smaller than those of banana plants (152).

1.6.4 Canna Flower

Canna flowers are asymmetrical and consist of three sepals and three petals; they
are small and inconspicuous, as they are hidden beneath extravagant stamens.
Staminodes, which appear to be petals, are actually highly modified stamens.
Inflorescences of flowers can be spikes or panicles (i.e., thyrses), and are usually
red, orange, or yellow (or any combination of these). Despite their odd
appearance, the flowers were designed by nature to attract insects that collect

nectar and pollen, such as sunbirds, bees, hummingbirds, and bats. These
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pollination mechanisms are conspicuously specialised. Pollination is done by
insects picking up pollen from flattened styles. They are pollinated by
hummingbirds in their homeland (165). It blooms between August and October
(166).

1.6.5 Canna Rhizomes

Genetically identical populations result from vegetative propagation. Pieces of
harvested root or tuber crop are used for planting, including aroids, Canna, yams
and lIrish potatoes. One use of the rhizome is to produce genetically identical
progenies for the horticultural industry (133). The Canna species is important to
the world’s economy and medicine. Canna has the largest starch grains of any
plant, and these grains grow from swollen underground stems, called rhizomes,
which store starch (134). Rhizomes can be eaten raw or cooked, tasting similar to
cassava, potatoes or taro. As such they are an important source of starch. When
rhizomes are cooked, they become sweet, translucent and mucilaginous. They are
used in different ways in many countries. For example, in Thailand the local
people value the starch in boiled rhizomes. In Vietnam, a piece of starch is used
in making cakes, candies and rice paper. Canna starch can also be used to make
noodles, soup and fried dishes. In Vietnam, it appears in a unique dish that is
served during celebrations. In China, people make alcohol from Canna starch. In
Indonesia, Canna starch is frequently sold on the street, simply because it is
delicious. In Hawaii, people use it to make a dessert, while in Colombia, people
use it to make salted crackers. It is sometimes, mixed with cheese, either both at

home or in factories, for commercial distribution (136).
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Acute hepatitis is treated in Hong Kong with a decoction of fresh Canna
rhizomes. Traditional medicine in Indonesia and China also uses crushed fresh
rhizomes topically to treat traumatic injuries. Rhizome decoctions are used
diuretics, and macerated rhizomes are used to treat nose bleeds in the Philippines
(133). For all these and other uses, 2,000 to 4,000 tons per year of Canna starch

Is produced in and exported from Australia (133).

Cattle feed can also be made from both the rhizomes and leaves of Canna (133).
Rhizomes from C. indica have approximately the following properties per 100g
edible portion: water (75 g), protein (1 g), calcium (21 mg), fat (0.1 g), iron (20
mg), carbohydrates (22.6 g), phosphorus (70 mg), vitamin C (10 mg) and vitamin
B (0.1 mg) (133). They contain more than 90% starch, in the form of

carbohydrates and less than 10% sugar (i.e., sucrose and glucose) (133).

1.6.6 Leaf phenotype of Canna Indica cv Cleopatra

C. indica cv Cleopatra is a stunning cultivar also known as ‘Yellow King
Humbert” and ‘Queen of Italy’. The cultivar can grow up to 1.4 m tall, with yellow
flowers dotted with orange with randomly appearing red sectors. C. indica cv
‘King Humbert’ from which Cleopatra is originated has scarlet flowers and grows
large (167). Its leaves are normally green, but bronze sectors appear along the
veins on either or both the dorsal and ventral sides (Figure 4, A). It is the red
pigment anthocyanin in the epidermal cells that gives the bronze colour, while
the rest of the tissues is green. In addition to the bronze sections on the leaves,
bronze can also be seen on inflorescence stalks and bracts. The stripes always run
parallel to the long axis and vary in width (Figure 4, B) (134). C. indica cv
Cleopatra. leaf is illustrated in Figure 5 (134). The leaves of the C. indica cv

Cleopatra both sectors red and green had shown under the microscope. To
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understand that the leaves colour in C. indica cv Cleopatra. C. indica cv Cleopatra
red and green sectors from behind surface of the leaf (Figure 6, A). C. indica cv
Cleopatra transverses red and green boundary of the leaf (Figure 6, B). C. indica

cv Cleopatra transverses red both sides of the leaf (Figure 6, C).

(A) (B)

Figure 4: Display bronze sectors on the leaves and inflorescence stalks of the
C. indica cv Cleopatra 'Queen of Italy' (134).

A: The bronze sections on the leaves. B: The bronze sections on the inflorescence
stalks.
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Figure 5: C. indica cv Cleopatra leaf.

(A - ® ©

Figure 6: C. indica cv Cleopatra leaf red and green sectors under the microscope.

A: Cleopatra red and green sectors from behind surface. B: Cleopatra transverses
red and green boundary. C: Cleopatra transverses red both sides.
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Transverse sections of the staminodia of C. indica cv Cleopatra and ‘King
Humbert’ flowers that comes from different leaves sectors (i.e., green, yellow-
bronze, and bronze areas), were cut to examine the distribution of red and yellow
pigments. The red colour is produced by the vacuoles, while the yellow is
produced by yellow plastids. The epidermis of C. indica cv Cleopatra flowers is
mostly yellow, though there are small areas (i.e., 1-5 cells in width) with both
yellow plastids and red pigment. In normal flowers, these areas are scattered
throughout the epidermis, indicating red stripes and spots. In some cases, such
red spots and stripes are confined to the upper surface. In both surfaces, the
subepidermal layers are yellow, but the tissue between the epidermis is also
dotted with yellow ceils (Figure 7-B). Red pigment and yellow plastids are found
In the epidermis of the staminodia of periclinal chimeras producing totally red
flowers from bronze sectors in inflorescence stalks (Figure 7-C). There are also
very small stray cells in the two epidermis surfaces that contain only yellow
plastids and a lack of red colour. In addition to yellow plastids on both the upper
and lower surfaces, stray yellow cells can also be found in the middle

parenchymatous layer. This also applies to ‘King Humbert” flowers (134).

The same distribution of pigments is found in the chimeral staminodia of both
types of flowers described above. A pure yellow flower does not contain red
pigment, but there are yellow plastids found in the surface epidermis, the sub-
epidermis and the parenchymal cells between them (Figure 7-A). A single
inflorescence of this cultivar is capable of transitioning from pure yellow to
different degrees of red spotting and finally, to pure red flowers. The mechanism
of this is not understood but we hypothesise that a transposon is responsible for
the over-expression of the anthocyanin pathway in red sectors. When this
transposon jumps out in a cell at the L2 layer of the meristem, all cells derived
from that cell display lower expression of anthocyanin therefore the leaf tissue is
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green and flower tissue is yellow in the absence of high level of anthocyanin

(134).

T T T T 13004

Figure 7: A transverse section of staminodia from C. indica cv Cleopatra (134).

Showing red pigment distribution (shaded ceilings) and yellow plastid
distribution (hollow circles) A: Completely yellow. B: Red with yellow stripes

and spots. C: Completely red flowers
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1.6.7 Leaf phenotype of Canna Indica cv Durban

The leaves of C. indica cv Durban have multicolour leaves, which is largely
bronze with pink, red, carmine, green, yellow, burgundy, gray-purple, orange,
and deep grey stripes. The cultivar is also known as ‘Phasion’ and Canna
Tropicanna and is one of the most popular Canna varieties because of its
attractive leaves. Its flowers are large and orange in colour and its average height
is 1.5m (166).

The botanical name of Durban is Canna hybrida and also known as "Phasion.".
Jan H. Potgieter, discovered the new cultivar in Bethal, South Africa, by open-
pollinating Canna cv ‘Wyoming’. Potgieter then selected the new cultivar from
its progeny primarily based on its unique leaf colour. Through successive
generations of asexual reproduction, horticultural study and comparative trials
have shown that the characteristics of “Durban” will remain firmly fixed (168)
The leaf phenotype vary significantly with changes in the environment including
temperature, light intensity and day length without any changes in the genotype.
The leaves contrast spectacularly with its orange flowers. Furthermore, Durban
has shorter flower stems and shorter leaves than does Wyoming, along with a
slower growth rate and smaller size (168). C. indica cv Durban leaf is illustrated

in Figure 8.
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Figure 8: C. indica cv Durban leaf.

1.6.8 Leaf phenotype of Canna Indica cv Pretoria

Canna ‘Pretoria’, also known as Canna ‘Bengal Tiger’ is a variegated Canna
cultivar from the Italian group. The average height of the plant is 190 cm and of
the foliage is 140 cm. It has ovoid foliage with variegated yellow veins on a green
background; its stems and leaves grow upright, with gentle spreading. An edge
of maroon surrounds the leaf, while the staminodes, labellum, and stamens are
orange, occasionally blushing reddish, with yellow edges. The stigma is a deep
red-orange colour; the petals are strongly flushed red. The flowers look crumpled
and have a low fertility level, as do the seeds and pollen, while the rhizomes are

thick, being up to 3 cm in diameter (132). C. indica cv Pretoria leaf is illustrated

in Figure 9.
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Figure 9: C. indica cv Pretoria Leaf.

1.7 Aim of the Project

The aim of the project is to study colour formation in the leaves of C. indica plants
by two approaches. First, to test the hypothesis that the red-green leaf colour is
determined by the absence/presence of a transposon in a key anthocyanin
pathway related gene. The main observation that supports this hypothesis is that
the boundary between green and red sectors is very sharp, suggesting that it is not
caused by the diffusion of a compound but by a difference between the genomes
of green and red cells. The second supporting observation is that there are green
and red lines on the stem and leaves/flowers that develop in the path of green
lines appear green/yellow, respectively while red leaves/flowers develop in the
path of red lines. The translocation of a TE in the L2 layer of the shoot meristem

could explain these observations, because the red colour appears in the epidermis
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cells, which develops from the L2 layer. Since it is extremely unlikely that a TE
would always jump into the same gene or a gene that regulates the anthocyanin
pathway, our hypothesis is that the jumping out that causes the phenotype. It is
known that TEs can either suppress or activate gene expression depending on the
location of the TE, therefore we have to account for two possible scenarios: (1)
the TE suppresses the expression of a gene required for anthocyanin production
and in this scenario it would be present in/near to a gene in the green epidermal
cells or (2) the TE enhances the expression of a gene required for anthocyanin
production and in this scenario it would be present in/near to a gene in the red
epidermal cells. To test our hypothesis, | will study the green and red sectors of
C. indica cv Cleopatra leaves. Total RNA will be extracted from red and green
sectors and the expression of all mMRNAs will be measured by RNAseq. The
bioinformatic analysis will be done by Simon Moxon (UEA, Norwich, UK) and
the differentially expressed mRNAs will be further investigated by BLAST.
Because of the uncertainty in the function of the TE (either suppression or
enhancement), it is not possible to have an expectation about the nature of
expression pattern, other than the gens should be involved in anthocyanin

production and differently expressed between red and green sectors.

The second part of the project aims to identify the role of small non-coding RNA
molecules in colour formation. To achieve this, cDNA libraries of small RNA
will be generated from green and red sectors of C. indica cv Cleopatra leaves and
also from leaves of C. indica cv Durban and C. indica cv Pretoria. The libraries
will be sequenced by next generation sequencing. The bioinformatic analysis of
the sequence data will be carried out by Danial Richardson who will search for
differentially expressed small RNAs between the different samples. Differential
expression of small RNAs will be validated by Northern blot. If differentially

expressed miRNAs will be identified, we will predict target mRNAs for those
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miRNAs. Then 5’RACE analysis will be used for validating the predicted target
MRNAS.

1.8

Objectives

Searching for transposon sequences in green and red sectors. Experimental
validation by PCR of any possible gene disruption by transposons. This is
described in chapter 3.

Purify sufficient quantity and quality of gDNA from green and red sector
of C. indica cv Cleopatra for PacBio sequencing. This is described in
chapter 4.

Small RNA libraries will be sequenced from green, red, green with yellow
stripes and red with pink stripes leaves. Differentially expressed
microRNAs will be identified by bioinformatics analysis and their targets
will be predicted and experimentally validated. This is described in chapter
5.
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Chapter 2: Methods and materials

2.1Plant Material and Growth Conditions

2.1.1 Canna indica Plants

Canna indica plants were purchased from Urban Jungle (Norfolk, UK) and grown
in a growth room (CER) for a few weeks at 22°C under long day conditions (8h
dark /16h light). The Canna plants were watered twice per week during the winter
and autumn and three times per week during summer and spring. Three cultivars
of C. indica were used in this study: C. indica cv Cleopatra, C. indica cv Pretoria

and C. indica cv Durban.

2.2 Buffers
All buffers are given at final concentrations
2.2.1 DNA Extraction Buffer

Genomic DNA (gDNA) extraction buffer for PCR was 200 mM Tris-HCI at pH
7.5, 250 mM NaCl, 25 mM Ethylenediaminetetraacetic acid (EDTA), and 0.5%
sodium dodecyl sulphate (SDS).

2.2.2 Sorbitol Wash Buffer

Sorbitol wash buffer used in the extraction of high molecular weight DNA from
C. indica cv Cleopatra for Pacific BioSciences (PacBio) sequencing was 5 mM
EDTA at pH 8.0, 100 mM Tris-HCI at pH 8.0, 0.35 M sorbitol (Fisher
Bioreagents), and 1% (w/v) polyvinylpyrrolidone (average molecular weight
40,000; PVP40). Prior to use in DNA extraction, 2-mercaptoethanol (1% v/v) was
added.
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2.3Media
2.3.1 Lysogeny Broth (LB) Media

LB media was prepared by mixing 1 L distilled water, 10 g tryptone (Melford), 5
g yeast extract (Invitrogen) and 5 g sodium chloride (Sigma-Aldrich) ina 2 L

flask, which was then autoclaved to sterilise the media.

2.3.2 LB Agar

LB agar was prepared by mixing 200 mL of LB media, 4 g of agar in a 500 mL

flask, which was then sterilised and cooled to solidify the agar solution.

2.4 RNA Methods

2.4.1 Total RNA Extraction

The leaf was weighted after being cut by scalpel and placed in a falcon tube 50
mL before being submerged in liquid nitrogen. A total of 2 grams of C. indica cv
Cleopatra was used per green and red sectors of leaves to extract the total RNA
by using 20 mL of Tri Reagent Solution (Thermo Fisher Scientific, AM9738) as
directed by the manufacturer. The nucleoprotein complexes were dissociated by
incubation for 5 minutes in a fume hood. Each reaction was divided into 12 of the
2 mL tubes in 800 uL aliquots. In the next step, 200 uL chloroform was added to
each tube to separate the RNA from the DNA and proteins. The RNA was
recovered from the upper aqueous phase to a new 2 mL tube, and 400 uL of
iIsopropanol was added to precipitate the RNA for two hours at -80 °C. The RNA
was washed two times with 950 uL 80% ethanol and air dried before dissolving
in 10 uL distilled water. The final step was combining the content of all tubes into
one tube (keeping the samples from red and green sectors apart from each other).
A NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific) was used to
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measure the RNA concentration. Gel electrophoresis was used to test the integrity
of the RNA by separating them on a 1.5% (w/v) agarose gel. One pug of RNA was
runin 0.5 X Tris-Borate-EDTA (TBE) buffer. The gels were stained in 10 mg/mL
ethidium bromide solution (Fisher Scientific). A Typhoon FLA 9500 scanner was
used for image capture. The total RNA was submitted to the Earlham Institute
(Norwich, UK) for RNA-seq analysis.

2.4.2 RNA- seq Data Analysis

Five ug total RNA was sequenced using next generation sequencing technologies
at Earlham Institute to determine differentially expressed mRNAs and Simon
Moxon (UEA, Norwich, UK) analysed the data. Basic Local Alignment Search
Tool (BLAST) analysis was then conducted to determine whether MYB and
bHLH TFs were differentially expressed between red and green sectors. The read

length for the sequencing was Illumina 150 base pair, paired-end sequencing.

2.4.3 Construction and Sequencing of Small RNA Libraries

2.4.3.1 RNA Extraction for sSRNA Library

A miRVana miRNA isolation kit (AM1560, Ambion) was used to clean the total
RNA samples to prepare the SRNA libraries. First, the total RNA samples were
diluted to 50 pL. Five volumes of lysis/binding buffer were added to the RNA,
and a 1/10™ volume of miRNA homogenate additive was then added. After

mixing the samples, they were placed on ice for 10 minutes.

After 10 minutes, 1.25 volume of 100% ethanol was added and thoroughly mixed.
After centrifuging at 10,000 g for 30 seconds, the ethanol and lysate mixture was

filtered through a miRVana filter cartridge. After removing the flow-through, 700
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uL of miRNA wash solution 1 was added to the column. The column was washed
twice with miRNA wash solution 2 and 3 using 500 pL each time. The empty
column was spun for 1 minute at 10,000 rpm to remove all wash buffers. The
columns were transferred to new collection tubes and 50 pL of 95°C elution
solution, was added. The column was soaked for 2 minutes and centrifuged at full
speed for 30 seconds. The final elute volume was 100 uL after adding another 50
uL of preheated elution solution. Afterwards, 100 uL of purified RNA was mixed
with 10 puL of 3M NaOAc (52889, Sigma-Aldrich) and three volumes of 100%
ethanol and precipitated overnight at -80°C.

The precipitated RNA was pelleted by centrifuging at 4°C at full speed for 30
minutes. After removing the supernatant, the pellets were washed with 80 %
ethanol. The pellets were air dried after one final centrifugation at 10,000 rcf to
remove the remaining ethanol. The pellets were resuspended in 15 pL of
nuclease-free water and then was quantified using a NanoDrop 8000 (Thermo-

Fisher Scientific).

2.4.3.2 3’ Adapter Adenylation

The protocol for preparing SRNA libraries was published by Xu et al,. 2015 (169).
The adenylation of the 3° HD adapter was performed using a New England
Biolabs (E2610L, NEB) 5° DNA Adenylation kit, according to the
manufacturer’s directions. Oligo Clean and Concentrator™ (D4061, Zymo-
Research) was used to clean up this reaction then a NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific) was used to measure
concentration. The nuclease-free water was added to the eluted adapter to achieve
a concentration of 10 puM. Adenylated and non-adenylated adapters were

separated on a 16% urea polyacrylamide gel to verify adenylation. A successful
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adenylation occurs if the adenylated sample runs slower than the adapter sample,

due to increased molecular weight.

2.4.3.3 Ligation of Small RNA Adapters and PCR

A total of 2 pg of miRVana purified total RNA was ligated to the adenylated 3’
HD adapter followed by a RecJ exonuclease (M0264S, New England Biolabs)
treatment. Adapter/adapter ligation products are reduced by RecJ exonuclease, as
mentioned previously (169). T4 RNA ligase (T4Rnl1, NEB) was used to ligate
the RNA-3’ adapter product with the 5> HD adapter followed by a cleaning step
using Oligo Clean and Concentrator™ (D4061, Zymo-Research). Generate the
cDNA strand. Several PCR programs were used in this protocol to amplify
cDNA, varying in the number of cycles used. These libraries were amplified with
Phusion High-Fidelity DNA Polymerase using 12, 14 and 16 cycles of Phusion
DNA Polymerase (F530L, Thermo Scientific™).

2.4.3.4 Selection of Library Size

After the DNA was amplified by PCR and run on 8% polyacrylamide gels, the
band size of the library was selected as described by Xu et al., (2015) (169).

2.4.3.5 Library Normalisation for SRNAs

Each library was prepared for loading into the sequencer by normalising it and
loading the same quantities. The Novex Hi-Density TBE Sample Buffer
(LC6678, Invitrogen) was mixed with 1 uL of each completed library and run on
an 8% polyacrylamide gel. A Typhoon FLA 9500 (GE Healthcare Life Sciences)
Imaging system was used after the gels were stained with SYBR Gold nucleic
acid gel stain (511494, Invitrogen). The library intensity was quantified with
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Image Quant (GE Healthcare) and normalised to one library. As a result of the
value produced, the 1 uL loaded was adjusted and then combined with the Novex
sample buffer for each library. Following the adjustment of the volumes, the
libraries were run on a further 8% polyacrylamide gel and imaged again, then

pooled and sent for sequencing if the libraries were similar in intensity.

2.4.3.6  Small RNA Library Sequencing

Illumina NextSeq550 was used to sequence the normalised SRNA libraries at

approximately 33 million single end reads each.

2.5DNA Methods

2.5.1 Genomic DNA Extraction for PCR Using DNA Extraction Buffer

One g of the C. indica cv Cleopatra leaves (from green or red sectors) were placed
in sterile 1.5 mL tubes and immerse the tubes in liquid nitrogen then ground with
the pellet pestles. Followed by the addition of 500 pL of DNA extraction buffer
(200 mM Tris-HCl at pH 7.5, 250 mM NacCl, 25 mM EDTA, 0.5% SDS) and then
vortexed for 5 seconds. The ground plant tissues were incubated in a water bath
at 60°C for 30 minutes, with mixing by vortexing halfway through. Chloroform
(Fisher Scientific) was added to an equal volume and centrifuged for 5 minutes

at 15,000 rcf at 4°C when phase separation was clearly visible.

The aqueous supernatant was transferred to new 1.5 mL tubes, equal volume of
isopropanol (19516, Sigma-Aldrich) was added to the volume of the aqueous
phase. The DNA sample was incubated for 30 minutes at —20°C to precipitate
the DNA and centrifuged for 5 minutes at 15,000 rcf at 4°C. A solid pellet was
formed at the bottom of the tube.
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Eighty percent ethanol was used to wash the pellet after removing the supernatant.
Autoclaved distilled water was used to resuspend the sample after the ethanol was
removed. To remove starch and other polysaccharides, DNA from each sample
was first centrifuged for 5 minutes at 15,000 rcf and then incubated on ice for 2
minutes. The supernatant was transferred to sterile 1.5 mL tubes and measured

using NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific).

DNA was cleaned using the Genomic DNA Clean & Concentrator kit, following
the manufacturer’s protocol (Zymo Research). A NanoDrop spectrophotometer

was used to measure the DNA concentration (Thermo Fisher Scientific).

2.5.2 Genomic DNA Extraction for MYB PCR Using DNeasy Plant Mini Kit

The DNA was extracted from C. indica cv Cleopatra red and green sectors by
using DNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s
instructions. A total of 0.02 g of C. indica cv Cleopatra for each red and green

sector was used. The pellet was eluted in 100 pL buffer AE.

2.5.3 Unsuccessful Protocols for Extraction Genomic DNA for PacBio

2.5.3.1 Treatment the DNA with the Nucleon Phytopure kit

The initial attempt to extract the gDNA from C. indica cv Cleopatra red sector by
using Nucleon phytopure kit was carried out by following the manufacturer's
instructions. The DNA pellet was eluted with 50 uL TE buffer. The DNA was
cleaned by the gDNA Clean & Concentrator kit in accordance with the
manufacturer's instructions with a minor change. Pre-heating the elution buffer at
70°C and 10 pL elution buffer was added and incubated 2 minutes at room

temperature before centrifuging. This step was repeated one more time.
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2.5.3.2 Treatment of the DNA with RNAse A and Proteinase K

The Nucleon Phytopure kit was used for extracting gDNA from C. indica cv
Cleopatra red sector, accordance of the manufacturer's instructions. The DNA
was treated with 10 uL RNAse A (Thermo Scientific) during the extraction,
which was after adding 4.6 mL Reagent 1, followed by incubation at 37°C for 30
minutes. Then, 75 uL proteinase K (600 U/mL) (Thermo Scientific) was added
after Reagent 2 and incubated at 65°C for 10 minutes.

2.5.3.3 Treatment of the DNA with the Phenol:chloroform:isoamyl
Alcohol

Other attempts used the same previous method with slight modifications. After
RNAse A  (Thermo  Scientific) treatment, 1  volume of the
Phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma-Aldrich) was added and
mixed by vortexing. This was followed by 5 minutes centrifugation at high speed
and then the DNA was purified using the Genomic DNA Clean & Concentrator

kit, following the manufacturer’s protocol (Zymo Research).

2.5.3.4 Treatment of the DNA with the Sorbitol Wash Buffer

After breaking the cell wall, DNA was washed three times in 25 mL sorbitol wash
buffer containing 250 puL 2-mercaptoethanol to improve gDNA quality. After
that, the Nucleon Phytopure kit was used. RNA was degraded by adding 10 pL
RNAse A (Thermo Scientific) and incubating at 37°C for 30 minutes. 1.5 mL of
reagent 2 was added to the solution and mixed with 75 uL proteinase K (600
U/mL) (Thermo Scientific) and incubated at 65°C for 10 minutes. 1 volume of
the Phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma-Aldrich) was added and
the DNA was purified as described in 2.5.3.3.
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2.5.3.5 Reducing Starch Content in Leaves

C. indica cv Cleopatra leaves were covered with a black plastic bag with holes in
it (Figure 10). treatment is crucial for reducing the production of carbohydrates,
polysaccharides, and polyphenolic compounds (170). After a few days (3-5 days)
DNA was extracted by the Nucleon Phytopure kit. The DNA was washed three
times in 25 mL sorbitol wash buffer mixed with 250 uL 2-mercaptoethanol to
improve gDNA quality. RNAse A (Thermo Scientific) and proteinase K (600
U/mL) (Thermo Scientific) were added to the solution. 1 volume of the
Phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma-Aldrich) was added. In the
DNA precipitation step, the DNA was washed three times with 1 mL of 70%
ethanol chilled. After resuspending the DNA pellets with 60 uL. TE buffer, they

were incubated overnight at room temperature in the shaker.
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Figure 10: Various sized leaves of C. indica cv Cleopatra are shown in both
pictures wrapped in black plastic bags with some holes to reduce the
accumulation of polysaccharides.

2.5.4 Extraction Genomic DNA for PacBio Sequencing

In order to break the plant cell wall, 1g C. indica (fresh weight) leaf tissue was
placed into a mortar, liquid nitrogen was poured into it and the leaves were left
in the mortar until all liquid nitrogen evaporated. The frozen leaves were ground
consistently for 90 seconds with a pestle. That step was repeated 6 times. The

powder was transferred to a 15 mL centrifuge tube.

To aid the removal of polyphenols and polysaccharides the samples were washed
with sorbitol wash buffer. 25 mL Sorbitol wash buffer (as described above in the
buffer section) and 2-mercaptoethanol (1% v/v) were added to the ground

powder, inverted and vortexed to mix thoroughly. The tube was centrifuged at
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4,000 rcf for 5 minutes at 4°C. The supernatants were carefully discarded. Two

more washes were performed in the same manner.

Cell lysis was carried out using a Nucleon PhytoPure DNA Extraction kit (GE
Healthcare) following the manufacturer’s protocol with minor changes. 4.6 mL
of reagent 1 was added, followed by 10 uL RNase A (Thermo Scientific), and
then incubated for 30 minutes at 37°C. 1.5 mL of reagent 2 and then 75 pL of
Proteinase K (600 U/mL) (Thermo Scientific) were added, followed by
incubation at 65°C for 10 minutes. The sample was then chilled on ice for 20

minutes.

300 pL of PhytoPure DNA Extraction Resin was added to the previous solution.
One volume of phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma-Aldrich)
was added to the solution. The tube was mixed at 4°C for 10 minutes on a tube
rotator. The sample was centrifuged at 3,000 rcf for 10 minutes. The upper phase

was placed into fresh 2 mL tubes.

One volume of chilled isopropanol (Fisher Scientific) was added to the solution,
and the mixture was inverted and incubated at 20°C for 15 minutes. The solution
was centrifuged for 5 minutes at 40,000 rcf. Three washes with 1 mL of chilled
70% ethanol were performed. To remove residual phenol (and
ethanol/isopropanol) from the tube, it was placed in a fume hood for 30-60
minutes. The DNA from the tubes was combined into one tube. The quality of
the DNA was analysed using a NanoDrop (Thermo Fisher Scientific), and the

quantity of the DNA was assessed using a Qubit (Thermo Fisher Scientific).

59



2.5.5 Genomic DNA Data Analysis

This work had done by David Prince (UEA, Norwich, UK). The C. indica cv
Cleopatra PacBio reads were de novo assembled using Canu to produce a draft
genome (171). The RNA-seq reads were mapped to the genome using HISAT?2
and a reference-guided transcriptome produced using StringTie2 (172,173).
Kallisto program was used to pseudoalign the RNA-seq reads to the
transcriptome and differentially expressed genes determined using DESeg2 in R
(174,175). MYBs were annotated using MYB_annotator (176). TEs were
predicted for the draft C. indica cv Cleopatra genome using EDTA software
(177).

2.6 PCR

MY B gene disruption by transposons was experimentally tested using PCR. PCR
primers were designed for the MYB genes along with CHS and SDN2-1 as

control primer of A. thaliana and they are listed in the Table 1.
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Table 1: MYB, CHS Gene Primer Sequences and the control primers of A.

thaliana.
Primer Sequence (5>37)
Name
Canna CTTACATGCAGTCGACATTGGGA
1FW CGAGACACCAAACTATTCAGTTCATACAAA
Canna 1R
Canna TACAATGAGGAGCCCCTGCTG
2FW ATGCTACGTACTTAACTGAAAACTAGTTTACATTGTAAAA
Canna 2R
Canna AGCTTACAAAGGAAGATGTTGGAAGAAAA
3FW ACTTTATATTATGAGGATTTTGCTGTTCGCT
Canna 3R
Canna TGTCTCGCTTCCCTGCCTTG
4FW GACCTAATACTATATTAAGTTTGGTTCATCATCATCAC
Canna 4R
Canna CCCCAACTCTCTTACTCCCCTTCT
5FW ATCAGTTAGTAACACACAGAATCACATTAAGATCAC
Canna 5R
CHSFW  AGCCAGTTCCCCACGCACACG
CHSR TAGGTGCAATCGCACGCCATTAAC
SDN2-1 ATTTCGATCTTTGTCGGTTCC
FW CATAAACTCTGTCTTTGGCGC
SDN2-1R

2.6.1 PCR Amplification of Differentially Expressed MYB Genes

Several PCR mixtures and programmes were used to detect potential transposons
that may be present in the MYB genes differently expressed in the red and green
sectors. PCR was performed using a 25 pL reaction volume. The 25 pL reaction
contained the following: 17.8 uL of H20, 3 puL of 5X Phusion HF buffer, 0.5 pL.
of dNTPs (10 mM each), 1 pL of 10 uM Forward Primer, 1 pL of 10 uM Reverse
Primer, 0.75 uL of Dimethyl Sulfoxide (DMSO), 0.7 uL of DNA (10 ng/ uL) and
0.25 pL of Phusion DNA Polymerase (2.5 U/ uL, New England Biolabs). The
PCR program was the following: 94°C for 2 minutes; 30 cycles of 94°C for 30
seconds, 58°C for 30 seconds and 72°C for 5 minutes; and a final cycle of 72°C

for 10 minutes. The PCR reactions were repeated at different annealing
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temperatures including 50°C, 53°C, 58°C and 60°C. For each PCR, the products

were separated on 1.5 % agarose gels for 60 minutes.

Furthermore, multiple PCR attempts were conducted. PCR master mixes were
prepared using the previous PCR component with minor changes. Various
amounts of DNA were used: 10 uL, 8 uL and 6 uL and the PCR reactions were
run at different annealing temperatures: 62°C, 67°C, 68°C, and 71°C.

In addition, PCR master mix was made as the previous one but without DMSO.
The PCR was performed using a 22.8 uL reaction volume. The 22.8 pL reaction
contained the following: 10.95 uL of H20, 4.3 pL of 5X Phusion HF buffer, 0.4
uL of ANTPs (10 mM each), 1 puL of 10 uM Forward Primer, 1 puL of 10 uM
Reverse Primer, 5 uL. of DNA (10 ng/ puL) and 0.2 pL of Phusion DNA
Polymerase (2.5 U/ upL, New England Biolabs). Using the previous PCR
components, a new master mix was prepared, and the volume of DNA was
changed to 2 uL.. The PCR annealing temperature was performed at two different

temperatures in each time, 62°C and 67°C.

Each Phusion PCR reaction consisted of 50 pL. Five serial dilutions (1:1) of the
red leave sector of the DNA template with water were used. 3 puL of H20, 10 pL
of 5x Phusion HF Buffer (Thermo Scientific), 1 pL of 10 mM dNTPs, 1 pL of
10 uM Forward Primer, 1 pL of 10 uM Reverse Primer, 0.5 puL of Phusion DNA
Polymerase (F530L, Thermo Scientific) and 33.5 pL of template DNA. The PCR
program for primer number 1,2,5 and 6 were 94°C for 2 minutes; 30 cycles of
94°C for 30 seconds, 62°C for 30 seconds and 72°C for 5 minutes; and a final
cycle at 72°C for 10 minutes. While the PCR program of the primers number 3
and 4 were the same as the previous one with annealing temperature 58°C.

Afterward, the reactions were run for 1 hour at 120 V on a 1.5% (w/v) agarose
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gel. Typhoon FLA 9500 images (GE Healthcare Life Sciences) were captured

after the gel was stained with ethidium bromide (Fisher Scientific).

2.7 Small RNA Northern Blots

2.7.1 Urea Polyacrylamide Gel Electrophoresis for Separating RNA

The RNA samples were treated with one volume of Gel Loading Buffer II
(AM8546G, Thermo Fisher Scientific) prior to electrophoresis, followed by 2
minutes of heating at 70°C to denature the secondary structures. The gel was
prepared with 15% polyacrylamide containing urea. A gel was made by mixing
2.1 g of urea (10142740, Fisher Scientific) with 1.25 mL of deionised water and

0.5 mL of 5X TBE and then dissolving it in a microwave for 20 s.

After cooling, the gel was mixed with 19:1 acrylamide/bis solution (1610144,
Bio-Rad) and then with 2.5 pL tetramethylethylenediamine (TEMED) (110-18-
9, Sigma-Aldrich), followed by 50 puL 10% ammonium persulfate solution
(17874, Thermo-Fisher). Glass plates with 1mm spacer (1651824 by Bio-Rad)
were used to pour the gel. A 1 mm comb (1653359, Bio-Rad) was inserted into

the gel and allowed to set.

A Mini-Protean Tetra Cell (185-8000, BioRad) was used to run the denatured
RNA on a 15% urea polyacrylamide gel until the dye front reached the bottom.
To run the gel, 0.5X TBE was used as a buffer. The gels were stained for 5
minutes with ethidium bromide (239-45-8, Fisher Scientific) and then scanned

using a Typhoon FLA 9500 scanner (GE Healthcare Life Sciences).
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2.7.2 RNA Transfer to Nylon Membranes

A 9 cm X 7 cm square of Whatman filter paper (3030-335, Thermo Fisher
Scientific) was pre-soaked in water. A 9cm x 7cm square of Amersham Hybond-
NX membrane was cut for the gel (GE Healthcare Life Sciences) and pre-soaked
in water. On the base plate of a semidry apparatus (Fisher), three pieces of soaked
Whattman filter paper were stacked, and the air bubbles were removed with a
sterile serological pipette. This was followed by placing the soaked Hybond-NX
membrane on top. The urea polyacrylamide gel was then applied. On top of the
gel, also three pieces of soaked Whattman filter paper were added, and the pipette

was rolled again to remove any air bubbles.

A constant voltage of 20 V was applied to the semidry apparatus for 90 minutes
after the top plate was placed on the apparatus. When this period elapsed, the
apparatus was disassembled, and a Typhoon FLA 9500 was used to re-image the
urea polyacrylamide gel. The transfer was considered successful if no RNA was

visible on the gel.

2.7.3 Chemical Cross Linking

A 50 mL falcon tube was then filled with 10 mL of dH20, 10 mL of concentrated
HCI (H1758, Sigma-Aldrich) and 122.5 mL of 12.5 M 1-methylimidazole
(M50834, Sigma) for the crosslinking reaction. Then, 0.373 g of 1-ethyl-3-
(dimethylaminopropyl) carbodiimide hydrochloride (EDC) (22980, Thermo-
Fisher) dissolve with 10 mL from the previous rection was in a 15 mL falcon
tube. Afterwards, H.O was added until 12 mL is reached and shake to dissolve
the EDC.
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A piece of Whattman filter paper cut to 9 cm X 7 cm was placed on a sheet of
saran wrap and soaked with 5 mL of cross-linking solution. The soaked
membrane was covered with the saran wrap, then placed this in the oven
(Thermo) at 60°C for 90 minutes with RNA side facing up.

After the cross-linking procedure, the saran wrap was taken off. The top left
corner was cut to mark the orientation of the Hybond-NX membrane. The
Hybond-NX membranes were washed with dH-O in a petri dish and then shaken

for 10 minutes.

2.7.4 Hybridisation

In each hybridisation, 2 uL of yCTP-32P (Perkin Elmer), 2 uL of 10 uM sRNA
specific DNA oligo (Sigma) without 5° phosphate and T4 polynucleotide kinase
(PNK) (M0201S, New England Biolabs) were added and measured according to
the manufacturer's recommendations. The first initial hybridisation, the U6 probe
was added first on the membrane and then miRNA probe. The second initial
hybridisation, the miRNA probe was added first and then U6 probe to avoid
having a strong signal from U6. The reaction was carried out at 37°C for 60

minutes. A list of all probes used is presented in Table 2.

65



Table 2:The probes of SRNA libraries

Candidates - MiRNAs Sequences

MIR529- FIRST AGAAGAGAGAGAGTACAGCCT
STRAND

MIR529 — SECOND GCTGTACCCTCTCTCTTCTTC
STRAND

MIR156/MIR157 GCTCTCTATGCTTCTGTCATC
MIR6300 GTCGTTGTAGTATAGTGGTGAGTATTCCC
MIR530 TGCATTTGTACCTGCACCTAA
MIR528 CCTGTGCCTGCCTCTTCCACG
MIR171 CGAGCCGAACCAATATCACTC
MIR408 TGCACTGCCTCTTCCCTGGCT
MIR397 TTGAGTGCAGCGTTGATGAGA
MIR166 CGGACCAGGCTTCATTCCCC
MIR162 TCGATAAACCTCTGCATCCG

About 5 mL of ULTRAhyb-Oligo buffer (AM8663, Thermo Fisher) was added
to the cross-linked membranes at 37°C, and the membranes were rotated in the
hybridisation oven (Thermo). In the tube, the RNA side of the membrane was
positioned facing inward. To create a volume of the 50 pL labelled probe solution,
30 pL of dH.O was added. Then, 50 mL of this solution was added to the
membranes and tubes containing a prehybridisation solution. Great care was
taken not to apply any probe solution directly to the membranes. Incubation was

performed overnight at 37°C with spinning.

To wash the membranes, a Saline Sodium Citrate (SSC) buffer and 0.1% Sodium
Dodecyl Sulphate (SDS) were prepared. A 50 mL wash buffer was used to wash
the membranes four times. The membranes were incubated at 37°C for 20
minutes each time. After hybridizing the membranes, they were placed on a
Fujifilm plate (Fujifilm) at 4°C for at least 30 minutes. Following exposure, a
Typhoon FLA 9500 was used to scan the Fujifilm plate.
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2.7.5 Membrane Stripping

A 0.1% SDS strip solution was prepared to remove the probes from the
membranes. Incubation was carried out for 60-120 minutes at 85°C, with spinning
of the membranes to be stripped. Following incubation, Geiger counters were run
across the membranes to ensure that there was no detectable radioactivity above

the background level to determine if they had successfully been stripped.

2.7.6 Data Interpretation

Using Image Quant (GE Healthcare) software, the pixels of each band was
quantified after imaging. Normalisation was performed by selecting one sample
(usually the control) and setting its band intensity to 1. The intensity of all
remaining bands was normalised to this and calculated as a ratio of the
normalising sample. The loading control was performed using a U6 probe.
Similarly, Image Quant was used to measure the intensity of U6 on each
membrane, giving the same value of 1 to the same sample as in the previous
hybridisation. The first hybridisation intensity values were divided by the U6

intensity values for each band. Each northern blot Figure presents these values.

2.8 5’ Rapid Amplification of CDNA Ends (5’-RACE)
2.8.1 Isolation of MRNA

To determine whether DN31218 and DN40098 mRNAs were cleaved by miR166
and whether DN43985 was cleaved by miR530, I performed a modified 5°-RACE
experiment. Total RNA was extracted from 2 g green C. indica cv Cleopatra leaf
using the methods previously described in “Total RNA Extraction”. The mRNA
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was isolated from the total RNA using a Dynabeads mRNA purification kit

(Invitrogen, 61006), following the manufacturer’s instructions.

2.8.2 Ligating the Adapter to the 5> End of Cleaved MRNAs

The 5” ends of accessible mRNA fragments were ligated to the GeneRacer RNA
Oligo. 6.5 pL of mMRNA was mixed with 1.25 pL of GeneRacer RNA Oligo. The
mixture was incubated at 65°C for 5 minutes to relax the RNA secondary
structures, followed by cooling on ice for 2 minutes. A total of 1 uL of 10x ligase
buffer, 0.6 uL of RNaseOut (Invitrogen, 50 w/ uL) and 1 puL of T4 RNA ligase
(Ambion, 5 W/ pL) were added to the RNA, mixed and incubated at 37°C for 1
hour. Afterward, mMRNA was cleaned with an RNA cleaning and concentrator kit
(Zymo Research). The RNA was eluted with 12 uL of distilled water.

2.8.3 Reverse Transcription-PCR

SuperScript Il (Invitrogen) reverse transcriptase was used following the
manufacturer’s protocol with the following minor changes. The concentration of
the mMRNA was 888.6 ng/ p | and 10 pL ligated mRNA, 1 uL of GeneRacer Oligo
dT primer (50 uM) and 1 puL of dNTPs (10 mM) were used. These reactions were
incubated at 65°C for 5 minutes. Then, 4 uL 5x first strand buffer, 1 pL of 1 M
DTT, 1 uL of RNaseOut (40 w/ pL), and 1 pL (200 units) of SuperScript 11
(Invitrogen) were added and incubated at 50°C for 1 hour and deactivated at 70°C

for 15 minutes.
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2.8.4 Touch-Down PCR

Gene-specific primers (GSPs) and nested GSPs for the candidate target genes
were designed using Primer-BLAST software

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The predicted PCR product

of the nested GSP for a candidate target gene was designed to be at least 50 base
pairs shorter than the predicted product of the GSP. The primer sequences specific
for the candidate target genes and GeneRacer Oligo are listed in Table 3. For each
candidate target genes, two PCR reactions were set up. Using the GeneRacer
Oligo, the fragmented transcripts of interest were amplified specifically with
touch-down PCR.

Using a thermocycler, the following reactions were carried out. The PCR program
included the following: 98°C for 2 minutes; 5 cycles of 98°C for 30 second, 73°C
for 40 seconds; 5 cycles of 98°C for 30 second, 71°C for 40 second; 5 cycles of
98°C for 30 second, 69°C for 30 second; and 25 cycles of 98°C for 30 second,
68°C for the 30 second, 72°C for 1 minute; final step of 72°C for 10 minute.

To visualise the amplification products 19 uL of the gene-specific PCR was
loaded in a 1.5% (w/v) agarose gel and scanned using a Typhoon FLA 9500 (GE
Healthcare Life Sciences). The bands of interest were cut from the gel using a
sterile scalpel, and the gel was recovered using the Zymoclean Gel DNA
Recovery kit (D4002) according to the manufacturer’s instructions. The volume
of DNA elution buffer was 8 puL. The DNA was measured with a NanoDrop 8000
spectrophotometer (Thermo Fisher Scientific). The fragments were cloned using
a pJET1.2/blunt cloning vector (50 ng/ puL) and transformed into Escherichia coli
(DH5a).
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2.8.5 Colony PCR

Colony PCR was used to identify whether the colonies contained an insert in the
pJET1.2 vector by using GoTag PCR master mix. The PCR was performed using
a 50 pL reaction volume included: 10 uL 5X GREEN Go Taq Flexi Buffer, 2 uL
MgCl. (25 mM), 1 pL dNTP (10 mM), 2.5 uL pJET1.2 Forward Sequencing
Primer (10 uM), 2.5 uL pJET1.2 Reverse Sequencing Primer (10 mM), 0.25 uL
Go Tag DNA polymerase (5u/ul), 31.75 uL Nuclease-Free water. The PCR
process included the following: 95°C for 2 minutes; 35 cycles of 95°C for 30
seconds, 60°C for 1minute and 72°C for 1 minute; and a final cycle of 72°C for
5 minutes. In order to purify DNA, colonies were grown in ampicillin (100 ug/ml)
and LB-broth (100 ug/ml) for 16 hours in the shaking at 37°C.

2.8.6 Clone Sequencing Analysis

For each clone, 4 mL of overnight culture was pelleted by centrifuging at top
speed for 3 minutes at room temperature. The plasmid DNA was extracted using
the QIlAprep Spin Miniprep Kit (Qiagen), following the manufacturer's
instructions. Each plasmid was sequenced using the forward and reverse primer.

The plasmid DNA was sent to Eurofins MWG Operon (Germany) for sequencing.
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Table 3: Primers used for 5’RACE.

Primer name MicroRNA | Candide Sequence (5’ > 3°)
target
gene

MiR166_DN31218 GSP MiR166 DN31218 A ACAAATGGTTGGGGCATAAACCTG

C
MiR166_DN31218 nested GS | MiR166 DN31218 | TCCATTATTTGCAGTTGGCAGCAC
P
MiR166-DN40098_GSP MiR166 DN40098 @ GACCACCAGTTGCAGGAGTCAGC
MiR166_DN40098 nested_GS | MiR166 CCCTCCACTACCGGTGGGAAT
P DN40098
MiR530_ DN43985_GSP MiR530 DN43985  ACCATGCAAAAGAGGTCGGCTGTG
MiR530 DN43985 nested GS | MiR530
P DN43985 | TCTCTGCTGGTACTACACTCACCA

C
GeneRacer™ 5’ Primer N/A N/A CGACTGGAGCACGAGGACACTGA
GeneRacer™ 5’ Nested GGACACTGACATGGACTGAAGGAG
Primer T
Forward pJET 1.2 sequencing | N/A N/A CGACTCACTATAGGGAGAGCGGC
primer
Reverse pJET 1.2 sequencing | N/A N/A AAGAACATCGATTTTCCATGGCAG

primer
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Chapter 3: Identification of Differentially Expressed Genes Between
Red and Green Sectors of C. indica cv Cleopatra Leaves

3.1 Introduction

Our hypothesis is that the red-green leaf colour in C. indica cv Cleopatra is
determined by the absence and presence of a transposon in a TF gene. The
hypothesis is based on the observation that in some red leaves of C. indica cv
Cleopatra green sector appears randomly, sometimes resulting in mostly green
leaves with red sectors. The transposons are most likely responsible for that as
the boundary between red and green is extremely sharp (Figure 6B). The purpose
of this chapter is to identify the gene(s) that is/are responsible for the red colour
of the leaf. According to the hypothesis, in the red sector, the genes in the
anthocyanin pathway, that are responsible for the red colour, are transcribed to
mMRNASs, which then translate to proteins. In the green sectors, one of those gene
genes may contain a transposon and therefore the mMRNA may not be stable or
even if it is stable, it would be translated into a different protein, which would not
be functional, therefore the leaf remains green. Alternatively, the hypothesised
transposon may be present in the gene(s) in the red sectors and absent in the
gene(s) in the green sectors if the function of the gene is to suppress the
anthocyanin pathway (Figure 11). The hypothesis is that the transposon was in a
MYB or bHLH TFs, because both these classes of TFs have been shown to
regulate the anthocyanin biosynthetic pathway (178). At the time that the project
started there was no Canna genome available. Therefore, to identify differentially
expressed genes, RNA was extracted, and the cDNA libraries were sequenced
and analysed from red and green sectors of the leaf. We identified differentially
expressed genes and some of them have been predicted to be MYB and bHLH

TF genes based on homology to known MYB and bHLH genes. Additionally, we
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also investigated some of the gene’s coding for enzymes in the anthocyanin
biosynthetic pathway, including CHS, which is the first and a key enzyme in this
pathway (58). DNA was extracted using multiple methods to produce DNA of
sufficient quality for PCR and PCR was performed to determine if there were
differences in bands size produced between DNA extracted from red and green

sectors using primers specific to the differentially expressed genes.

N N
Red leaf sector Green leaf sector
J J/
i R ( The hypothesis is |
The hypothesis is that genes involove
—{ that genes involove — in anthocyanin and
in anthocyanin containe transposon
jumb out of the gene
A / L J
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| tranSCTlpted to || mRN AS then
AILAE traslated to different
traslated to proteins asfated 1o ditiere
protein
. J
4 ) 4 N
|| The leaf become red | | Theleaf become
colour green colour
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Figure 11: Schematic Diagram of the hypothesis for Red and Green Sectors of
C. indica cv Cleopatra Leaves.

73



3.2 Result
3.2.1 RNA Extraction for RNA-seq

Total RNA was extracted from three biological replicates of green and red sectors
of C. indica cv Cleopatra leaves. It was found that 2 g of leaf material was
sufficient to produce the required quantity of RNA for RNA-seq. Total RNAs
were sequenced by next generation sequencing technologies at Earlham Institute
by RNA-seq using the paired-end Illumina sequencing kit. The results were
analysed by Simon Moxon (UEA, Norwich, UK). Simon made a de novo
transcriptome from the RNA-seq data, as there was no genome or annotation
available at the time and generated a list of differentially expressed mRNAs.
Using a two-fold difference threshold, he found about 500 differentially
expressed mRNA. | then used BLAST to determine if any of the differentially
expressed genes were similar to MYBs and bHLHs genes. An example ofaMYB
gene is shown in (Figure 12, A) and an example of a bHLH gene is shown in
(Figure 12, B). Overall, there were five MYBs and two bHLHs genes amongst

the differentially expressed genes.
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(A)

. Scientific  Max  Total Query
Description

— Name  Score Score Caover

v v v v

PREDICTED: Musa acuminata subsp. malaccensis myb-related pr.. Musaacu.. 640 640 28%
PREDICTED: Musa acuminata subsp. malaccensis myb-related pr... Musaacu... 640 640 28%
PREDICTED: Musa acuminata subsp. malaccensis myb-related pr... Musaacu... 564 564 29%
PREDICTED: Musa acuminata subsp. malaccensis myb-related pr.. Musaacu.. 564 564  29%
PREDICTED: Musa acuminata subsp. malaccensis myb-related pr.. Musaacu.. 551 551 21%
PREDICTED: Musa acuminata subsp. malaccensis myb-related pr... Musaacu... 551 551 21%

(B)

. Scientific
Description
— Name
v

PREDICTED: Musa acuminata subsp. malaccensis franscription ... Musa acu...

PREDICTED: Musa acuminata subsp._malaccensis franscription . Musa acu. .

PREDICTED: Zingiber officinale transcription factor bHLH35-like ... Zingber a...

PREDICTED: Zingiber officinale transcription factor bHLH35-lke ... Zingiber a...

PREDICTED: Zingiber officinale transcription factor bHLH35-lke .. Zingiber a. .

PREDICTED: Zingiber officinale franscription factor bHLH35-like ... Zingiber o...
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v
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475
464
444
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v
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de-178 86.50%
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Ze-151 89.15%
2e-151 §9.15%
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v v

0.0 8252%

66% 1e-165 81.30%
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v

2315
k)
213
2287
2079
2043

Acc. Len
v

1088
991

995
919
1040
923

Accession

XM_009362799.2
AM_009362795.1
XM_018829292 1
XM_018829291 1
XR_001978571.1
XM _018827108

Accession

XM_009411475.2
XM_009382455.2
XM_042574711.1
XM_042566816.1
XM_042566811.1

XM_042566815.1

Figure 12: The BLAST result for two differentially expressed genes.

A: The BLAST result of a putative MYB gene. B: The BLAST result of a putative

bHLH gene.

3.2.2 PCR of Differentially Expressed MYB and bHLH Genes

To amplify the putative MYB and bHLH TFs and assess the presence/absence of

a transposon, DNA was extracted from red and green sectors, and PCRs were

performed using gene specific primers that were supposed to amplify the entire

open reading frames. Two methods were tried for extracting DNA from both red

and green leaf sectors of C. indica cv Cleopatra, in order to get the cleanest

samples possible for performing the PCR. The first DNA approach used the DNA
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extraction buffer technique without any commercial kit. The DNA pellet from red

sectors were very viscous as shown in Figure 13. The DNA pellet ratio of 260/280

was below 1.7 because the DNA was contaminated with salts and proteins due to

high levels of secondary metabolites and polysaccharides. The good DNA pellet
260/280 ratio is expected to be above 1.7. | cleaned DNA with the Genomic DNA
Clean & Concentrator kit, which improved the DNA pellet quality as the ratio of
260/280 was above 1.7. Table 4 showed the result of the DNA quality before and
after cleaning the DNA with the Genomic DNA Clean & Concentrator kit based

on the result of the nanodrop.

Table 4. DNA quality before and after cleaning by the Genomic DNA Clean &
Concentrator kit based on the nanodrop

DNA A260  A280 A260/280 | A260/230 Ng/pL
DNA  before 4.169 4.079 1.02 0.50 208.4
cleaning

DNA after  2.361 1.237 1.91 1.31 118

cleaning by the
Genomic DNA
Clean &
Concentrator
kit

76



Figure 13: Pellet of DNA extracted from C. indica cv Cleopatra red sector.

Several amounts of the DNA concentrated 118 ng/ uL. were used (82.6 ng, 708
ng, 944 ng and 1180 ng) and several annealing temperatures (50°C, 53°C, 58°C,
60, 62°C, 67°C, 68°C, and 71°C) were used for PCR amplification of the putative
MYB and bHLH genes, but no bands were seen. | used A. thaliana DNA with
DNS2 primer as a positive control that produced the expected band, suggesting
that the problem was the quality of the Canna DNA or the primers specific to the
Canna gene. Due to the negative result of the PCR | tried to improve the DNA
quality by the using DNeasy Plant Mini Kit.

The purity of the DNA pellet obtained using the DNeasy Plant Mini Kit was still
low based on the NanoDrop reading as an example shown in Table 5, because the
260/280 ratio was still below 1.7. Then, several PCR was performed at several
annealing temperatures (58°C, 60°C and 65°C) together with the A. thaliana as a
positive control with DNS2 primer. There were no bands for the MYB and CHS
genes in either red or green sectors. As there was no band produced by the PCR
from this DNA method, we returned to the first method of extracting DNA and

did some modifications for the PCR master mix.
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Table 5: Nanodrop reading of the DNA extracted using the DNeasy Plant.

DNA A260 A280 A260/280 A260/230 Ng/pL
DNA using the 2.974 3.574 0.83 0.46 148.7
DNeasy Plant

Mini Kit

Although the first and second extraction methods for the DNA and the subsequent
PCRs, did not allow for the amplification of the genes of interest, we extracted
DNA again by using the first method of the DNA extraction buffer. The master
mix of the PCR was slightly modified as follows: 5 uL of the DNA template of
the green leaf sectors were incorporated into the master mix and the DMSO was
not added to the PCR master mix. The PCR containing primer pair 6 was run with
an annealing temperature of 66 °C, whereas the PCR for primer pairs 1 to 5 were
run with an annealing temperature of 62°C. The 6 PCR reactions were run on a
1.5% (w/v) agarose gel for 1 hour at 120 V. The DNA bands of the green leaf

sectors were observed in the gel documentation system (Figure 14).
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Figure 14: PCR analysis of DNA extracted from green sectors of C. indica cv
Cleopatra leaves with primer pairs 1 to 6.

Green 1: green leaf sector of the C. indica cv Cleopatra with primer forward and
reverse number 1. Green 2: green leaf sector of the C. indica cv Cleopatra with
primer forward and reverse number 2. Green 3: green leaf sector of the C. indica
cv Cleopatra with primer forward and reverse number 3. Green 4: green leaf
sector of the C. indica cv Cleopatra with primer forward and reverse number 4.
Green 5: green leaf sector of the C. indica cv Cleopatra with primer forward and
reverse number 5. Green 6: green leaf sector of the C. indica cv Cleopatra with
primer forward and reverse number 6. Red stars indicate the size of the expected
bands.

To optimise the PCR for DNA extracted from red sectors of C. indica cv

Cleopatra leaves, five serial dilutions (1:1) of the DNA samples were used. The
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PCR reactions containing primers pairs 1, 2, 5 and 6 were at annealing
temperature of 62°C, while reactions with primers pairs 3 and 4 were run at

annealing temperature of 58°C.

The diluted DNA samples from red sectors were used for PCR with each primer
pairs. The DNA from green sectors was used as a positive control. The PCR
reaction containing primer pair number 1, DNA bands were observed for dilution
number 3 (Figure 15, A). In addition, for primer pair number 2, DNA bands were
observed for dilution number 3 (Figure 15, B). For primer pair number 3, DNA
bands were observed for dilutions number 4 and 5 (Figure 15, C). For primer pair
number 4, DNA bands were observed for dilution number 4 (Figure 15, D). For
primer pair number 5 and 6, DNA bands were observed for dilutions number 4
and 5 (Figure 15, E - F).
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Figure 15: PCR analysis of candidate genes.

A: C. indica cv Cleopatra genomic DNA from red (RD) sectors was diluted and
the target gene was amplified with primer pair 1. B: C. indica cv Cleopatra
genomic DNA from red (RD) sectors was diluted and the target gene was
amplified with primer pair 2. C: C. indica cv Cleopatra genomic DNA from red
(RD) sectors was diluted and the target gene was amplified with primer pair 3. D:
C. indica cv Cleopatra genomic DNA from red (RD) sectors was diluted and the
target gene was amplified with primer pair 4. E: C. indica cv Cleopatra genomic
DNA from red (RD) sectors was diluted and the target gene was amplified with
primer pair 5. F: C. indica cv Cleopatra genomic DNA from red (RD) sectors
was diluted and the target gene was amplified with primer pair 6.

Finally, DNA samples that produced bands for both red and green samples were
analysed by PCR with each primer pair and the results combined on a single

agarose gel. The band size with each primer pairs was the same with no
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differences between green and red sectors. Therefore, we concluded that there
was no transposon for the tested MYB and bHLH genes differently expressed
between red and green sectors (Figure 16), or at least they were not detectable
with the primers | used. It is impossible to test all genes by PCR because there
were about 500 differentially expressed genes. The strategy therefore changed in
chapter 4, where we sequenced the entire genome of C. indica cv Cleopatra to try

to identify the hypothesised transposon.

1kb R1 GI R2 G2 R3 G3 R4 G4 R5 G5 R6 G6 100 bp

1000 -
750 -

500 -

Figure 16: The DNA bands of C. indica cv Cleopatra both red and green
sectors.

+ The Numbers above the bands refer to primer pair numbers, R: red and G:
green.

3.3 Discussion

In this chapter, we tried to identify the genes responsible for the red colour of C.
indica cv Cleopatra and determine whether they contain a transposon that causes
the green leaf phenotype. The gene expression and relationships between

biological processes can be revealed by RNA-seq technology under a variety of
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conditions, identifying key genes (179). To achieve this, RNA was sequenced
from both green and red sectors of C. indica cv Cleopatra leaves. We identified
MYB and bHLH genes that may be responsible for the red colour of the leaf. Five
MYBs and two bHLHs TFs were found among the differentially expressed genes
using BLAST. To further investigate these MYB and bHLH genes, along with
CHS, we extracted DNA and attempted to PCR amplify these genes to reveal any
potential size difference due to the hypothesised transposon insertion. Due to the
poor quality of the DNA first we changed the DNA extraction method and used
the DNeasy Plant Mini Kit (Qiagen). The DNA pellet of the Dimorphandre mollis
leaf also had a similar issue, being very sticky and highly viscous, and the
brownish pellets indicated phenol contamination (180). Therefore, poor quality
of extracted genomic DNA may be a common problem for several species with

high starch content.

The PCR did not produce any bands from either the first or the second DNA
extractions. This indicated that the chemical compounds in the leaves may be
responsible for the absence of bands (180) Previous work attributed the absence
of PCR product to high content of chemical compounds, including flavonoid
which binds to the DNA upon lysis that oxidized the DNA by phenolic
metabolites (180,181).

Amplification can be enhanced by adding DMSO to PCR. Secondary structures
can be reduced with DMSO but can be problematic when dealing with GC-rich
templates (182). In our work conducting PCR, the DMSO may be responsible for
absence of the bands, therefore we tried to run the PCR reactions for DNA from
green sectors in the absence of DMSO. Since this approach worked, we kept that

procedure for all following PCRs.
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However, the bands of the red leaf sector PCR were not present even when
DMSO was removed from the PCR mix. We hypothesised that flavonoid
contamination was higher in DNA extracted from red leaves and therefore
diluting the DNA would reduce the concentration of flavonoids, but the samples
would still contain sufficient amount of DNA as it was shown before (183). After
diluting the DNA samples from red sectors, bands for both red and green sectors
were clearly visible. To compare the size of bands between red and green leaf
sectors, we visualised the amplification products on an agarose gel. The result of
the PCR showed no difference between the DNA from the red and green sectors
therefore we could not find a transposon in the selected genes. However, the
hypothesis could still be right, but the transposon could be in other gene that was
not identified by the RNAseq or the transposon may be outside of the coding
regions. Therefore, we developed a new alternative approach based on genome

sequencing, which is described in chapter 4.

Anthocyanin synthesis pathways in plants are controlled by MYB genes, which
often act synergistically with structural genes (184). It was found that TFs bHLH
and MYB were detected to be upregulated among Red President flowers of the
Canna (185). That study might be similar for what we found in the C. indica cv
Cleopatra leaf. Both studies found MYB and bHLH genes were higher in the red
flower and leaf of Canna. In this case, MYB genes might be responsible for the
red colour by contributing together with the bHLH. At the time, no studies have

been conducted on the colouring of C. indica leaf.
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Chapter 4: Whole Genome Sequencing of C. indica cv Cleopatra

4.1 Introduction

In the previous chapter (Chapter 3), there was no evidence of a transposon in the
differentially expressed MYB and bHLH genes identified, or in the CHS gene.
Therefore, we developed an alternative approach, which was made possible by
PacBio sequencing. There was no available gDNA sequencing of Canna species
at the time, therefore we aimed to sequence the entire genome C. indica cv
Cleopatra with PacBio sequencing to identify the gene that contain transposon
that leads to an upregulation of the anthocyanin pathway. The technology
produces read sequences longer than 200k and is suitable for sequencing the
whole genome of C. indica. Establishing the genome of C. indica is helpful for
the search for the transposon that causes the red leaf color. To accomplish this,
we needed to produce sufficient quantities and quality of gDNA from red sector
of C. indica cv Cleopatra leaves for PacBio sequencing.

4.2 Results

The gDNA sample to be sequenced with PacBio sequencing at the Earlham
Institute (Norwich, UK) had to meet specific requirements as provided by

colleagues at the Earlham Institute. Table 5 shows the details of the requirement.
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Table 6: Quality requirements of gDNA samples for PacBio sequencing.

Criteria Requirement

Quantity of 20
DNA (Hg)
Minimum 50

concentration

(ng/ pL)

Volume (uL) 50 - 400
A 260/280 1.6-20
A 260/230 1.8-24
Material size < 20%
(<40Kb)

4.2.1 Treatment of the DNA with the Nucleon Phytopure kit

The DNA was extracted using the Nucleon Phytopure kit following the
manufacturer's instruction. The pellet was resuspended in 50 pL of TE buffer and
it was viscous and had contamination based on the Nanodrop reading. This DNA
was cleaned using the gDNA Clean & Concentrator kit, following the
manufacturer’s protocol. The DNA was resuspended with preheated 20 pL
elution buffer and quantified using a Nanodrop. The DNA was sent to the
Earlham Institute for quality control (QC). The sample failed the QC check
because the DNA contained high level of RNA, polysaccharides and polyphenol.
Table 7 shows the ratio of the DNA based on the result of the Nanodrop before
and after cleaning the DNA by the gDNA Clean & Concentrator Kit.
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Table 7: DNA ratio based on the Nanodrop.

DNA A260 A280 A260/280 A260/230 Ng/uL
DNA before 0.961 0.396 2.42 3.53 48
cleaning

DNA after 6.205 2.919 2.13 2.52 310.2
cleaning

4.2.2 Treatment of the DNA with RNAse A, Proteinase K and
phenol:chloroform:isoamyl alcohol

DNA was extracted from C. indica cv Cleopatra red leaves using the Nucleon
Phytopure kit as before and following the manufacturer’s protocol with some
changes to try to improve the quality. The sample was treated with RNAse A and
proteinase K to remove RNA and protein contamination, then it was cleaned with
phenol:chloroform:isoamyl alcohol. The phenol/chloroform traces were removed
by using the gDNA Clean & Concentrator kit, and the concentration of DNA
measured by Nanodrop, (Figure 17, A). Furthermore, the DNA was measured by
Qubit 4 reading (Figure 17, B). This gDNA sample also failed the Earlham

Institute QC check as the DNA was still contaminated of polysaccharides and

polyphenol, and 72% of the DNA fragment size were less than 40 kb.
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Figure 17: Quality of DNA extracted using RNAse A, proteinase K, and
phenol:chloroform:isoamyl alcohol treatment

A: Concentration of the DNA quantified by Nanodrop. B: Concentration of the
DNA quantified qubit 4.

4.2.2 Treatment of Leaf Samples with Sorbitol Wash Buffer

Next, a new DNA extraction was performed including three washes of sorbitol
wash buffer to remove the polyphenols and polysaccharides, before continuing
with the Nucleon Phytopure Kit, RNAse A, proteinase K and
phenol:chloroform:isoamayl alcohol protocol used previously. The DNA was
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measured by Nanodrop. Table 8 shows the quality of the DNA before and after
treatment. In addition, the extracted DNA was also measured by Qubit 4 (Figure
18). There was an improvement in the sample's purity as the ratios of 260/280
and 160/230 was below 2 and better than the previous sample. The DNA was sent
to the Earlham Institute to check the quality. The sample did not meet the QC
requirements as the gDNA was contaminated with polyphenols and

polysaccharides.

Table 8: The DNA quality with sorbitol wash buffer treatment based on the
Nanodrop.

DNA A260 A280 A260/280 A260/230 | Ng/uL
DNA before 5.671 3.266 1.74 0.99 283.5
treatment

DNA  after 1.665 0.920 1.81 1.84 83.3
treatment

dsDNA Broad Range

16/08/2021 04:53:03 PM ¥ Saved

Original calculated

pl wcentration
67.1

ng/pL

Figure 18:Concentration of the DNA quantified by using qubit 4
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4.2.3 Dark Treatment to Improve DNA Quality

The red leaves of C. indica cv Cleopatra were covered with a black plastic bag
with some air holes for 3-5 days to reduce the accumulation of polysaccharides
(170). A sample was extracted by the Nucleon Phytopure Kit, sorbitol wash
buffer, RNAse A, proteinase K, phenol:chloroform:isoamayl alcohol treatment.
The DNA quality was much improved with covering the leaves based on the
Nanodrop Table 9.

Table 9: The result of the DNA with dark treatment based on the Nanodrop.

DNA A260 A280 A260/280 A260/230 Ng/pL
DNA  with  4.533 2.494 1.82 1.91 226.7
dark

treatment

4.2.4 Increasing the Length of the Sample Grinding Time of the gDNA
Extraction

After consulting with colleagues at the Earlham Institute, the method used above
was further optimised by using small leaves for the leaf samples and increasing
the time for grinding the samples from 2 minutes to 20 minutes. The longer the
period of grinding frozen leaves, the more likely the cell wall will be broken
successfully. The DNA concentration and purity were measured by Nanodrop
and Qubit 4 (Figure 19, A). In addition, the extracted DNA were measured Qubit
4, (Figure 19, B). The sample was clean, and both 260/230 - 260/280 ratios were
in the optimal range. The DNA was sent to the Earlham Institute to assess the

quality and finally the sample passed the QC check (Figure 19. C, Table 6). The
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Earlham Institute carried out the PacBio sequencing, and the data was analysed
by David Prince (UEA, Norwich, UK).

(©)

Sample 0 (ONAQubt|  Nanodop | FEMTO Pulse
SamleSanuIeID Sample Name | Customer Ref w:nm gl | ngld | 50280 mlm 340:39 99bp mmmmp Vol. ofsample ]  Total Amount{ug) = OVERALL Pass/Fa
B .AB-BZ&_H05885m09_2022ﬂ113canna_ Hlﬁ‘ 1880 | 49| 180 | 193_ meo s B B | Passed
|

Figure 19:Concentration of the DNA quantified by using Nanodrop

A: Concentration of the DNA quantified by using Nanodrop. B: Concentration
of the DNA quantified by qubit. C: The result of the gDNA from Earlham
Institute which was passed.
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4.2.5 Analysis of the gDNA Sequencing Data

As analysing PacBio sequencing data requires specialised bioinformatic skills,
this part of the project was done by David Prince (UEA, Norwich, UK). The C.
indica cv Cleopatra PacBio reads were de novo assembled using Canu to produce
a draft genome. The Canu tool is specialized in assembling PacBio's long read,
produce highly continuous assemblies and more accuracy (171). The RNA-seq
reads were mapped to the genome using HISAT2 and a reference-guided
transcriptome produced using StringTie2. Kallisto was used to pseudoalign the
RNA-seq reads to the transcriptome and differentially expressed genes
determined using DESeq2 in R. In StringTie2, transcripts are assembled from
genome-aligned RNA-seq reads (186). MYBs were annotated using
MYB_annotator. Two of the differentially expressed genes were annotated as
MYBs. TEs were predicted for the draft C. indica cv Cleopatra genome using
EDTA software. One of the two MYB differentially expressed genes was
predicted to contain an intact TIR in an intron. Figure 20 illustrate the analysis
process for gDNA sequencing data. The transposon position in the gene (Figure
21).
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Figure 20: Schematic diagram of the analysis of the gDNA sequencing data.
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Figure 21: The Position of the transposon in the gene.

The top set of blue boxes/lines represent genes. STRG.62767.2 is a potential
MYB gene. Blue boxes are exons, linked by blue lines are introns. The middle
set of blue boxes are predicted TEs on the same strand of the genome as the MYB
gene. The bottom line of blue boxes (just the one, TE_00001055) are predicted
intact TEs. The transposon in the intron that we are interested in is circled with
red.
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4.3 Discussion

C. indica leaves vary greatly in their leaf colour for reasons that remain unclear
(187). The whole genome of C. indica cv Cleopatra was sequenced, as at that
time there was no genome sequence available to aid in identifying genes with
transposons. PacBio sequencing for the whole C. indica genome was appropriate
to determine the genes that are responsible for red colour sector because long
sequencing read is possible with this technology (188). Furthermore, the long-
read sequencing is good to identify the transposons’ repeats in the genome rather
than the short-read sequencing (189). Therefore, the approach we used was to
identify a transposon in a gene involved in the anthocyanin pathway, most likely
one of the MYB genes, as they are the strongest regulators of this pathway. The
transposon could either enhance the expression of a gene in this case the
transposon would be present in the red sectors or disrupt the expression of a gene
In this case the transposon would be present in the green sectors. If a transposon
had been inserted into a gene involved in colour formation, it would always have
to be inserted into the same gene, which is very unlikely as transposons are
inserted randomly into the genome. Therefore, it is much more likely that the
transposon exerts its effect by jumping out of a gene, which would result in a

colour change (190).

The biggest challenge was to purify gDNA that is pure and long enough for
PacBio sequencing. Typically, DNA with high quality has a 260/280 ratio
between 1.8 and 2.0 and does not contain polysaccharides or phenols as
contaminants (191). It was previously reported that extracting DNA from Canna
leaves was difficult because the leaves contain high level of fibres,
polysaccharide and phenolic compounds (192). In order to get pure DNA, we

tried a variety of approaches.
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Using the gDNA Clean & Concentrator kit helped to improve the DNA quality,
but it fragmented the DNA, and it is important for PacBio sequencing that the
fragments are sufficiently long. Therefore, | stopped using the gDNA Clean &

Concentrator kit and used the sorbitol wash buffer instead.

The dark treatment was an effective method to reduce the carbohydrates,
polysaccharides, and polyphenolic compounds in C. indica cv Cleopatra leaves
(Table 9) as it was reported previously (170). Furthermore, by grinding the tissue
with liquid nitrogen for a much longer period of time and using small leaves, the

walls of the cells were broken down better.

Plant leaf samples usually contain oils, sugars, and other endogenous chemicals
that can make the DNA extraction difficult. However, several plants produce
secondary metabolites which are rich in polysaccharides and polyphenols, that
make this problem even worse (193). Furthermore, after cell lysis, polyphenols
can bind irreversibly to DNA, whilst polysaccharides can form co-precipitates
with DNA. Using sorbitol before cell lysis makes the extracted DNA purer as it
Is an osmotically active sugar alcohol (193). It means that the sugar alcohol in
sorbitol was capable of removing polyphenols and polysaccharides from DNA
before cell lysis. The washing step was repeated three times with sorbitol wash
buffer due to the supernatant was viscous and brown colour. After the third wash
the supernatant was light yellow in colour indicating that the polysaccharides and
polyphenols had been reduced. Proteinase K and RNAse A were used to remove
residual RNA and protein (194). Indeed, these two enzymes improved the purity

of the DNA extracted from C. indica cv Cleopatra red leaf.
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In order to separate DNA from other organic compound such as chloroform and
resin of the Nucleon PhytoPure DNA extraction buffer, the
phenol:chloroform:isoamyl alcohol (25:24:1) extraction was sufficient to
improve the DNA quality (Figure 17, A). In conclusion, the Nucleon PhytoPure
DNA extraction kit protocol was modified with additional steps in order to
generate purified DNA matching the requirement for sequencing the entire
genome of C. indica cv Cleopatra using PacBio sequencing at the Earlham
Institute (Figure 19. C, Table 6).

Although, the sequence analysis was not my work but carried out by David
Prince, for completeness sake, | discuss the results here. He identified a
transposon in the intron of a MYB gene. C. indica cv Cleopatra’s MYB genes
were compared with MYB genes annotated in banana (Musa acuminate), and the
MYB gene containing the transposon in an intron was most similar to banana
MYB clade 26 Figure (22) (195). While the function in banana of clade 26 MYBs
Is unknown, their close relationship to flavonoid biosynthesis regulators indicates
they may function similarly to R2ZR3-MYB proanthocyanidin regulatory. Further
investigation is needed into whether clade 26 MYBs regulate Zingiberales-

specific biosynthesis pathways (195).
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Figure 22: Banana MYB clade 26 that is similar to the Canna MYB TF

In peaches depending on whether their flesh and skin contain colour pigments,
they are yellow- or white-fleshed and red- or pale-skinned (196). Among plant
pigments, anthocyanin plays a significant role in peach flesh and skin colour
(197). Peach skin is red due to the MYB transcription factor (PpMYB10). It was
discovered that the red flesh around the stone phenotype was associated with a

487 bp deletion affecting the PpMYB10.1 promoter region (198).
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Our results suggest that the presence of a transposon in an intronic region of a
MY B gene leads to a higher level of expression in the red sectors of C. indica cv
Cleopatra leaves. Whereas, in the green sectors of C. indica cv Cleopatra, the
transposon would jump out of the MYB gene, and the reduced expression level

make the leaves green.

Transposons and fragments inserted into the promoter region alter gene
expression through different mechanisms, activating or inactivating R2ZR3-MYB
activators. Occasionally, insertion of a transposon inactivates target genes by
changing their promoter structure, preventing the TF from binding and thereby
preventing transcription (199). In carrots, root pigmentation is caused by the high
expression of DcMYB?7, not coding region variations. In non-purple carrot roots,
a tandem duplication and two transposon insertions in the promoter inactivate
DcMYB7 (200). Strawberry fruit naturally vary in color due to different
expression levels of FAMYB10. A transposon (FaEnSpm-2) that enhances the
expression of FaMYB10-2 in red-fleshed strawberry lines is responsible for the
enhanced expression of FaMYB10-2 (194). Transcriptional activity has been
enhanced by R2R3-MYB activators, for example MdMYB10 promoter tandem
repeats are associated with anthocyanin accumulation in red-fleshed apple
varieties (85). These examples align well with our results, as we also identified a
potential TE in the intronic region of a MYB TF, that could potentially upregulate

its expression therefore leading to a higher anthocyanin production.

Our results suggest that the presence of a transposon in an intronic region of a
MYB gene leads to a higher level of expression in the red sectors of C. indica cv

Cleopatra leaves. Whereas, in the green sectors of C. indica cv Cleopatra, the
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transposon would jump out of the MYB gene, and the reduced expression level

leads to a loss of anthocyanin production.

Chapter 5: The Role of Small Non-coding RNAs in Colour Leaf
Formation

5.1 Introduction

This part of the projects addresses the role of small non-coding RNAs in leaf
colour formation. We hypothesised that small RNAs are responsible for yellow
and pink stripes. It is hypothesised that in green leaves, the small RNAs target
enzymes involved in the chlorophyll biosynthetic pathway and silencing these
genes result in yellow stripes (201). It is also hypothesised that in red leaves, the
small RNAs target enzymes involved in the anthocyanin biosynthetic pathway
and silencing these genes result in pink stripes (202). These hypothesis is
supported by the observation that the boundaries around the edges of the stripes
not sharp but gradual, suggesting the diffusion of a compound, such as small
RNAs. In addition, we also explored the potential role of miRNAs by looking for
differentially expressed miRNAs in red sectors of C. indica cv Cleopatra and pink
striped leaves of C. indica cv Durban, and in green sectors of C. indica cv

Cleopatra and yellow striped leaves of C. indica cv Pretoria.

RNA was extracted from both red and green leaf sectors of C. indica cv Cleopatra,
and from leaves of C. indica cvs Durban and Pretoria. Small RNA libraries have
been generated from these RNA and sequenced by next generation sequencing.

A Dbioinformatics analysis predicted differentially expressed microRNAs.
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Differentially expressed microRNAs candidates were validated through northern
blot analysis, miRNAs with interesting expression patterns were selected and
5’RACE performed on predicted targets. The identity of validated miRNA target
was further investigated with BLAST.

5.2Results
5.2.1 RNA Extraction for Small RNA Library

We grew C. indica cv Cleopatra, C. indica cv Pretoria and C. indica cv Durban
with different leaf coloration (green and red sectors, green with yellow stripes
and red with pink stripes respectively). Three biological replicates of leaf tissue
were obtained from each cultivar. We used miRVana miRNA isolation kit to
isolate SRNA from the tissue, following the manufacturer's instructions. A
Nanodrop 8000 spectrophotometer was used to measure RNA quality and
quantity (Table 10) and RNA integrity assessed using 1.5% (w/v) agarose gel
electrophoresis (Figure 23). Although these cultivars of Canna contain pigments
in their leaves which may affect RNA quality, the extraction protocol used was

sufficient to extract clean RNA.
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Table 10: Nanodrop quality and quantity assessment of RNA samples

Canna Leaf | Biological = Concentration A 260-280 A 260-230 ratio | Amountin
cultivar tissue replicate (ng/ul) ratio ug used for
colour SRNA
library
C. indicacv Red 1 1792.2 2.15 2.19 2
Cleopatra
C. indica cv Red 2 4457 2.10 2.17 1.9
Cleopatra
C. indica cv Red 3 1714 2.13 2.28 1.9
Cleopatra
C.indicacv | Green 1 1575.7 2.12 2.17 1.9
Cleopatra
C.indicacv | Green 2 2101.5 2.15 2.26 1.9
Cleopatra
C.indicacv | Green 3 872.8 2.10 2.02 1.9
Cleopatra
C.indicacv | Yellow 1 2212.3 2.14 2.22 2.2
Pretoria and
green
stripes
C.indicacv | Yellow 2 1457.4 2.09 2.16 2
Pretoria and
green
stripes
C.indicacv | Yellow 3 2970.5 2.03 2.21 2
Pretoria and
green
stripes
C. indica cv Red 1 1442 211 2.05 2.2
Durban with
pink
stripes
C. indicacv Red 2 2623.2 2.09 2.07 2
Durban with
pink
stripes
C. indica cv Red 3 2229.3 2.06 1.88 2
Durban with
pink
stripes

x A 260-280 ratio determine protein contamination.

= A 260-230 ratio determine organic contamination.
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Figure 23: RNA integrity assessed from C. indica cv Cleopatra, Pretoria and
Durban using 1.5% (w/v) agarose gel electrophoresis.

The well number 1 refer to C. indica cv Cleopatra Red sector replicate 1. 2: C.
indica cv Cleopatra Red sector replicate 2. 3: C. indica cv Cleopatra Red sector
replicate 3. 4: C. indica cv Cleopatra Green sector replicate 1. 5: C. indica cv
Cleopatra Green sector replicate 2. 6: C. indica cv Cleopatra Green sector
replicate 3. 7: C. indica cv Durban replicate 1. 8: C. indica cv Durban replicate
2. 9: C. indica cv Durban replicate 3. 10: C. indica cv Pretoria replicate 1. 11: C.
indica cv Pretoria replicate 2. 12: C. indica cv Pretoria replicate 3.

5.2.2 Small RNA Library Preparation

The extracted RNA was used for preparing SRNAs libraries, with three biological
replicates for each C. indica cultivar. To start the SRNA library, we used 1.9 -2.2
ug for each sample. The adenylated 3’HD adapter efficiently was ligated to the
SRNAs followed by a purification where RecJ Exonuclease was used to remove
the excess of 3’HD adapter. Then, the 5> HD adapter was ligated to the SRNAs
by T4 RNA ligase followed by a purification step. Next, reverse transcriptase
enzyme was used to make a cDNA and then a PCR was run by primers that can
anneal to the 5° and 3’ adapters. The PCR products were run on a 8%
polyacrylamide gel to purify the libraries that are between 145 and 150 bp (169)

C. indica cv Durban cDNA library is shown as an example of the gel before and
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after the bands were cut (Figure 24, A-B). All the libraries were loaded on 8%
polyacrylamide gel to normalise them and scanned. Then pooled the rest of the
library in one tube and sequenced them to find miRNA differently expressed for
the cultivars. Several of the bands appeared light, and some were strong, which

might be due to the differences in efficiency of purifying the PCR products from
the gel (Figure 25).

(A)
Cycles: 14 16 18 mixcycles I
- -
-—
-—
\\ - —_—
(B)
200bp
180bp (== | Cycles:14 16 18 mixcycles | ==
160bp [
140bp [ e
— —_
-_— —
‘. —

Figure 24: Gel extraction of the DNA.

A: cDNA library of C. indica cv Durban before the bands were cut. B: cDNA
library of C. indica cv Durban after the bands were cut. Mix cycles means after
running the three different PCR cycles which are 14,16 and 18, 5ul from each
PCR cycles was added in a new PCR tube and run on the gel to cut the band for
the three different PCR cycles and mixing sample.
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Figure 25: The gels of the cDNA library quantification by using the GE
Healthcare Life Sciences, Typhoon FLA 9500.

1: C.indica cv Durban replicate 3. 2: C. indica cv Durban replicate 2. 3: C. indica
cv Durban replicate 1. 4: C. indica cv Pretoria replicate 3. 5: C. indica cv Pretoria
replicate 2. 6: C. indica cv Pretoria replicate 1. 7: C. indica cv Cleopatra red leaf
sector replicates 1. 8: C. indica cv Cleopatra red leaf sector replicate 2. 9: C.
indica cv Cleopatra red leaf sector replicate 3. 10: C. indica cv Cleopatra green
leaf sector replicate 1. 11: C. indica cv Cleopatra green leaf sector replicate 2.
12: C. indica cv Cleopatra green leaf sector replicate 3. ImageQuant was used to
quantify library intensity and normalize it to one library.

5.2.3 Sequencing Data of Small RNA Library

Small RNA libraries were sequenced on an Illumina NextSeq 550 (203). The
analysis of the sequenced libraries was conducted by Daniel Richardson (UEA,
Norwich, UK) and he identified 10 microRNAs that were potentially
differentially expressed between the different kinds of leaves. The read numbers

of the miRNAs differentially expressed in Canna are shown in Table 11.
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Table 11: The read numbers for the differentially expressed set of C. indica
miRNAs. Green Cleopatra: C. indica cv Cleopatra green leaves sectors, Red
Cleopatra: C. indica cv Cleopatra red leaves sectors, Pretoria: C. indica cv
Pretoria, Durban: C. indica cv Durban.

Candidate Sequences | Mean count | Mean count | Mean count Mean
mMiRNA Green Red Pretoria count
Cleopatra Cleopatra Durban
MiR529 — | AGAAGAGA 1700 10957 44 163
First strand | GAGAGTAC
AGCCT
MiR529 — | GCTGTACC 1620 6420 26 67
Second CTCTCTCT
strand TCTTC
MiR156/mi | GCTCTCTA 93 1376 17 348
R157 TGCTTCTG
TCATC
MiR6300 GTCGTTGT 4253 436 2936 650
AGTATAGT
GGTGAGTA
TTCCC
MiR530 TGCATTTG 706 2569 27 209
TACCTGCA
CCTAA
MiR528 CCTGTGCC 359 1120 4 108
TGCCTCTT
CCACG
MiR171 CGAGCCGA 122 376 5 13
ACCAATAT
CACTC
MiR408 TGCACTGC 1174 3615 23 226
CTCTTCCC
TGGCT
MiR397 TTGAGTGC 140 639 1 12
AGCGTTGA
TGAGA
MiR166 CGGACCAG 11654 2108 70 508
GCTTCATT
cccce
MiR162 TCGATAAA 109 2012 31 308
CCTCTGCA
TCCG

5.2.4 Northern Blot of MiRNA Candidates

After identifying 10 microRNAs that were potentially differentially expressed

between green and red and between the plain colour and striped leaves, the

miRNA candidates were examined by northern blot analysis in order to validate
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their differential expression. For each miRNA and Canna cultivar two biological
replicates were analysed. A denaturing polyacrylamide-urea gel was used to
separate RNA samples, followed by transfer to nylon membranes. The miRNA

band intensity was quantified using ImageQuant Figure 25.

5.2.5 Validation of MiRNA Candidates by Northern Blots

There were bands at a position where the pri-miRNAs could be expected on some
of the northern blots (Figure 26), and we wanted to determine if they were pre-
miRNAs. These upper bands are well above to 21nts, which is larger than would
be expected for mature miRNAs. We examined two miRNASs conserved across
plant species to investigate this (miR162 and miR171) in C. indica cv Cleopatra
as well as in Arabidopsis and wheat. We extracted RNA from both sectors of C.
indica cv Cleopatra, A. thaliana and wheat cv Pavon with two replicates for each
cultivar. Northern blots were performed to validate these pre-miRNAs (Figure
27). However, in these experiments we did not find the upper bands in any of the
species. After troubleshooting, it turned out that the upper bands were due to

probing with UG first and not washing it off sufficiently.
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Figure 26: Whole membranes of the northern blots for of the miRNA
candidates.

Total RNA was separated on denaturing polyacrylamide gels and blotted to
membranes. The membranes were hybridised with miRNA specific probes
indicated above the membranes. The lanes contained samples of 1: C. indica cv
Cleopatra red sector replicate 1. 2: C. indica cv Cleopatra red sector replicate 2.
3: C. indica cv Cleopatra green sector replicate 1. 4: C. indica cv Cleopatra green
sector replicate 2. 5: C. indica cv Pretoria replicate 1. 6: C. indica cv Pretoria
replicate 2. 7: C. indica cv Durban replicate 1. 8: C. indica cv Durban replicate
2. An RNA loading control was performed using a U6 specific probe, that are
shown above each panel.
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Figure 27: Whole membranes of northern blots of C. indica cv Cleopatra,
A.thaliana and wheat cv Pavon.

Tested upper band (pre-miRNA). 1: C. indica cv Cleopatra red sector replicate 1.
2: C. indica cv Cleopatra red sector replicate 2. 3: C. indica cv Cleopatra green
sector replicate 1. 4: C. indica cv Cleopatra green sector replicate 2. 5: A. thaliana
replicate 1. 6: A. thaliana replicate 2. 7: Wheat cv Pavon replicant 1. 8: Wheat cv
Pavon replicate 2. An RNA loading control was performed using a U6 specific
probe.

The validation results for the 10 differently expressed miRNAs are shown in
Figure 28. MiR166, miR529, miR530 and miR6300 showed the most interesting
patterns. The expression of miR166 is much higher in green sectors of C. indica
cv Cleopatra and Durban than in Red sectors of C. indica cv Cleopatra and
Pretoria. One strand of miR529 —showed higher expression pattern in the green
and red sectors of C. indica cv Cleopatra compared to the striped samples (Figure
31). The expression of miR530 is much higher in the red and green sectors of C.

indica cv Cleopatra's compared to the striped samples of C. indica cv Pretoria
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and Durban. MiR6300 showed high expression in green sectors of C. indica cv
Cleopatra and a very similar low expression level in the other three samples.
MiR528 had visible bands in all samples but no difference in expression between
them. Therefore, the northern blot did not match the pattern of the read numbers,
which showed high read numbers in the red sector of C. indica cv Cleopatra and
lower read numbers in C. indica cv Pretoria. Therefore, this miRNA was not
investigated further. Moreover, miRNA 156/157, miR162, miR171, miR397,
miR408 and miR529 — Second strand showed no pattern of differential expression

in the northern blots and were not investigated further.

A) — —— ——— — — ——
MiR156/miR157
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Figure 28: Validation of differentially expressed miRNA candidates using
northern blot.

Total RNA was separated on denaturing polyacrylamide gels and blotted to
membranes. The membranes were hybridised with miRNA specific probes
indicated above the membranes. The lanes contained samples of 1: C. indica cv
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Cleopatra red sector replicate 1. 2: C. indica cv Cleopatra red sector replicate 2.
3: C. indica cv Cleopatra green sector replicate 1.4: C. indica cv Cleopatra green
sector replicate 2. 5: C. indica cv Pretoria replicate 1. 6: C. indica cv Pretoria
replicate 2. 7: C. indica cv Durban replicate 1. 8: C. indica cv Durban replicate
2. A) An RNA loading control was performed using a U6 specific probe.

5.2.6 The Analyses of Validation of MiRNA Candidates

The intensity of bands on the northern blots were quantified and the level of
miRNAs was normalised based on the intensity of the U6 loading control. After
normalisation, the pattern of miR530 (Figure 29, A) matched the expected pattern
predicted by the read numbers (Table 11) as red sector showed the highest
expression followed by the green sector and then, C. indica cv Durban and C.
indica cv Pretoria were lower. The expression of miR530 was different between
the plain leaves of C. indica cv Cleopatra red, green sectors and the striped leaves

of the C. indica cvs Durban and Pretoria.

However, the bioinformatics analysis of the SRNA libraries for miR166 indicated
that the highest read number of C. indica cvs were in the green leaf sector of
Cleopatra, followed by red leaf sector of Cleopatra, Durban and Pretoria,
respectively. The pattern (Figure 29, B) of the normalized band intensity
(expression) of C. indica cvs was highest in green leaf sector of Cleopatra,
followed by Durban, red leaf sector of Cleopatra and Pretoria, respectively. The
expression is not much different between the plain leaves of C. indica cv
Cleopatra red, green sectors and the striped leaves of the C. indica cvs Durban

and Pretoria.
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The miR529 pattern is broadly matched the expected pattern predicted by the read
numbers (Table 11) as the red and green sectors have much higher expression
than the Pretoria and Durban. The difference is that the read numbers were much
higher for red Cleopatra than green Cleopatra, whereas the northern blot shows a
slightly higher level in green compared to red (Figure 29, C). The expression is
much different between the plain leaves of C. indica cv Cleopatra red and green

sectors, and the striped leaves of the C. indica cvs Durban and Pretoria.

The bioinformatics analysis of the read numbers of MiR6300 showed highest
expression in the green sectors of C. indica cv Cleopatra, with slightly lower read
number in Pretoria, and much lower in Durban and red sectors of C. indica cv
Cleopatra. That is slightly different from the northern blot results, which showed
the highest accumulation of miR6300 in the green sectors of C. indica cv
Cleopatra, and much lower in the other three (Figure 29, D). However, the very
high expression in green sector was confirmed by northern blot, which makes this
miRNA a very interesting candidate to follow up. The northern blot result does
not always match the sequencing result, but the northern blot is more reliable and
therefor it is important to validate the sequencing result by northern blot. The
adapter ligation step during small RNA library preparation is biased, as it favours
small RNAs that can anneal to the adapters used in the reactions, while the
intensity of the bands on northern blots is purely based on the amount of RNA on

the membrane.
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Figure 29: Quantification of the most interesting miRNA expression patterns
obtained by the northern blot.

Each bar made up of the two biological replicates. Red = C. indica cv Cleopatra
red leave sector, Green = C. indica cv Cleopatra green leave sector. Pretoria =
C. indica cv Pretoria, Durban = C. indica cv Durban. The number in the left is
normalized band intensity. A: MiR530. B: MiR166. C: MiR529. D: MiR6300.
Error Bars represent the standard deviations of miRNA expression in Canna
tissues.

5.2.7 Validating Predicted miRNA Targets Using 5’RACE

Candidate targets for the differentially expressed miRNAs validated by northern
blot were predicted computationally by Simon Moxon (UEA, Norwich, UK)
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(Table 12). He was able to predict target mMRNAs for miR166 and miR530 but
did not find any potential targets for miR529 and miR6300. BLAST analysis of
the three predicted target genes revealed that the miR166 target DN31218 is
similar to known ATHB-15 genes belonging to the HD-ZIP 111 TF family (Figure
30, A) and the miR166 target DN40098 is similar to known OSHOX32 genes
(Figure 30, B). However, we were not able to find any known gene similar to the
miR530 target DN43985 (Figure 30, C).

A 5’RACE analysis was used to validate these candidate target mMRNAs (204).
Validation of predicted target mMRNA is important because there are always false
positive predictions. 5’RACE is an appropriate method due to two reasons. First,
the cleavage of target mMRNAs happens at a specific position between the 10" and
11" position of the miRNA. Second, the downstream cleavage product is
relatively stable, therefore it is possible to sequence its 5° end. mMRNAs can be
fragmented but that happens randomly, therefore if a specific fragment can be
identified that consistently starts at the predicted cleavage position, that can prove
that the mRNA is not randomly degraded but targeted by the miRNA. Total
MRNA from green leaf tissue of C. indica cv Cleopatra was used for the analysis
as both miRNAs being investigated were expressed in this tissue. Gene-specific
PCR and nested gene-specific PCR were performed (Figure 31) and the PCR
products were extracted from the gel and cloned into the pJET1.2 vector. The
band size of the miR166 targeted DN31218 is 217 bp, the miR166 targeted
DN40098 is 217 bp and the miR530 targeted DN43985 is 243 bp.
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Table 12: MiRNAs target and their gene targets.

MiRNA

De novo

transcriptome

accession number of

predicted targets

Potential homolog
based on BLAST

MiR166

DN31218

ATHB-15

MiR166

DN40098

OSHOX32

MiR530

DN43985

N/A
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PREDICTED: Musa acuminata subsp. malaccensis

PREDICTED: Phoenix dactylifera homeobox-leucine zipper protein ATHB-15-ike (LOC103708475). mRNA
PREDICTED: Elasis guineensis homeobox-leucine zipper protein ATHB-15 (LOC105040544) transcript varia

PREDICTED: Elaeis guineensis homeobox-leucine zipper protein ATHB-15 (LOC105040544) transcript varia
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PREDICTED: Musa acuminata subsp_malaccensis homeobox-leucine zipper prote . Musa acumi. . 1284 1284 80% 00 8850% 3195 XM_0094102762

PREDICTED: Musa acuminata subsp. malaccensis homeobox-leucine zipper prote... Musa acumi... 1280 1280 80% 00 88.73% 3000 XM_009400770.2

PREDICTED: Musa acuminata subsp. malaccensis homeobox-laucine zipper prote .. Musa acumi... 1266 1266 80% 0.0 88.54% 3078 XM_009390689.2
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PREDICTED: Elaeis guineensis homeobox-leucine zipper protein HOX32 (LOC105.. Elaeis guine... 1195 1195 80% 00 8728% 3245 XM_010907119.3
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PREDICTED: Mercurialis annua uncharacterized LOC 126668819 (LOC12666... Mercurialis .. 602 602 4%  6e-04 9268% 3477  XM_D503620161

PREDICTED: Mercurialis annua uncharacterized LOC 126668819 (LOC12666... Mercurialis .. 602 602 4%  6e-04 3268% 3394  XM_D503620151
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Figure 30: Homology search for the predicted miRNA targets

A: MiR166 target DN31218. B: MiR166 target DN40098. C: MiR530 target
DN43985. The sequences picked up by the miR530 target is not accepted as
similar because of the low coverage.
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Figure 31: Result of the nested PCR of 5’RACE.

5’RACE was carried out using three different primer sets specific to MiR166
candidate target DN31218 (lane 1), MiR166 candidate target DN40098 (lane 2)
and MiR530 candidate target DN43985 (lane 3). The final PCR products were
separated on agarose gels (panel A) and then the bands with the expected size
around 200bp were cut out from the gel (panel B).

For candidate miR166 target DN31218, 23 clones were sequenced and 16
contained the amplification product of the transcript precisely cleaved between
nucleotides complementary to the 9" and 10" nucleotide of the miR166, therefore
the miRNAL166 mediated cleavage of the DN31218 transcript was clearly
demonstrated (Figure 32, A).

For candidate miR166 target DN40098, 18 clones were sequenced and 13
contained the amplification product of the transcript precisely cleaved between
nucleotides complementary to the 9" and 10™ nucleotide of miR166, therefore
the DN40098 transcript has been validated as a miRNAL66 target (Figure 32, B).
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For candidate miR530 target DN43985, 12 clones were sequenced and 9
contained the amplification product of the transcript precisely cleaved between
nucleotides complementary to the 10" and 11" nucleotide of miR530, therefore
miR530 cleaves the DN43985 transcript (Figure 32, C).

(A)
Predicted miR166- DN31218

e
The sequence of (16/23)
the predicted 1

t GGGUCCAAAUGCCUGGGAUGAAGCOUGGUCCGGAUUCCAU
The sequences of
the miRNAs. ¥ 3' cCCCUUACUUCGGACCAGGC §'

(B)
Predicted miR 166-DIN40098

(13/18)

!
GGGUUCAGAUGGUUGGGAUGAAGCCUGGUCCGGAUUCUAU

3' CCCCUUACUUCGGACCAGGC 5

(©)
Predicted miR530-DN43985

(9/12)

l
UUACAGACAAAGAAUCAGGUGCAGGUGCAAAUGCAGCUUC

3' AAUCCACGUCCAUGUUUACGU 5

Figure 32: 5’RACE target validation results for predicated miR166 andMiR530
targets.
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The arrows indicate the position where the majority of the clones mapped
following cloning and sequencing of the purified PCR fragments obtained by
5’RACE. The upper lines show the sequence of the predicted targets, and the
lower lines are the sequences of the miRNAs. A: Predicted target of miR166 -
DN31218 between the 10" and 11" nucleotide and 16/23 refer to number of
colonies. B: Predicted target of miR166-DN40098 between the 10" and 11%
nucleotide and 13/18 refer to number of colonies. C: Predicted target of miR530-
DN43985 between the 10" and 11" nucleotide and 9/12 refer to number of
colonies.

5.3 Discussion

5.3.1 Studying the Role of Small Non-coding RNA Molecules in Colour
Formation

C. indica leaves have interesting different colour patterns. The aim of this work
was to identify the small RNAs that are responsible for red and green leaf of C.
indica cv Cleopatra and yellow and pink striped leaf of C. indica cv Pretoria and
Durban. The role of the SRNAs may play in colour formation in C. indica leaves
has not been identified in previous studies. To study the role of SRNAs, RNA was
extracted for SRNA libraries from C. indica cvs Cleopatra red and green leaf
sectors, Durban and Pretoria. Some of the C. indica cultivars produced strong
bands and others had faint bands (Figure 25). It might be due to the total RNA
that was utilized, or concentration of the total RNA sample was not high (169).
An Illumina NextSeq 550 was used for sequencing the libraries. It is one of the
most widely used NGS platforms for sequencing sSRNA libraries because it is
capable of massively parallel sequencing of 50-100bp DNA (169). A total of ten
microRNAs were identified as potentially differentially expressed between red
and green sectors of C. indica cvs Cleopatra, Pretoria and Durban and validation
of these miIRNA candidates was conducted using northern blot analysis. The
advantage of the northern blot is that it can provide important information about

size, abundance, and identity of RNA. Whereas the disadvantage of the northern
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blotting is that it requires significant amount of RNA, and it can examine only

one gene at a time (205).

Initially, northern blots were performed hybridising a U6 positive control to the
membrane first, followed by scanning, stripping and re-probing with miRNA
specific probes and scanning. Some membranes showed an upper band which
could be pre-miRNA (Figure 26). Investigating these upper bands required
further study. To explore the upper bands of the C. indica cv Cleopatra for both
red and green sectors and compare them to other plants we selected A. thaliana
and wheat cv Pavon. We performed northern blots with RNA extracted from
those plant to validate miRNA162 and miR171 patterns. These miRNAs were
selected because they are well conserved and had been investigated in previous
studies. MiR162-guided cleavage is known to regulate the DCL1 mRNA in A.
thaliana (206). Sequenced libraries contain miR162 in wheat (207) and miR162
was also identified in wheat in another study (208). Figure 27 shows the result of
the northern blots for the miRNAs in those plants species. It appeared that no pre-
MIRNAs (upper bands) were visible on those two miRNA blots. Even though,
miR162 was not expressed in A. thaliana and wheat cv Pavon (Figure 27). |
recognized that miRNA probes should be used first before the U6 control, as the
expression of U6 is very strong and sometimes it is difficult to strip off the
membrane. Therefore, subsequently the miRNA specific probes were applied to
the blot before the U6 probe. After the northern blot experiments, we concluded
that four miRNAs are differentially expressed across the Canna cultivars:
MIRNA166, miRNA529, miRNA530 and miR6300 Figure 29. The normalized
bands intensity of the miR166 was highest in the green sector, followed by
Durban, red sector and Pretoria. The miR529 northern blot expression showed
high expression in the plain red and green sectors of C. indica cv Cleopatra

compared to the striped leaves in Pretoria and Durban. The normalized bands
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intensity of the miR530 was higher in plain red and green leaves compared to the
striped leaves of Pretoria and Durban. In addition, the normalized bands intensity
of the miR6300 was high in the green sector, and low in Durban, red sector, and

Pretoria.

It does appear that miR529 participates in Anthurium andraeanum spathe
coloration by interacting with miR156 (209). Furthermore, in Canna cv Red
president the red flowers expressed miR529 at a higher level than the yellow
flowers of Tropicana president cultivar (9), although it was not validated by
northern blot. In our experiment the sequencing also predicted an almost ten times
higher level of miIRNA529 in the red sectors compared to the green sectors, but
the northern blot showed a very similar level of miRNA529 in green and red
sectors. This contradiction should be investigated further. It is possible that the
sequencing result is not reliable, as it is well known that northern blots do not
always confirm the expression patterns predicted by sequencing (as several other
miRNAs were predicted to be differentially expressed by our sequencing result
that could not be validated by northern blot) (205). Also, the other strand of
miR529 could not be detected by northern blot, although it was identified by

sequencing.

MiR6300 showed an interesting expression pattern with high level of expression
in C. indica cv Cleopatra green sectors but very low level in the C. indica cv
Cleopatra red sectors, C. indica cv Durban and C. indica cv Pretoria, respectively.
A previous study found that miR6300 could regulate defence against Fusarium in
cucumber (210). Furthermore, Acer pictum subsp. mono miR6300 is largely
responsible for stable anthocyanin accumulation (211). Red leaves of Acer pictum

subsp. mono have significantly higher levels of cyanidin-3-O-glucoside than
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green leaves due to the upregulation of ApUFGT and the downregulation of
miR6300, as ApUFGT was targeted by miR6300 (211). Since the expression of
miR6300 was low in red sectors and high in green, it is possible that miR6300
regulates the expression of the anthocyanin biosynthesis pathway also in Canna
similarly to Acer. Unfortunately, we were not able to predict a target gene for
miRNAG6300, most likely because at the time no full transcriptome was available.
It will be worth repeating the target prediction when a full transcriptome is
available, or specifically try to find a miRNAG6300 target site in ApUFGT

homologs.

Several of the miRNAs that were predicted to be differently expressed by the
sequencing results, miR156/157, miR162, miR171 and miR528 did not show
interesting expression patterns by northern blots (Figure 28), whereas miR166
and miR530 did show interesting patterns. The following paragraphs will discuss

these two miRNAs and their gene targets.

5.3.2 MiR166 Targets ATHB-15

By using 5° RACE, it is possible to validate cleaved target mMRNAS because the
3’ end products are relatively stable, and cleavage takes place at a specific
position in between the miRNA’s 10" and 11" nucleotides (212,213). Two
miR166 candidate targets belonging to the HD-ZIP 11l family were successfully
validated through 5’RACE (Figure 32). The first one is ATHB-16 and the second
one is Hox32. MiR166 is one of the most conserved miRNA families (214) and
HD ZIP-111 TFs are known to be targeted by miR166 in other species (214).
Moreover, there is only one nucleotide difference between mature miRNA
sequences of miR165 and miRNA166 (215). It has been well established that
miR165 and miR166 target the same genes, HD-ZIP Ill family TFs, which are
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primarily responsible for embryonic patterning, building and maintaining SAMs,

and determining lateral organ polarity (215).

A study of miR165/miR166 reported high expression in leaves in A. thaliana
(216,217) This may be consistent with expression of the miR166 in C. indica cvs
which also showed high expression in the leaves. Many plants, including
Arabidopsis, Medicago, and soybeans all contain miR166, which plays an
important role in a variety of developmental processes, including the
development of seeds, roots, organ polarity, SAMs, as well as vascular
development of shoots (218,219). It was reported that microRNA 165/166 may
regulate the formation of secondary cell walls by targeting HD-ZIP 111 TF (46).
Furthermore, it was mentioned that miR165 is necessary for thickening of the pith
wall (216). In Canna flowers floral development as well as the transition from
the vegetative to reproductive phase of meristems are critically influenced by
miR166 (9).

AtHB15/CORONA which is one of the five classes of 11l HD-ZIP 111 TFs, plays
critical roles in xylem tissue formation, meristem formation and organ polarity
(220). However, as a result of transgenic analysis and the characterization of
knockout mutants, it has been established that AtHB15 is responsible for the
development of the pith secondary wall. The stp—2d mutant repressed AtHB15
and the phenotype of the leaf changes to curled leaves in Arabidopsis (216). The
ATHBI15 regulates vascular cell growth and phloem cell development in A.
thaliana (125). Canna cultivars expressing miRNA166 might be in a similar
situation. Curled leaves were observed on C. indica cultivars in their initial
growth, and the example of a curled leaf in C. indica cv Durban is shown in the

introduction chapter 1 (Figure 8). It might be ATHB15 more expressed when the
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leaf is curled and becomes less expressed when the leaf is open. This needs to be
further investigated by development of the gene silencing protocol in Canna and
silencing the AtHB15 to see if there is a phenotypic change of the leaves such as

curling of the leaves.

5.3.3 MiR166 Targets Hox32

Another validated target for Canna miRN166 was a Hox32 homolog. Hox32
expression in rice was high in young panicles and stem apical meristems but was
low in mature panicles and old leaves (221). Hox32 regulates rice leaf
morphology through regulation of the YABBY gene. Upon overexpression of
Hox32, leaves became narrow and rolled upward. In addition, Hox32
overexpression caused rolled and filamentous leaves (130). In contrast, Canna
shows a different result. The morphology of Canna leaves is similar to banana
leaves. Some leaves appear rolled inside for a few days since initiation growing,

possibly because they are expressing the Hox32 gene.

Plants’ mechanical strength is influenced by the OsmiR166b-OsHox32 module
that regulates the expression levels of genes involved in cell wall formation,
resulting in altered leaf shape and rigidity (128). However, overexpression of
Hox32 reduced plant height and narrowed leaves (130). It will be interesting to

study further the biological relevance of the miR166/Hox32 regulation.

5.3.4 MIR530

Northern blot analysis of miR530 revealed an interesting pattern across Canna
cultivars (Figure 29) and its predicted target gene was successfully validated

through 5’RACE (Figure 32). BLAST analysis did not reveal any sequence
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similarity of this target to other gene. MiR530 was first reported in Helianthus
and the putative target is the 70-kDa heat shock protein (222). 70-kDa heat shock
protein function is important in the tolerance of the biotic and abiotic stress (223).
A study showed that miR530 regulated rice growth period and blocking miR530
led to earlier flowering and seed maturity due to its involvement with rice
resistance and yield (224). MiR530 is also expressed in banana fruit and 14-3-3-
like protein D is a target gene (225). A wide range of processes are regulated by
14-3-3-like protein D, including metabolism, growth, development, transport,
and stress response (226). Although, we validated a target gene for miR530 in
Canna, unfortunately that gene does not show homology to any known gene,
therefore it does not help understanding the biological role of miR530 in Canna
leaves. The level of miR530 is similarly high in both green and red sectors of C.
indica cv Cleopatra and very low in the striped C. indica cvs Pretoria and Durban
leaves. It is unlikely it is involved in anthocyanin production, since its level is
similar in red and green sectors and very low in the red leaf Durban cultivar,
therefore it does not correlate with the level of anthocyanin. Further study of
miR530 biological relevance will be interesting. Figure 33 shows the

summarizing of miRNAs results and the pathways.
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Chapter 6: General Discussion and Conclusion

The purpose of this project is to investigate the molecular mechanism of colour
formation in the leaves of C. indica cvs plants by using two different approaches.
The first approach of this project (chapter 3) investigated whether the presence or
absence of transposon was responsible for the red-green sectors on C. indica cv
Cleopatra leaves. If there were transposons, the transposons either disrupt or
Increase the expression of genes responsible for the red colour of leaves due to

the sharp boundary between red and green sectors (Figure 7B).

The RNA was extracted from red and green sectors of C. indica cv Cleopatra.
RNAseq data were used to create a de novo transcriptome since there were no
genomes or annotations available at the time, and differentially expressed
mMRNAs were identified by Simon Moxon. About 500 differentially expressed
mRNAs were identified. BLAST was then used to determine if any of the
differentially expressed genes were similar to MYBs and bHLHSs transcription
factors. Among the differentially expressed genes, five MYB and two bHLH
genes were found. MYBs and bHLHSs regulate the anthocyanin biosynthetic
pathway (58). MYB TFs constitute one of the largest gene families of plant TFs
(72). There were several highly expressed MYB and bHLH genes in the flowers
of Red President of Canna, which is a cultivar with red flower, suggesting that
those genes may be involved in anthocyanin synthesis (185). In addition to TFs,
CHS is a key gene of the anthocyanin biosynthetic pathway (58). Therefore,
primers specific to MYBs and CHS had been designed to investigate whether
there are transposons in these genes. PCR reactions were performed for both
MYBs and Chalcone synthase genes, but we did not find transposon in these

candidates (Figure 16). There is still the possibility that the hypothesis is right,
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but the transposon may be located in another gene not detected by the RNAseq,

or the transposon may be located outside the coding region.

Chapter 4 described an alternative approach using whole genome sequencing of
the C. indica cv Cleopatra as at the time there was no genome sequence available
for C. indica. High quality high molecular weight genomic DNA was purified
from the red and green sectors of C. indica cv Cleopatra. The genome sequencing
was done by PacBio sequencing. With this technology, sequences reads longer
than 200k can be produced, which allows the whole genome of C. indica to be
sequenced. The analysis of the PacBio sequencing was done by David Prince
(UEA, Norwich, UK). A MYB gene was identified that contained a predicted
transposon element in the intron region (Figure 21). This MYB gene was
compared to the MYB genes annotated in banana and the most closely related
banana gene was the MYB clade 26 (176). The potential transposon could
regulate the expression of the MYB, which would lead to the higher expression
of anthocyanin, like in red apple fruit that is associated with MYB10 promoter
tandem repeats (227). When transposon insertions occur, the structure of the
promoter can be altered, preventing TF binding and thereby inactivating target
genes. The purple root cultivars of carrots are characterized by high levels of
DcMYB7 expression. In nonpurple carrot roots, DcMYB7 transcriptional
Inactivation is caused by a non-functional tandem duplication and two transposon
insertions in the promoter (200). In strawberry fruit colour variation is primarily
controlled by FaMYB10. An insertion of a CACTA-like transposon into the
FaMYB10-2 promoter enhances the expression of FaMYB10-2 in red-fleshed
strawberry (194). However, the presence of a retrotransposon in the grape MY B-
related VvmybAl TF leads to white grape cultivars unable to produce

anthocyanins (87)
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The second project (Chapter 5) aims to determine the role of small non-coding
RNA molecules in the formation of leaf colour. The hypothesis is that green
leaves have yellow striped due to small RNAs that target enzymes involved in
chlorophyll biosynthesis and the yellow stripes are the result from the silencing
of these genes. Also, the red leaves have pink stripes due to small RNAs that
target enzymes involved in the anthocyanin biosynthesis pathway. Moreover, we
investigated whether any miRNAs are differentially expressed in leaves with

different colours.

To accomplish that, RNA from C. indica Durban, and C. indica cv Pretoria
leaves, as well as from red and green sectors of C. indica cv Cleopatra, were used
for generating small RNA cDNA libraries. Next-generation sequencing was used
to sequence the libraries. Danial Richardson (UEA, Norwich, UK) analysed the
sequence data using bioinformatic techniques to search for differentially
expressed small RNAs between the samples. It was not feasible to identify
differentially expressed sRNAs (that were not miRNAs) that may target
chlorophyll or anthocyanin pathway genes, as the genome sequence was not
available at the time. However, ten miRNAs were predicted to be differentially
expressed based on the read numbers (Table 11). These ten candidate miRNAS
were further analysed by northern blots, as this technique is useful for identifying
size, type, abundance, and identity of RNA (205). Furthermore, housekeeping
gene loading controls ensure reliable results (205). Whereases the negative aspect
of the northern blot is that only one gene could be analysed at a time. As a large-
scale analysis of many genes requires a lot of RNA and reagents, northern blotting

Is time-consuming and expensive (205).
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The northern blot validation was initially performed by hybridizing a positive
control U6 probe to the membrane first. Then, the membrane was scanned,
stripped, re-hybridised with miRNA-specific probes, and then scanned, stripped
and re-probed again. Several membranes showed a band at a significantly higher
position than the mature miRNA, which required further investigation.
MiRNA162 and miRNA171 probes, that produced these upper bands, were
examined on northern blots including Canna, A. thaliana and wheat RNA. These
two miRNAs were selected due to previous studies in Arabidopsis and wheat that
only produced bands of the mature miRNA without any upper bands. MiRNA162
and miRNA171 probes were applied to the membrane before the U6 probe
(Figure 27). | discovered that miRNA probe should be used prior to U6 control
as the UG signal is very strong and sometimes the stripping is not complete.
Therefore, the observed upper bands were not pre-or pri-miRNASs but U6 due to
the U6 probe remained bound to the membrane after stripping. This confirmed
previous finding that miR162 and miR171 probes detected only the mature form
of miRNA (207).

After completing the northern blot analysis of all ten miRNA candidates, we
concluded that only four of them showed a detectable differential expression.
These were miR166, miR529, miR530 and miR6300. However, not all four
differentially expressed miRNAs’ expression pattern obtained by northern blot
matched perfectly the predicted expressed pattern based on sequencing read

numbers.

The normalized band intensities of the northern blots for miR166s, miR530,
miR529 and miR6300 showed interesting patterns (Figure 28). The expression
pattern of miR530 matched the expected pattern predicted by the read numbers.
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It was higher in plain red and green leaves compared to the striped leaves of

Pretoria and Durban.

The read numbers of miR166 did not match the normalized band intensities
obtained through northern blot. The read numbers were high in the red and green
sector of C. indica cv Cleopatra compared to the striped leaves in Pretoria and
Durban. Whereas, in the normalized bands intensity was highest in the green

sector, followed by Durban, red sector and Pretoria.

The read numbers of miR529 matched the expression pattern obtained by the
northern blot. The read numbers showed high expression in the plain red and
green sectors of C. indica cv Cleopatra compared to the striped leaves in Pretoria
and Durban and the same result was obtained by northern blot. This should be
further investigated because the red flower of Canna cv Red president showed
higher expression of miR529 than the yellow flowers of Tropicana president in a

previous study (9).

The read numbers of miR6300 did not match with the expression pattern obtained
by northern blot, either. The read numbers were high in the green sectors and
Pretoria compared to the Durban and red sector. Whereas the bands intensity was
high in the green sector, and low in Durban, red sector, and Pretoria. It was found
that miR6300 was a key miRNA that regulated anthocyanin accumulation in
Acer. pictum. subsp. mono leaves (211). Northern blot is more reliable than high
throughput sequencing therefore it is important to validate small RNA sequencing
data by northern blot. Our results also showed that read numbers did not always
match the expression pattern obtained by northern blot, therefore read numbers

only should not be fully trusted without validation.
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Target MRNAs were predicated for the four differentially expressed miRNAs by
Simon Moxon and potential targets were identified for miR166 and miR530.
However, he could not find potential targets for miR529 or miR6300. The most
likely reason for this is that we did not have the full transcriptome for Canna,
therefore if a potential target site is located in a region that is not present in our
transcriptome database, it cannot be found. The predicated targets for
miRNA166s and miRNA530 were confirmed through 5° RACE (Figure 32).
MiR166 targets ATHB-15 (DN31218), HD-ZIP 11l family member and also
Hox32 (DN40098) another HD-ZIP 111 family member. Whereas the validated
miR530 target, DN43985, did not show homology to any known genes.

It has been reported that miIRNA166 targets HD-ZIP 11 transcription factors in
other species to regulate the formation of secondary cell walls (46). The ability
of the shoot apical meristem to function normally depends on the proper
regulation of class HD-ZIP Il gene activity (126). MiR166 plays a crucial role
in floral development and the transition of meristems from vegetative to
reproductive phases of Canna flowers (9). MiR166 was expressed in all the C.
indica cvs Cleopatra red and green sectors, Durban, Pretoria (Figure 29, B). It
potentially participates in secondary cell wall formation and responsible of

transition from vegetative to reproductive phases in C. indica leaves, also.

The AtHB15 TFs plays an important role in the formation of xylem tissue, the
formation of meristems, and the formation of organs (220). Furthermore, it was
found that AtHB15 is responsible for the development of the pith secondary wall
in Arabidopsis. Arabidopsis' stp—2d mutation repressed AtHB15, resulting in
curled leaves (216). In Figure 9, C. indica cv Durban shows the example of curled

leaves after initial growth and open over time.
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Hox32 gene is targeted by miR166 in rice, and it was described that Hox32
overexpression led to rolled and filamentous leaves (130). Canna plants have
large leaves resembling those of banana plants, but it is smaller (152). It appears
that some leaves of Canna are rolled after a few days, and then they open, which

could be due to miR166 activity in the Canna leaves.

MiR530 is predicted target of DN43985 but did not show similarity to any known
gene (Figure 30). Banana has the closest genome sequence to Canna by
taxonomic classification (9). MiR530 targets class Ill chitinase in immature
banana fruits, possibly responsible for ripening-associated protein synthesis
(228). In addition, miR530 target 14-3-3-like protein D in banana fruits and may
be responsible for regulatory processes of banana fruit ripening (229). MiR530
was expressed at a higher level in the plain red and green sectors of C. indica cv
Cleopatra leaves compared to striped leaves of Durban and Pretoria. This would

be interesting for further study.

Taking the validate targets into account, it is unlikely that miR166 plays a role in
colour formation of Canna leaves, as none of the validated targets seems to be
related to the anthocyanin pathway. MiR530 may play a role in colour formation
but at the moment it is not possible to make a conclusion either way because the
validated target is an unknown gene, and it is not clear what its function is. It is
also not possible to make a clear conclusion on the potential role miR529 and
miR6300 may play in colour formation because we were not able to predict
targets for these two miRNAs due to the incomplete transcriptome sequence.
However, the most likely candidate is miR6300 as it shows a significantly higher
accumulation in green sectors compared to red sectors. Indeed, miR6300 has been

shown to regulate anthocyanin production in Acer pictum subsp. mono miR6300
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(211). Green leaves of Acer pictum subsp. mono have significantly lower levels
of cyanidin-3-O-glucoside than red leaves due to the downregulation of
ApUFGT, which is targeted by miR6300 (211). Green leaves of Acer pictum
subsp. mono contain much higher level of miR6300 than the red leaves, which is
also the case for Canna, therefore it is likely that miR6300 regulates the

expression of the anthocyanin biosynthesis pathway in both species.

In conclusion, we found transposon in the intron region of a MYB gene through
the analysis of the genome sequence of C. indica cv Cleopatra. This transposon
could be responsible for the colour of the red sectors by enhancing the expression
of the MYB gene and when it jumps out of the MYB gene in the shoot meristem,
the cell lineages generated from those cells appear green due to much lower
anthocyanin production. This hypothesis needs to be further investigated. In
addition, the second part of this project identified differentially expressed
miRNAs in green sectors of C. indica cv Cleopatra and yellow striped leaves of
C. indica cv Pretoria, and in red sectors of C. indica cv Cleopatra and pink striped
leaves of C. indica cv Durban. We found different miRNA expression patterns,
but none of them appear to target chlorophyl biosynthesis. Potentially, there are
small RNAs which do not come from miRNA genes, but from long inverted
repeats caused by gene duplications. Therefore, if there are long inverted repeats,
small RNAs are produced and target genes responsible for yellow stripes of the
leaf. The full genome sequence of C. indica cv Pretoria and Durban were not
available at the time, so we were not able to identify long inverted repeats and
small RNA target genes. Antirrhinum majus genome contained a long-inverted
repeat that produced small RNAs and targeted the Am4’CGT gene, which made
the flower yellow (230). It could be a similar situation of C. indica cv Pretoria

and C. indica cv Durban.
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Future Work

There are two important findings in my thesis. The first is the identification of a
potential TE in the intronic region of a MYB TF that may enhance the expression
of the anthocyanin pathway. The other is the identification of a few differentially
expressed miRNAs in differently coloured Canna leaves. Bothe of these findings

need to be followed up by carryon out future experiments.

The presence of the TE in the intronic region of a MYB TF should be validated
by sequencing PCR products generated by primers that amplify the insertion sites
of the TE at each end. One difficulty with this experiment is that at the moment
it is not clear what the genotype of the mesophyll cells. The red colour is only
visible in the single epidermal cell layer, and it is not known at the moment
whether it is because the genes involved in anthocyanin expression are not
expressed in the mesophyll cells or because the genome of the mesophyll cells
are different from the epidermal cells. A series of PCR reactions using primers
specific to the transposon sequence identified in the intron region of the MYB
gene, as well as the flanking regions of that transposon insertion site, on DNA
samples extracted from either red or green sectors could shed light on this
guestion. There are different potential scenarios, which would inform future
experiments. For example, if the green sectors contain genetically identical cells
without the transposon, then DNA from green sector can be extracted and
amplification and sequencing the transposon insertion site would show the
genome sequence after the transposon jumped out. However, the green sector
may be a chimera where the mesophyll cells still contain the transposon (but are
green because the anthocyanin pathway genes are not expressed) and the
transposon jumped out in a shoot meristem cell that gives rise to the epidermal
cell layer. In that case, primers flanking the transposition site would amplify the

insertion site without the transposon from the DNA of the epidermal cells and
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primer pairs where one primer is on the flanking region and the other is in the
transposon would amplify the junction regions between the transposon and the

host genome from the DNA of the mesophyll cells.

The other line of future work is to better understand the role of small RNAs in
colour formation in Canna leaves. One aspect is the role of miRNAs and another
Is the potential role of siRNAs. We were only able to predict targets for two
miRNAs due to the lack of complete genome and therefore transcriptome
sequences. However, since submission of my thesis, a more complete genome
sequence has been published and therefore it should be possible to predict and
target further miRNA targets. In addition, sequencing the whole genome of C.
indica cv Pretoria and C. indica cv Durban, would facilitate to identification of
long-inverted repeats that may produce small RNAs targeting chlorophyll and/or

anthocyanin biosynthetic genes, that could cause the stripes in these cultivars.
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