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Executive summary

For decades, plants have been the backbone of complicated traditional herbal
medicine system. Plants have been used by people and animals as a source of
nutrients as well as medicine. Production of secondary metabolites by these plants is
a characteristic that makes them attractive to both animals and humans. In plants,
secondary metabolites play a role in defence mechanism and assist the plant to adapt
to their immediate environment. Secondary metabolites are known to possess anti-
diabetic, anti-malaria, anti-inflammatory and alleviate complications associated with
obesity and cardiovascular diseases. Plants from the Asteraceae family are known to
contain metabolites with nutraceutical properties. Plants such as Helianthus annuus,
Lactuca sativa, Chicorium intybus and Bidens pilosa are some of the edible examples
within the Asteraceae family known to exhibit interesting nutraceutical properties. B.
pilosa adapt to almost every environmental condition, which makes it to be found in all
parts of the world. As such, this plant has been used to manage and treat illnesses
affecting humankind. Unique to this plant is the existence of large contingency of
structurally diverse chlorogenic acids. B. pilosa is known to produce different structural
hierarchies of chlorogenic acids (i.e., mono-, di-, tri- acyls). The biosynthetic pathway
to produce the diverse array of chlorogenic acids in B. pilosa is not yet elucidated. It
is known from other plants like Helianthus annuus that the production of chlorogenic
acids is coded by hydroxycinnamoyl-CoA: quinate hydroxycinnamoyl transferase gene
(HQT) and hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl transferase gene
(HCT). Apart from the chlorogenic acids (quinic acid acyls), B. pilosa is known to also
produce acyls of tartaric acid, also characterised by existence of structurally diverse
isomers thereof. From other plants, the tartaric acid esters are coded by the
hydroxycinnamoyl-CoA: tartaric hydroxycinnamoyl transferase (HTT) gene and,
surprisingly, the gene encoding the tartaric acid esters/acyls from B. pilosa is also not
known. It is therefore imperative that a study aimed at establishing/identification of the
gene elements which are responsible for the diversification of chlorogenic acids and
related compounds (such as tartaric acid acyls) in B. pilosa is conducted.

To achieve this, a Single Molecule Real Time (SMRT) sequencing approach was used

to establish the full-length gene transcripts, in attempt to identify the acyl transferase

© University of Venda
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responsible for chlorogenic acids production in B. pilosa. The SMRT sequencing
technique has brought a lot of improvement from the Sanger and Next generation
sequencing such as generation of long reads which overcomes the challenges of
sequence assembly synonymous with the short reads achieved by the former two
sequencing approaches. Moreover, this technique allows detection of isoforms of a
specific gene, caused by either inherited genetic code or alternative splicing events.

From the SMRT sequencing results, three HQT genes and one HCT gene responsible
for production of wide array of chlorogenic acids and two HTT genes responsible for
production of tartaric acid esters were identified through series of bioinformatics
analyses of the sequences obtained through SMRT sequencing. All the identified
genes contained the conserved regions that are found in already published
acyltransferases, with the highly conserved DFGWG motif present in all transcripts
identified herein. The second motif, the HXXXD motif showed a single amino acid
variation from gene to gene, with HQT1 and HQT2 showing HTLSD motif and HQT3
having HTLAD motif, all of which are synonymous with the plants from the Asteraceae
family. In HTT genes, the second motif identified in B. pilosa has never been recorded
in literature. HTT1 and HTT2 showed to have HRVLD and HRVAD motif respectively.
From these sequences, the open reading frames (ORFs) were computed, and these
sequences can be used to design primers that can be used to amplify these genes in
the future. Through multi sequence alignment and phylogenetic trees, the identified
genes were also found to have similarities with the genes of other plants from the

Asteraceae family.

In conclusion, the SMRT sequencing approach enabled identification of
acyltransferases genes that plays a role in the biosynthesis of CGAs in B. pilosa.
Bioinformatics tools were shown to be sufficient to annotate and characterise these
genes. Through LC-MS analyses of randomly collected B. pilosa plants, the CGAs
content of this plant were revisited, and these plants were found to produce structurally
diverse CGAs compounds, suggesting that the identified genes are functional. Future
studies should aim to clone these transcripts in plant systems that do not produce

CGAs in attempt to enhance their nutraceutical attributes.
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Figure 1.1. A flowering stem of B pilosa, showing leaves in green, flowers (White and
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Fig 1.2. A picture of non-flavonoid polyphenols simple structures from A. phenols, B.
benzoic acids, C. hydrolysable tannins, D. acetophenones, E. phenylacetic acids, F.

cinnamic acids, G. coumarins, H. benzophenones and I. xanthones.

Figure 1.3 Biosynthetic pathways of how CGAs are produced through mediation by
HQT and HCT genes (Lepelley et al., 2007).

Figure 1.4 Multiple sequence alignment of BAHD acyltransferases family genes
including but not limited to helianthus annuus (QBM78938.1), Cynara cardunculus var
scolymus (AFL93687.1), Artemisia annua (PWA39281.1), Lactuca sativa
(XP_023733842.1), mikania micrantha (KAD5794970.1), Lonicera japonica
(AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum cinerariifolium
(GEV77257.1). The first conserved motif which is HXXXG is circled in black and the
second motif DFGWG is circled in red. Residues are grouped according to colours, for
instance the same colour represent similar residues across all genes from different
plants. The alignment was generated using MUSCLE. The position of the residue is

shown by the number on the right.
Figure 1.5. Structural hierarchy of CGA.

Fig 1.6. Ribbon structure of HIV-1 INT with the Mg2+ cofactor and the (a)
3trans,5trans-diCQA, (b) 3cis,5trans-diCQA, (c) 3trans,5cisdiCQA, and (d)
3cis,5cis-diCQA ligand. Adapted from Makola et al., (2016).
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Figure 1.7. An Iso seq 2.0 workflow depicting how to go about full transcriptome
sequencing from total RNA isolated from the subject of choice. The flow diagram

shows how to do sequencing depending on what the desired outcome might be.

Table 2.1. This table highlights a summary of all the acyltransferases sequences
identified in B. pilosa, the sequence length and the ORF for each gene. The sequences
have been attached as supplementary files and an example of HQT1 ORF as

determined through ExPASy is shown.

Table 2.2: List of chlorogenic acids (CGAs) molecules isolated from randomly
sampled B. pilosa plants established through analysis by LC-QTOF-MS. The different

colour shading indicates different structural hierarchy of the identified molecule.

Figure 2.1. Multiple sequence alignment of B. pilosa HQTL1.

Multiple sequence alignment of B. pilosa HQT1 with its homologues from Helianthus
annuus (QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia
annua (PWA39281.1), Lactuca sativa (XP_023733842.1), Mikania micrantha
(KAD5794970.1), Lonicera japonica (AEK80405.1), Chicorium intybus (ANN12610.1)
and Tanacetum cinerariifolium (GEV77257.1). Residues are grouped according to
colours, for instance the same colour represents similar residues across all genes from
different plants. The alignment was generated using the MUSCLE algorithm of the

MEGA software. The position of the residue is shown by the number on the right.

Figure 2.2. The evolutionary history of HQT1 genes was computed using the
Neighbor-Joining method (Saitou & Nei., 1987). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches (Felsenstein, 1985). The evolutionary distances were
computed using the Poisson correction method and are in the units of the number of

amino acid substitutions per site.

Figure 2.3. Multiple sequence alignment of B. pilosa HQT2.

Multiple sequence alignment of B. pilosa HQT2 with its homologues from Helianthus
annuus (XP_021990087.1), Cynara cardunculus var scolymus (P_024980016.1),
Artemisia annua (PWA77292.1), Lactuca sativa (CAB4074763.1), Mikania micrantha
(KAD2394232.1), Chicorium intybus (ANN12611.1), Echinacea purpurea
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(QRI59127.1), Cirsium arvense (QQH14906.1) and Crepidiastrum sonchifolium
(AZT78993.1). Residues are grouped according to colours, for instance the same
colour represents similar residues across all genes from different plants. The
alignment was generated using MUSCLE. The position of the residue is shown by the

number on the right.

Figure 2.4. The evolutionary history of HQT2 genes was computed using the
Neighbor-Joining method (Saitou & Nei., 1987). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches (Felsenstein, 1985). The evolutionary distances were
computed using the Poisson correction method and are in the units of the number of

amino acid substitutions per site.

Figure 2.5. Multiple sequence alignment of B. pilosa HQTS3.

Multiple sequence alignment of B. pilosa HQT3 with its homologues from Helianthus
annuus (XP_0222026334.1), Cynara cardunculus var scolymus
(P_024966573.1/ADL62855.1), Artemisia annua (PWAb55118.1), Lactuca sativa
(CAB4110182.1/CAB4074703.1), Chicorium intybus (ANN12811.1),
Crepidiastrum_sonchifolium (AZT78993.1) and Taraxacum_antungense
(QBQ52948.1). Residues are grouped according to colours, for instance the same
colour represents similar residues across all genes from different plants. The
alignment was generated using MUSCLE. The position of the residue is shown by the
number on the right.

Figure 2.6. The evolutionary history of HQT3 genes was computed using the
Neighbor-Joining method (Saitou & Nei., 1987). The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1000 replicates)
are shown next to the branches (Felsenstein, 1985). The evolutionary distances were
computed using the Poisson correction method and are in the units of the number of

amino acid substitutions per site.

Figure 2.7. Multiple sequence alignment of B. pilosa HCT.

Multiple sequence alignment of B. pilosa HCT with its homologues from Helianthus
annuus (XP_022018316.1), Cirsium japonicum (QQH14914.1), Artemisia annua
(PWA37917.1), Mikania micrantha (KAD4889191.1), Chicorium intybus
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(ANN12608.1) and Echinacea purpurea (QRI59128.1). Residues are grouped
according to colours, for instance the same colour represents similar residues across
all genes from different plants. The alignment was generated using MUSCLE. The

position of the residue is shown by the number on the right.

Figure 2.8. The evolutionary history of HCT genes was computed using the Neighbor-
Joining method (Saitou & Nei., 1987). The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown
next to the branches (Felsenstein, 1985). The evolutionary distances were computed
using the Poisson correction method and are in the units of the number of amino acid
substitutions per site.

Figure 2.9. Representative chemical structures of mono, di and tri- acylated CGAs
compounds identified in B. pilosa.

Figure 2.10. Representative BPI of UHPLC-QTOF (ESI) chromatograms of methanol
extracts of B. pilosa L.

Figure 3.1. HTT gene sequences from different Asteraceae family plants showing
emphasis to the conserved motifs, (A) DFGWG and (B) HXXXD highlighted in red.
The first two sequences (Plant_Black Jack HQ transcript/109501 and
Plant_Black Jack HQ transcript/123562) are HTT1 and HTT2 genes respectively
from B. pilosa L. obtained from Pacbio sequencing, and the other sequences were

retrieved from NCBI (shown by NCBI accession nhumbers).

Figure 3.2. Neighbour joining phylogenetic analysis of HTT genes from B. pilosa and
other HTT genes from Asteraceae family were retrieved from NCBI database. The
evolutionary history was computed using the Neighbor-Joining method. The optimal
tree with the sum of branch length = 4,11446114 is shown. The percentage of replicate
trees in which the associated taxa clustered together in the bootstrap test (1000
replicates) are shown next to the branches. The evolutionary distances were
computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site. This analysis involved 15 amino acid sequences.

Evolutionary analyses were conducted in MEGA X.

XiX
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Figure 3.3. Representative UHPLC-qTOF-MS/MS chromatogram showing distribution
patterns of tartaric acid derivatives in B. pilosa, with Y-axis showing peak intensity and
X-axis showing retention time. The distribution pattern is as per the masses, at m/z
473 (A), at m/z 457 (B) and at m/z 487 (C).

Figure 3.4. Typical mass spectra of the fragmentation patterns of dicaffeoyltartaric

acid (A), p-coumaroyl-caffeoyl tartaric acid (B), feruloyl caffeoyl tartaric acid (C).

Figure 3.5. Chemical structures of HTT derivatives from B. pilosa. (A) dicaffeoyltartaric

acid, (B) p-coumaroyl caffeoyl tartaric acid, (C) Feruloyl-caffeoyl tartaric acid.
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Chapter 1

Introduction and literature review
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Introduction

1.1. Medicinal plants

Medicinal plants refer to a group of plants with medicinal properties (Jamshidi-Kia et
al., 2018). The World Health Organization (WHO) defines traditional medicinal plants
as natural plant materials which are used at least or in the absence of industrial
processing for the treatment of diseases at a local or regional scale (Tilburt and
Kaptchuk., 2008). These plants have been used for disease management since time
immemorial (Bartolome et al., 2013; Rasool Hassan, 2012; Halberstein, 2005). Plants
have been traditionally used in fighting against diseases such as diabetes, cancer and
even those caused by viral infections (World Health Organization, 2013). These plants
are a rich source of well sought-after compounds that can be used in the development
of drugs (Jamshidi-Kia et al., 2018). Countries such as China, Greece, Egypt, India,
and Persia have commonly used medicinal plants as drugs and disinfectants
(Jamshidi-Kia et al., 2018). In fact, medicinal plants were the only available option in
ancient times to help people recover from diseases (Jamshidi-Kia et al., 2018;
Halberstein, 2005). Demand for medicinal plants is increasing daily due to the
progressive acceptance by communities. Different parts of these plants are used to
bring about the desired effects i.e., leaves, stem and roots (Bartolome et al., 2013;
Halberstein, 2005).

The United Nations (UN) world health organisation estimated that about 5.6 billion
people which is 80% of the human population, use plant-derived traditional medicine
for primary health care (Shen et al., 2012). Although synthetic drugs produced in
laboratories are mainly used, the after-effects of some of these synthetic drugs are
strenuous (Sehuda et al., 2014). Therefore, medicinal plants are increasingly
recognised, and the public is starting to trust these traditional herbs. Recently,
biotechnological approaches have been applied to study the biosynthetic pathways
responsible for production of pharmacological metabolites in plants (Kalakotla et al.,
2014). Several scientific reports have indicated plants from the Asteraceae family to
produce structurally diverse chlorogenic acids (CGAs) compounds. This is an
indication that plants from this family share common genetical information which is the

hydroxycinnamoyl-CoA quinate/shikimate hydroxycinnamoyl transferase (HQT/HCT
2
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gene in this case). HQT/HCT genes assist plants in Asteraceae family with the
production of CGAs.

1.2. Asteraceae plants.

Asteraceae is the largest family of angiosperms and has a worldwide distribution that
contains 25 000 to 30 000 identified plant species (Arthur, 2012). It is reported that in
the families of weeds, Asteraceae shows the highest percentage (18.6%) of useful
family members in traditional herbal medicine (Jayasundera et al., 2021; Bonet and
Valles., 2002). Plants from this family are used as food and medicine throughout the
world (Koc et al.,, 2015), hence they are regarded as economically important
(Pza.sanbi.org, 2019; Tadesse, 2014). The production of structurally diverse
secondary metabolites makes these plants nutraceutically important. Amongst other
secondary metabolites, flavonoids and phenolic acid are biochemically important
metabolites that are found in plants from this family (Sonnante et al., 2010). As such,
they are responsible for pharmacological attributes such as anticarcinogenic, anti-HIV
(Nyamukuru et al.,, 2017), anti-oxidative, cholesterol-lowering, bile expelling,
hepatoprotective, and diuretic activities, as well as antifungal and antibacterial

properties (Sonnante et al., 2010).

Plants from this family can be used either as a nutrition source or for medical purposes.
However, there are other plants in the same family that are used for both nutrition and
medication. Examples of those that are used as a food source include sunflower
(Helianthus annuus), artichoke (Cynara cardunculus), and lettuce (Lactuca sativa)
(Heywood et al., 2007). Interestingly, Bidens pilosa is a member of this family and is
used as a food source and for medication (Pozharitskaya et al., 2010). In the Venda
region of South Africa, the leaves of B. pilosa are cooked and eaten as food. The very
same leaves are crushed and applied to an open wound, and this could be a useful

activity for people suffering from diabetes (Bartolome et al., 2013).
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1.3. Bidens pilosais an underutilised plant species

B. pilosa is a member of the Asteraceae family which can be found all over the world
due to its adaptive capabilities. It is a small, erect herb that is distributed throughout
the year. It is characterised by its bright green leaves with serrated prickly edges. It

produces small, yellow flowers and black fruit (Figure 1.1).

B. pilosa is a well-studied species amongst the Asteraceae family due to the biological
activities reported from its extracts (Arthur, 2012). B. pilosa serves as a source of
nutrition for both humans and animals (Gbashi et al., 2016; Morton, 1962). The plant
contains a diversity of interesting metabolites, including hydroxycinnamic acids,
flavonoids and other compounds that are of great medicinal importance (Bartolome et
al., 2013). Beside its usage as a source of nutrition, it is also used as a resistance
modifying agents against resistant bacteria and in treatment of over 40 diseases in
folklore medicine (Borges et al., 2013). Literature has reported that B. pilosa is
potentially safe to use even at high dosages as a medicinal plant (Hong et al., 2011).
Some of its important roles include anti-microbial, anti-cancer (Shen et al., 2018), anti-
oxidative, anti-inflammatory, anti-allergic, anti-parasitic (Wink, 2012) and antidiabetic
(Arthur, 2012; Mao et al., 2010). More interestingly, B. pilosa has been shown to exhibit
strong anti-HIV properties (Bartolome et al., 2013), probably through its HCA
(Hydroxycinnamic acid) derivatives which has been shown through computational
studies to bind to HIV-1 integrase enzyme (Masike et al., 2017; Makola et al., 2016).
Elsewhere, the preparations of this plant have been used synergistically with ARV for

the treatment/management of HIV infection (Dhalla et al., 2006; Furler et al., 2003).

Preparation of this plant depends on the intended use and desired effect thereof. Each
part of this plant i.e., leaves, stem, roots, seeds, and flowers are used as ingredients
for traditional herbal medicine, either dry or fresh (Redl et al., 1996). This plant can be
taken as tea, juice or decoctions to manage or treat diseases in humans (Arthur, 2012).
It can also be applied directly to wounds or burns. Animals use this plant through oral
ingestion in order to treat and manage diseases affecting them (Arthur, 2012). The
United Nations Food and Agriculture Organization (FAO) encouraged cultivation of
this plant because it is easy to grow, safe, palatable, and edible (Mboya, 2019;
Bartolome et al., 2013).
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Figure 1.1. A flowering stem of B. pilosa, showing leaves in green, flowers (White
and Yellow) and sticky fruit (Black).

1.3.1. Nutraceutical importance of B. pilosa.

B. pilosa contains metabolites of nutraceutical significance as it possesses both
nutritional and pharmaceutical values. It is used as herbal medicine worldwide to
support and protect the liver, reduce inflammation, aid in weight loss, stimulate
childbirth, increase urination and it is also used as anti-cancer (Shen et al., 2018), anti-
bacteria, anti-malarial, immunomodulatory agent (Bartolome et al., 2013; Jimoh et al.,
2011; Mao et al., 2010). This plant can be prepared as decoctions/infusions that a
patient can take orally; however, it can also be prepared as a paste for external use
such as treating wounds (Bartolome et al.,, 2013). Moreover, pharmacological
important properties have been discussed exhaustively in a study by Bartolome et al.,
2013. Literature has recorded extensive use of this plant in Africa to treat some
conditions troubling people daily (Bartolome et al., 2013). Table 1.1 below will show
some of the conditions the plant is used to treat and part of the plant that is effective
in treating a specific condition. The table will also show that each part of this plant has

a respective function as nutraceutical components.
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Table 1.1. Uses of B. pilosa and preparation method in Africa (Modified from Arthur,
2012)

Country Plant part/Preparation Treatment

South Africa

Concoction of leaf Abdominal pains

Suspension of powdered Arthritis

leaves Malaria
Zimbabwe Leaf tea Hangover
Headache
Diarrhoea

Stomach and mouth

ulcers
Uganda Crushed leaves Blood clotting agent
Leaf decoction crushed Headache
leaves Ear infection

Decoction of leaf powder Kidney problems

Herbal powder Flatulence
Kenya Ground leaves Insecticides
Colds/flu
Urinary tract infections
Infected wounds of skin
Upper respiratory tract
infections
Ivory coast Crushed leaves Jaundice/dysentery
Tanzania Leaf sap Burns
Nigeria Powder from seeds Anaesthetic

Leaf extract

Swollen spleens
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1.4. Plant secondary metabolites (SMs)

Plant secondary metabolites are responsible for the pharmacological properties in
plants and serve as important indicators to evaluate plants medicinal properties
(Singh, 2015; Sehuda et al., 2014). These metabolites are known to be the basis of
many pharmaceutical drugs and plant derived drugs such as morphine (Yuan et al.,
2016; Tilburt and Kaptchuk, 2008). Secondary metabolites represent an interface
between the plant and the surrounding environment by helping the plant to adapt to
the forever changing environments (Yanqun et al., 2020). Secondary metabolites play
a vital role in plants’ structural support, defence, survival, and adaptation (Mazid et al.,
2011). Upregulation and/or downregulation of these compounds in plants is affected
by environmental factors and pathogen attack (Kundu and Vadassery, 2018; Soni et
al., 2015). Secondary metabolites are divided into classes following their structural
diversity. Examples of such are phenylpropanoids, terpenoids, alkaloids, saponins,

lipids and carbohydrates.

Secondary metabolites (SM) can be divided into two functional classes namely
constitutive which is also called phytoanticipins (Morris et al., 2020) and induced
metabolites also known as phytoalexins. The SM classes are formed in response to
biotic and abiotic factors (Mazid et al., 2011). The phytoanticipins form a plant’s first
line of defence in response to pathogen attack while induced metabolites take at least
24 — 36 hours to form an active immune response (Maag et al., 2015). Literature has
reported that some metabolites exist as both phytoanticipins and phytoalexins. For
instance, chlorogenic acids are found in healthy plants and can also be induced by
environmental factors such as pathogen attack and therefore are classified as both
phytoanticipins and phytoalexins (Mazid et al., 2011). Phenols fall under the subclass
of these secondary metabolites and are important antioxidants as part of human diet
(Sehuda et al., 2014). Phenols also possess anticancer, antidiabetic and many other

properties.

The structure of phenols consists of an aromatic ring carrying one or more hydroxyl
groups (Khadem and Marles, 2010). There are two main groups under the phenols
which are flavonoids and non-flavonoids. The flavonoid group includes flavanones,

flavones, dihydroflavonols, flavonols, flavan-3-ols, isoflavones, anthocyanidins,
7
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proanthocyanidins and chalcones. The flavonoid group comprises compounds with a
C6-C3-C6 structural backbone (Khadem and Marles, 2010). The non-flavonoid
polyphenols can be classified based on their carbon skeleton into the following
subgroups: simple phenols, benzoic acids, hydrolysable tannins, acetophenones,
phenylacetic acids, cinnamic acids, coumarins, benzophenones and xanthones shown
in figure 1.2 below (Da Porto, 2021).

(JT
H ? I
C OO
N O T (L
Figure 1.2. A picture of non-flavonoid polyphenols simple structures from A. phenol,

B. benzoic acids, C. hydrolysable tannins, D. acetophenones, E. phenylacetic acids,

F. cinnamic acids, G. coumarins, H. benzophenones and I. xanthones.

Phenolic acids have a carboxyl group attached or linked to a benzene ring. Two
classes of phenolic acids can be distinguished through their structure: benzoic acid
derivatives (i.e., hydroxybenzoic acids, C6-C1) and cinnamic acid derivatives (i.e.,
hydroxycinnamic acids, C6-C3) (Ramabulana et al., 2020; Khadem and Marles, 2010).
Hydroxycinnamic acids are carboxylic acids that belongs to the phenylpropanoids

class.
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1.5. The phenylpropanoid pathway
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Figure 1.3. Biosynthetic pathways of how CGAs are produced through mediation by
HQT and HCT genes (Lepelley et al., 2007).

The phenylpropanoids serve as a rich source of secondary metabolites (Fraser and
Chapple, 2011). The key enzymes in this pathway are hydroxycinnamoyl
guinate/shikimate  hydroxycinnamoyl transferase (HQT/HCT), coumaroyl-3-
hydroxylase C’3H, phenylalanine ammonia-lyase (PAL) and cinnamic acid 4-
hydroxylase (Fraser and Chapple, 2011). The genes encoding for these enzymes are
referred to as acyltransferase genes and their role is to aid in attaching either caffeic
acid, coumaroy! acid or ferulic acid to the quinic acid ring. CGAs are due to acylation
of different cinnamic acids to a quinic acid. There are different biosynthetic routes in
which CGAs are synthesised (Figure 1.3). However, the HQT gene mediated pathway
is regarded as the primary pathway in which CGAs are synthesized (Liu et al., 2018).
Literature has showed that there is correlation between HQT gene and chlorogenic
acid content because the silencing of HQT gene in tomato caused 98% decrease of
chlorogenic acid yield in leaves (Niggeweg et al., 2004). Contrary to the above, the
overexpression of HQT gene in tomato was found to increase the yield of CGAs by

85%, an indication of the correlation between HQT gene expression and CGAs yield
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(Liu et al., 2018). Acyltransferases have also been shown to play a role in the
biosynthesis of tartaric acid derivatives (e.g., Chicoric acid). These genes use a tartaric
acid as a substrate in place of a quinic acid or shikimic acid. This phenomenon has

been observed in purple coneflower (Fu et al., 2021).

These transferases fall under the superfamily of acyl transferases which is known as
BAHD acyltransferase family. The name of this family is deduced from the first letters
of the first four genes that were biochemically characterised under this family i.e.,
Benzylalcohol-O-acetyltransferase (BEAT), Anthocyanin-O-
hydroxycinnamoyltransferase (AHCT), anthrani-lateN-
hydroxycinnamoyl/benzoyltransferase  (HCBT) and deacetylvindoline  4-O-
acetyltransferase (DAT) (St-pierre and De luca, 2000). Enzymes of this family share
several conserved amino acid sequences, the first one is the HXXXG motif, and it is
located near the centre of the gene (St-pierre and De luca, 2000). The DFGWG is the
second highly conserved motif of these genes, and it is located near the carboxyl
terminal (St-pierre and De luca, 2000). All functionally characterised genes under this
family contain these two conserved regions. Figure 1.4 shows an MSA of different
acyltransferases and the conserved motifs are circled in a black and red colour.
Sequences aligned herein are from NCBI as shown by their accession numbers in
brackets. The sequences aligned are from the following plants, Helianthus annuus
(QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua
(PWA39281.1), Lactuca sativa (XP_023733842.1), mikania  micrantha
(KAD5794970.1), Lonicera japonica (AEK80405.1), Chicorium intybus (ANN12610.1)

and Tanacetum cinerariifolium (GEV77257.1).

10
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Figure 1.4. Multiple sequence alignment of BAHD acyltransferases family genes including but not
limited to helianthus annuus (QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1),
Artemisia annua (PWA39281.1), Lactuca sativa (XP_023733842.1), mikania micrantha
(KAD5794970.1), Lonicera japonica (AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum
cinerariifolium (GEV77257.1). The first conserved motif which is HXXXG is circled in black and the
second motif DFGWG is circled in red. Residues are grouped according to colours, for instance the
same colour represent similar residues across all genes from different plants. The alignment was

generated using MUSCLE. The position of the residue is shown by the number on the right.
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1.6. Chlorogenic Acids
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Figure 1.5. Structural hierarchy of CGA.

Chlorogenic acids are ester compounds formed between trans-hydroxycinnamic acids
and quinic acids (Karakdse et al., 2015; Jaiswal et al., 2014, Jaiswal & Kuhnert, 2011).
CGAs are a class of natural compounds which are significant in plants due to their
heightened biological activities (Gbashi et al., 2016; Arthur, 2012; Sonnante et al.,
2010). CGAs occur naturally and they act as plants defence mechanism and their role
is to protect the plant from herbivores (Kutchan, 2001), fungi and bacteria (Lattanzio
et al., 2006). Elsewhere, CGAs producing plants have been shown to possess anti-
diabetic (Sonnante et al., 2010) and anti-HIV properties (Bartolome et al., 2013). CGAs
are absorbed by humans in their diet through the small intestine (Naveed et al., 2017;
Stalmach et al., 2009). In the body, CGAs are known to help in the functioning of the
liver, stomach, gallbladder and in lowering the secretion of glucose into the blood
which in turn reduce the risk of heart disease and diabetes (type Il) (Meng et al., 2013).
CGAs have different structural conformations (Figure 1.5), this is due to multi-acylation
patterns on quinic acid, hence various structural hierarchy (Figure 1.5), from mono-

acyl, di-acyl and tri-acyl (Ramabulana et al., 2020).

To date, coffee has been shown to produce the largest and diverse composition of
CGAs compounds (Lepelley et al., 2007). However, other plants such as those from
the Astereceae family have been shown to contain large amounts of these
compounds. There are many other plants in the Asteraceae family that are
underutilised and have various medicinal properties (Table 1.2) such as Taraxacum

spp that has been used to manage type 2 diabetes, hepatitis B and heart diseases
12
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(Martinez et al., 2015). Vernonia fastigiata has been shown to exhibit large amounts

of CGAs (Masike et al., 2017), and it has also been shown to be anti-bacterial (Erasto

et al., 2006), anti-viral (Bessong et al., 2005) and anti-malarial (Njan et al., 2008).

Cynara cardunculus (Artichoke) and Helianthus annuus have been shown to also

produce CGAs compounds and has been used for wound healing, anti-inflammatory,

antihypertensive, cholesterol lowering, antifungal and anti-bacterial properties (Rauf
et al., 2020; FalA et al., 2014). Chicorium intybus (chicory), another CGAs producing

plant has been used for blood glucose lowering, anti-hepatotoxic, antioxidant
(Bahmani et al., 2015).

Table 1.2. Different plants that produce CGAs and the diseases they treat when

prepared as traditional herbal medicine.

No. Plants Diseases

1.

Taraxacum spp Diabetes II, Hepatitis B,
Cardiovascular

complications

Vermonia fasitigiata  Anti-bacterial, anti-viral and

anti-malaria

Cynara cardunculus Anti-bacterial and antifungal

Helianthus annuus Wound healing, anti-
inflammatory
Chicorium intynus Antioxidant, glucose
lowering
Echinacea purpurea Respiratory infections
13
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1.7. Pharmacological importance of CGA

1.7.1. Anti-HIV properties of CGAs

HIV/AIDS has infected more than 60 million people and caused at least 25 million
deaths globally ever since its emergence in 1981 (Friedland, 2016). Developing
countries are most prone to HIV/AIDS and have faced high rate of morbidity and
mortality (Sharp and Hahn, 2011). The highest prevalence was recorded in the sub-
Saharan Africa. To date, there is no cure for HIV/AIDS but anti-retroviral (ARV’s) are
used to suppress the viral load of this disease (UNIAIDS, 2014). Some people suffer
the side effects of these drugs (World Health Organization, 2013) and as
consequence. alternative medicines are required to manage this disease. CGAs have
been recorded to exhibit anti-HIV properties and they are safe for consumption, even
at high dosages (Bartolome et al., 2013; Hong et al., 2011). HIV-1 has three important
enzymes that are essential for its replication and subsequent infection. These
enzymes are HIV-1 Protease (PROT), reverse transcriptase (RT), and integrase (INT)
enzyme (Menéndez-Arias, 2010). The latter helps with the incorporation of viral DNA
into the host cell genome after the reverse transcription of the viral RNA (Menéndez-
Arias, 2010). This is a very important step in viral replication and makes anti-HIV-1
INT inhibitors a very interesting area of research. The HIV-1 INT has three domains,
namely N terminal domain, catalytic core domain, and the C-terminal domain. The
CCD has a conserved catalytic triad, the DDE motif with residues ASP64, ASP116,
and GLU152. HIV-1 INT serves as the divalent metal (Mg?* or Mn?") cofactor that
deprotonates water for 3’ end processing of viral cDNA (Menéndez-Arias, 2010). The
di-caffeoylquinic acids (diCQASs) is a group of plants secondary metabolites, they have
been found to have an irreversible inhibitory interaction with the HIV-1 INT catalytic
core (Zhu et al., 1999). The irreversible interaction that dicaffeoylquinic acids have
with HIV-1 catalytic core makes them potential inhibitors (Makola et al., 2016). Below
is the HIV-1 INT enzyme docked with diCQA’s (Figure 1.6).

14
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Fig 1.6. Ribbon structure of HIV-1 INT with the Mg2+ cofactor and the (a) 3trans,5trans-
diCQA, (b) 3cis,5trans-diCQA, (c) 3trans,5cisdiCQA, and (d) 3cis,5cis-diCQA ligand.
Adapted from Makola et al., (2016).

1.7.2. Anti-diabetic Activity

Diabetes is now a global burden and, as HIV, it also has a huge impact on the
economy. According to the International Diabetes Foundation, 382 million people were
diagnosed with diabetes in 2013 and it has been predicted that by 2035 a nhumber of
affected people will rise to 592 million. Current oral antidiabetic drugs have unmet
efficacy and undesirable side effects in patients often leading to lethal complications
(Meier et al., 2016)

B. pilosa have been shown to possess hypoglycemic activity in diabetic mice (Lai et
al., 2015). Polyynes from B. pilosa have been found to possess glucose-lowering
activity (Lai et al., 2015). Cytopiloyne which is also found in B. pilosa was found to
have high glucose-lowering activity (Chang et al., 2013). These cytopiloyne exert

antidiabetic activities by regulating B-cell function (Lai et al., 2015). Therefore,

15
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continuing the search for new diabetes treatments is important. CGAs compounds
have shown antidiabetic activity with no side effects (Lai et al., 2015; Sonnante et al.,
2010). B. pilosa is known to be anti-HIV and anti-diabetic, these properties are due to
the production of structurally diverse CGAs compounds, forms mono-, di- and tri-CQA
(Ramabulana et al., 2020; Mao et al., 2010).

1.8. Decoding the genetics behind the chemistry of B. pilosa.

Although a lot has been reported about this plant, there is still a need to research and
to understand the genetic makeup of this plant that enables it to produce different
hierarchies of CGAs compounds. For instance, it is known that B. pilosa can produce
a diverse array of CGAs, more than most plants even those that have been
commercialised such as coffee. To understand the genetic makeup of this plant, high
end throughput techniques such as Pacific biosciences (Pac Bio) Single Molecule Real
Time (SMRT) sequencing can be used to decode the genetic codes of this plant.
Advantage of this technique is that it does not need a reference genome to sequence
the whole transcriptome of a plant. Oligo dT primers designed for this technique
targets the poly A tail of the sequence. It is useful if there is not much information

recorded in literature about the genetic makeup of a plant like B. pilosa.

16
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Figure 1.7. An Iso seq 2.0 workflow depicting how to go about full transcriptome

sequencing from total RNA isolated from the subject of choice. The flow diagram

shows how to do sequencing depending on what the desired outcome might be.
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Second generation sequencing (SGS) offered vast improvements over Sanger
sequencing (Ma et al., 2019). However, they also have some shortfalls such as short
read lengths which makes it difficult to assemble, detect isoforms and to determine
complex genomic regions (Ma et al., 2019; Rhoads and Au, 2015). Pac Bio developed
the SMRT sequencing approaches which offers alternative means that overcome the
SGS limitations. SMRT sequencing is regarded as the Third-generation sequencing
(TGS) method because it overcomes most limitations of the second-generation
sequencing (SGS) (Xu et al., 2015). SMRT sequencing offers long read lengths and
faster runs as compared to the SGS. Due to the ability of SMRT to produce long read
length it is now possible to study larger genomes like that of humans (Dong et al.,
2015; Rhoads and Au, 2015). Also, isoforms can be identified using this very same
technique. The process has four main components namely SMRT cell, zero mode
waveguide (ZMW), polymerase and four fluorescent labelled nucleotides. Inside the
cell is a ZMW which provides the smallest available volume for light detection (Rhoads
and Au, 2015). Each ZMW contains a single polymerase embedded at the bottom to
initiate replication. The fluorescent bases will be introduced into the SMRT cell and as
they pass through the polymerase, they produce distinct colours that identify each
base (Rhoads and Au, 2015). As the phosphate group is cleaved from the nucleotide,
it takes away the fluorescing characteristic. The workflow of this technique is shown
herein (Figurel.7). In this study SMRT sequencing will be used to get the full-length
transcriptome of B. pilosa, this will then be followed by usage of different bioinformatics
tools such as NCBI (National Center for Biotechnology Information), BLAST (Basic
Local Alignment Search Tool), EXPASy (Expert Protein Analysis System) etc. in order
to identify all the acyltransferases in B. pilosa that are responsible for production of
CGAs.
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1.10. Study Rationale

Plants have been used to treat various diseases especially in developing countries.
Recently, biotechnological approaches have been applied to study the biosynthetic
pathways responsible to produce pharmacologically relevant metabolites in plants. For
instance, HQT gene is known to code for the acyltransferase responsible for the
production of CGAs and these compounds have been shown to exhibit anti-HIV and
anti-diabetic activities. However, their composition varies depending on a plant
species, and to date, coffee has been shown to produce the largest and most diverse
composition of CGA compounds (Lepelley et al., 2007). However, differences in CGAs
composition between different coffee species has also been noted elsewhere
(Lepelley et al., 2007), an indication that these differences are genetically coded. Other
plants such as those from the Asteraceae family such as Vernonia fastigiata and B.
pilosa have been shown to contain large amounts of these compounds. Therefore,
characterization of the HQT gene from these plants is significant to understand how
they are able to produce different hierarchies of CGA compounds in large quantities.
Thereafter, the identified genes can be cloned into expression vectors and large
amount of these compounds can be produced through biotechnological means in vitro.
The findings of this study may also help in enhancing nutraceutical value of other

plants that do no produce chlorogenic acids.
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1.11. Aim
To identify acyltransferases responsible for CGA production in B. pilosa.
1.12. Objectives

i. To use SMRT sequencing technique to obtain the full-length transcriptome of
B. pilosa.

ii.  Toidentify all acyltransferases from B. pilosa transcriptome that are found in B.
pilosa using bioinformatics tools.

iii.  To identify HQT and HCT genes and their isoforms in B. pilosa

iv.  To Identify chlorogenic acids compounds produced by acyltransferases in B.
pilosa through LC-MS

v. To correlate specific acyltransferase gene with a class of metabolites identified
through LC-MS.
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Abstract

Bidens pilosa L. is an underutilised plant that serves both as an ingredient for
traditional herbal medicine and as a food. This plant has received a lot of attention as
of late because of its chemistry which comprises chemicals from various classes, with
those from phenylpropanoid (e.g., chlorogenic acids) existing in abundance. B. pilosa
L. produces chemically diverse chlorogenic acids (CGAs) compounds, characterised
mainly by isomers thereof. The enzymes involved in their biosynthesis of chlorogenic
acids have been decoded and a characterised in many plants. However, genes that play
arole in the biosynthesis of chlorogenic acids in B. pilosa L. are not yet described and,
as such, the aim of the current study is to identify different isoforms of the
Hydroxycinnamoyl-CoA: quinate/shikimate acid hydroxycinnamoyl transferase
(HQT/HCT) genes that play a role in the diversification of chlorogenic acids in this
plant. Herein, a robust gene sequencing technology through Single Molecule Real
Time (SMRT) approach was applied to establish the gene sequences encoding for
transferases responsible for CGAs production in B. pilosa L. Sequence homology of the
established genes was evaluated by means of multiple sequence alignment against
already published orthologous genes from closely related plants. Thereafter,
phylogeny trees were also constructed to graphically display the taxonomical
relationship with other chlorogenic acids producing plants. To further demonstrate
the functionality of these genes in plants, chlorogenic acids profiling was also carried
out using Liquid chromatography quadrupole time of flight mass spectrometer (LC-
QTOF-MS). The understudied B. pilosa L. plants were found to produce isomeric
forms of mono, di and tri-acylated CGAs. Future work should involve expression of
the identified genes in other non-chlorogenic acids producing plants to enhance their

nutraceutical value.

Keywords: Bidens pilosa L., Chlorogenic acid, HQT gene, Isomers, LC-QTOF-MS,
Phenylpropanoid, SMRT sequencing, PacBio.
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2.1 Introduction

Bidens pilosa L. from the Compositae family is an underutilised, well-known specie
owing to nutraceutical activities reported from its extracts (Bartolome et al., 2013;
Arthur, 2012). Bidens pilosa grows all year round in most areas globally and has been
shown to treat over 40 diseases in folklore medicine (Borges et al., 2013). This plant
has been shown to be effective in treating malaria (Tobinaga et al., 2009), diabetes
(Sonnante et al., 2010), hypertension and obesity (Gokcen and Sanlier, 2019),
bacterial infection (Seca and Pinto, 2019), wounds healing and gastrointestinal
sickness (Arthur, 2012). Bidens pilosa L. is known for its wide array of phytochemical
constituents (Ramabulana et al., 2020) which includes phenylpropanoids,
hydroxycinnamic acids (HCA) derivatives, alkaloids, flavonoids, aliphatic (Xuan and
Khanh, 2016). Amongst phenylpropanoids produced by this plant are chlorogenic
acids (CGAs) which are of great medicinal value (Xuan and Khanh, 2016; Ramabulana
et al.,, 2020). Chlorogenic acids includes all the hydroxycinnamic acids derivatives
including caffeoyl-, feruloyl-, dicaffeoyl-and coumaroylquinic acids (Cheynier et al.,
2010) and other cinnamic acid conjugates other than those of quinic acid (Ncube et
al., 2014).

Chlorogenic acids are produced through the phenylpropanoid pathway (Sonnante et
al., 2010), Production of CGA compounds has been associated with the activity of
various acyltransferases of the phenylpropanoid pathway in other plants (Comino et
al., 2009; Moglia, 2016). Hydroxycinnamoyl-CoA: quinate/shikimate acid
hydroxycinnamoyl transferase (HQT/HCT) have been identified in different plants such
as dandelion (Liu et al.,, 2019), chicory (Legrand et al.,, 2016), sunflower
(Cheevarungnapakul, 2019) and Arabidopsis thaliana (Hoffmann et al., 2004). These
enzymes are members of the superfamily called the BAHD acyl transferase family and
they have been shown to play a role in the production of wide spectrum of metabolites
(St-pierre and De luca, 2000). HQT genes expression has been correlated with CGA
accumulation, for instance, overexpression of HQT gene in tomato correlated with the
increased yield of CGA compounds (Niggeweg et al., 2004). This then shows that

these genes play a vital role in the production of CGA compounds.
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Bidens pilosa L. produces mono-, di-, tri- caffeoyl- quinic acid, a characteristic that is
unique in the plant’'s chemistry as most plants only produce one form (structural
hierarchy) of these compounds (Ramabulana et al., 2020). Production of these
compounds by B. pilosa L. makes this plant very interesting in order to understand
how all these forms of metabolites are produced in this plant. The production of the
structurally diverse CGAs is an indication that the genetic makeup of Bidens pilosa L.
might possess the genes with interesting regulatory and structural elements
responsible for CGAs diversification observed in this plant. However, in B. pilosa L.
the genes responsible for CGAs production have not yet been identified and
characterised. Therefore, decoding the gene composition of B. pilosa L. might lead to
unearthing of the novel genes encoding for the wide spectrum of CGA compounds

that B. pilosa L. produces.

In other plants, the genes encoding acyltransferase genes responsible for CGAs
production have been identified through the next generation sequencing (NGS)
technique (Kim et al., 2013). The NGS approach has multiple challenges such as
generation of short read length, which leads to subsequent mistakes during sequence
assembly and its inability to distinguish between isoforms (Malar et al., 2019). Single
molecule real time (SMRT) sequencing approach is a new technique that results in a
full-length transcriptome and has been superior in overcoming challenges associated
with NGS technique (Rhoads and Au, 2015). SMRT sequencing was used to get
insights into disease resistance and CGA synthesis in Solanum melongena L
(eggplant) (Li et al., 2021). SMRT sequencing also revealed that the inability of Coffea
humblotiana to produce caffeine is due to the absence of caffeine synthase gene that
converts theobromine into caffeine (Raharimalala et al., 2021). SMRT was used to
reveal the transcriptome of Eucommia ulmoides during leaf growth and further
correlate it to the metabolite content during that stage (Li et al., 2019). The above few
examples are a highlight that SMRT sequencing has been applied and shown to help

understand sophisticated molecular phenomenon.

For identification of the CGA compounds in plants, liquid chromatography in
combination with mass spectrometry (LC-MS) technique has been used successfully

(Clifford et al., 2003). However, the structural diversity of these metabolites poses a
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serious analytical challenge because they produce very similar MS signals, which
makes it impossible to distinguish between them. Regardless of these challenges, LC-
MS is still a golden technique that is used in identifying the wide array of metabolites
in plants (Zheng et al., 2017; Ncube et al., 2014). In this study, the full-length
transcriptome of HQT/HCT genes from B. pilosa L. was achieved through SMRT
sequencing. Bioinformatics tools were further used in identifying HQT/HCT genes in
B. pilosa L. Optimised LC-MS based on collision induced dissociation approach was
also used to identify the various structural hierarchies and isomers of the CGA
compounds produced by Bidens pilosa plant in attempt to corelate the composition of
these metabolites with the presence of the identified genes.
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2.2. Methodology
2.2.1. Total RNA isolation

Bidens Pilosa L. plants were grown at the University of Venda greenhouse (22.9761°
S, 30.4465° E). This area is regarded as semi-arid and is characterised by low rainfall
as well as high temperatures. Four weeks old plants were taken to Ingaba biotech in
Pretoria, South Africa in separate soil pots. Total RNA was extracted from 1 gram leaf
material. Quick — RNA plant mini prep kit was used for extraction of total RNA following
manufacturer’s protocol without any modification. Briefly, whole plants were cut with a
sterile surgical blade to small pieces. Bashing beads with lysis buffer were used for
extraction of total RNA. Zymo-spin [IICG columns were used to precipitate total RNA.
The Zymo-spin IICR column was used to filter unwanted biological components in the
tube. RNA wash buffer was used to wash RNA and DNase/Rnase free water was used
to resuspend RNA. Total RNA was quantified using Nanodrop 2000c

spectrophotometer (Thermofischer Scientific, USA).
2.2.2. cDNA library construction and SMRT sequencing

Complementary DNA (cDNA) Library preparation for sequencing was done using the
Iso-Seq™ Express Template Preparation for Sequel® and Sequel Il Systems’
procedure and checklist as recommended by the manufacturer. Briefly, total RNA
(600ng) was reverse transcribed into cDNA using a NEBNext® Single Cell cDNA
Synthesis and Amplification Module and Iso-Seq Express Oligo Kit that was optimized
for generation of good quality full-length cDNAs. NEBNext Single Cell RT Primer Mix
was used for first strand synthesis. NEBNext Single Cell RT Enzyme Mix (Oligo dT)
was used in the reverse transcription process of cDNA targeting the poly(A) tail
structure together with Iso-Seq Express Template Switching Oligo. The obtained full-
length cDNA was amplified by PCR. The amplified product was purified by Pacific
Biosciences (PB) magnetic beads and quantified. The amplified cDNA fragments were
amplified by PCR again and the full-length cDNA was purified by PB magnetic beads.
After the library was constructed, Qubit 2.0 was used for accurate DNA quantification.
Then Agilent 2100 was used to detect the library size. Pacbio Sequel Il platform was

used to sequence B. pilosa transcriptome after the library was qualified to ensure the
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library meets the minimum requirements for sequencing as reported elsewhere (Zhang
et al., 2020).

2.2.3. ldentification of potential HQT/HCT genes from B. pilosa L.

Genes in phenylpropanoid pathway were retrieved from the National Centre for
Biotechnology information (NCBI) database
(https://www.ncbi.nlm.nih.gov/biosystems/493811), and in-house database was
created using this dataset of genes. A BLAST+ (Basic Local Alignment Search Tool)
command line was used to search for the same genes in the B. pilosa L. full
transcriptome sequences. Results were then subjected to the filtering process as
follows: Helianthus annuus nucleic acid sequences encoding for HQT1, HQT2, HQT3
and HCT genes were retrieved from NCBI. These sequences were submitted as
reference genes to create a custom database from which the similar genes of the
phenylpropanoid pathway (PPP) from B. pilosa L. data were retrieved/identified
through the BLAST platform of the NCBI. Thereafter, an excel file was created and all
the sequences with similarity to the phenylpropanoid genes from B. pilosa L. genes
were saved, and the results were stored as follows: sequences that showed similarity
either to HQT1, HQT2, HQT3 or HCT were marked as such on the excel file using
specified numerical filters. This allowed the identification of only the genes of interest
which are potential HQT1, HQT2, HQT3 and HCT. Thereafter, identified potential

HQT/HCT sequences were subjected to further scrutiny such as percentage similarity.
2.2.4. Percentage similarity

Multiple Alignment using Fast Fourier Transform (MAFFT) CD-hit was used to
compute percentage matrix index. This was done by submitting sequences of
identified homologues for each isoform of HQT (HQT1, HQT2, HQT3) and HCT genes
separately. The results were saved in a separate excel file where different colours
were used to mark the most identical sequences (>95%). The identical sequences

were eliminated, and preference was also given to sequences >1000 bp
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2.2.5. Integrity of Sequences

To check the integrity of the sequences, the Expert Protein Analysis System (ExPASYy)
was used. All the identified sequences in each family (HQT1, HQT2, HQT3 and HCT)
were subjected to this computational tool to check whether the sequence is truncated
or not. The sequences were first mapped to the reference gene to establish the start
and stop codon. Thereafter, the trimmed sequences were taken to EXPASYy to check
if they will produce an open reading frame (ORF) in an acceptable orientation. The
results were then recorded in excel as truncated if the sequence could not generate a

meaningful ORF.
2.2.6. Multiple sequence alignment (MSA)

Potential HQT/HCT genes were further aligned with those of B. pilosa’s homologues.
The identified sequence homologues were from Helianthus annuus (QBM78938.1),
Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua (PWA39281.1),
Lactuca sativa (XP_023733842.1), Mikania micrantha (KAD5794970.1), Lonicera
japonica (AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum
cinerariifolium (GEV77257.1) as obtained from NCBI. These sequences were aligned
using MUSCLE function built in MEGA software (Hall, 2013) and viewed using GLC
workbench.

2.2.7. Phylogenetic Analysis

Identified HQT and HCT protein sequences from B. pilosa L. together with the
sequences retrieved from NCBI were exported to MEGA version 10.1.7 (Hall, 2013)
and the neighbour joining (NJ) phylogenetic tree was constructed with the bootstrap
vale of 1000 (Mao et al., 2019).
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2.2.8. Metabolite extraction

Two grams (2 g) of fine ground leaves of B. pilosa L. were dissolved in 20 mL of 80%
aqueous methanol. The mixture was spun throughout the night in a digital rotisserie
tube rotator at 70 rpm to enhance the metabolite extraction. Tubes were placed in a
rack to allow separation of supernatant and pellet by gravity. The supernatant (1 mL)
was transferred to a 2 mL tubes. The samples were filtered twice using 1 mL syringe
fitted with a 0.22 ym nylon filter into a 2 mL vial fitted with 0.2 mL conical bottom glass

insert. The samples were stored at 4 °C until analysis.
2.2.9. Liquid chromatography mass spectrometry

Bidens pilosa L. analysis were performed on an LC-gTOF-MS, model LC-MS 9030
instrument (Shimadzu, Kyoto Japan), fitted with a Shim Pack Velox C18 column (100
mm x2.1 mm with particle size of 2.7 ym) (Shimadzu, Kyoto, Japan), placed in a
column oven thermo-stated at 55 °C. A binary solvent mixture consisting of solvent A:
0.1% formic acid in water and solvent B: 0.1% formic acid in acetonitrile (UHPLC
grade, Romil SpS, Cambridge, UK) was used with a total flow rate of 0.4 mL/min.
successful separation of analytes was achieved through a 53 min long gradient
method consisting of the following steps: initial, 10% B for 3 min, followed by a steep
gradient to 60% B over 40 min, constant at 60% for 3 min, increased to 90% in 2 min,
kept at 90% over 3 min, and returned to 10% for 2 min and finally the initial conditions
(10% B) were re-established and column was allowed to re-equilibrate for 3 min. Mass
spectrometry detection parameters were set as follows: ESI negative ionization mode;
interface voltage of 3.5 kV; nebulizer gas flow at 3 L/min; heating gas flow at 10 L/min;
heat block temperature at 400 °C; CDL temperature at 250 °C; detector voltage at 1.70
kV; TOF tube temperature at 42 °C. Sodium iodide (Nal) was used as a mass
calibration solution to ensure acquisition of high accurate masses (m/z) at a range of
100-1000 for both high-resolution MS and tandem MS (MS/MS) experiments. For
MS/MS experiments, argon gas was used as collision gas, and MSE mode using
collision energy ramp of 15 to 25 eV was used to generate possible fragments. Lab
solution software (Postrun Analysis) from Shimadzu was used for peak and fragments

detection.

41

© University of Venda



¢
0

&)
e’

Table 2.1 A summary of all the acyltransferase genes identified in B. pilosa L and their length (bp), the full sequences of each of the genes and

ORF are attached as supplementary files. HQT1 ORF as determined through EXPASyY was included as an example in the table below.

No. | Name | Nucleotide Length ORF sequence (AA)
Sequence (AA) (bp)

0L | HQTL | Supplementary file | 1471 bp | MKLTVKESSIKPAKPTPVTRIWNSNLDLVVGRIHILTVYFYRPNGSSGFFDPGVMKEALA
Nucleotide Seq 1 GVLVSFFPMAGRLAKDGNGRIEINCNGEGVLFVEAEADCCIDDFGEITPSPELRQLAPTVD

YSGEIDSYPLVITQVTRFKCGGVSLGCGLHHTLSDGLSSLHFINTWSDKARGLSVAVPPFLD
RTLLRARNPPTPMFNHVEYDQPPSMITPLENQRSPSHSKSTSTVMLRLSLDQLNDLKLKAK
GDESAHHSTYDILAAHLWRCVCKSRGLLDDQPTKLYVATDGRSRLNPPLPPGYLGNVIFTAT
PIMKVGEFKSESLGDTARRIHNELARMDDQYLRSAIDYLETIADPSTLVRGPSYFASPNLNVN

SWTRLPIYDSDFGWGRPIFMGPASILYEGTIYIIPCPSGDRSVKLAVCLDSDHMTLFKECLYDF

02. | HQT2 | Supplementary file | 1534 bp | Supplementary figure S7B
Nucleotide Seq 2

03. | HQT3 | Supplementary file | 1558bp | Supplementary figure S7C
Nucleotide Seq 3

04. | HCT Supplementary file | 1601 bp | Supplementary figure S7D

Nucleotide Seq 4
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2.3. Results and discussion

The transcriptomic data of B. pilosa L. revealed 2535754 HiFi reads, and the HiFi read
length mean per base pair for this data was found to be 1776 (Figure 2.1). To identify
the acyltransferases from the whole transcriptome (2535754 HiFi reads) data of B.
pilosa L., Basic Local Alignment Search Tool plus (BLAST+) command line was used
to generate results timeously since the data was large and could take time to process
using a normal online BLAST. The phenylpropanoid pathway gene sequences from
other plants were obtained from NCBI, BLAST+ command line identified 312
acyltransferases genes in B. pilosa L. The phenylpropanoid pathway genes from other
plants were used as reference to probe for the same genes that play a role in
phenylpropanoid pathway, especially those responsible for CGAs biosynthesis in B.
pilosa L. From the identified 312 acyltransferase gene sequences, the following
outcomes were achieved: three potential HCT sequences (Figure S2), four potential
HQTL1 sequences (Figure S3), twenty-one potential HQT2 sequences (Figure S4) and
twelve potential HQT3 (Figure S5). Multiple Alignment using Fast Fourier Transform
Percentage Matrix Index (MAFFT PMI) was used to eliminate identical sequences out
of these potential acyltransferase genes (Figure S6, A-D). Open reading frames were
generated using Expert Protein Analysis System (ExPASYy) to determine truncated and
untruncated sequences and results were mapped in excel for easy navigation. All the
identified sequences produced six open reading frames each, when they were
processed using ExPASYy translation tool and showed a very good ORF sequence on
the first frame (5’ to 3’ frame) (Figure S7, A-D). The identified ORFs also contained
the conserved regions (HXXXD and DFGWG motifs) which are synonymous with the
BAHD acyl transferase (St-pierre and De luca, 2000). The size of the genes identified
are as follows: HCT - 1601 bp, HQT1 — 1471 bp, HQT2 — 1534 bp and HQT3- 1558
bp (Table 1). HQT1 open reading frame was shown (Table 2.1) and the conserved
regions were marked by a red colour. To characterize and annotate HQT/ HCT genes
found in B. pilosa L., a MSA of the known genes from other plants including those
within the Compositae family was generated (Figure 2.1, 2.3, 2.5 and 2.7). The MSA
of acyltransferases (Hydroxycinnamoyl-CoA: quinate/shikimate acid
hydroxycinnamoyl transferase (HQT/HCT)) from B. pilosa L. in comparison with other

known genes was generated using MEGA X and visualised using CLC genomics
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workbench software. The homologous sequences of the HQT gene of B. pilosa L.
which were used in this study are from Helianthus annuus (sunflower), Cynara
cardunculus var scolymus (Cardoon), Artemisia annua (Sweet wormwood), Lactuca
sativa (Lettuce), mikania micrantha (Bittervine), Lonicera japonica (Honeysuckle),
Chicorium intybus (Chicory), Echinacea purpurea (Purple cornflower), just to name the
few. These homologous sequences together with others not mentioned here were
used to generate a percentage matrix index (PMI) (Figure S6, A-D), through MSA.
Furthermore, MSA allowed for the annotation of genes through evaluation of the level
of similarities in the base pairs (bp) and the percentage matrix index was also found
to be sufficient to establish the overall similarities of the genes understudied by giving

a similarity percentage.
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2.3.1. Characterization of putative Hydroxycinnamoyl-CoA: quinic

hydroxycinnamoyl transferase gene 1
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Figure 2.1 Multiple sequence alignment of B. pilosa L. HQT1.

Multiple sequence alignment of B. pilosa HQT1 with its homologues from Helianthus annuus
(QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua (PWA39281.1),
Lactuca sativa (XP_023733842.1), Mikania micrantha (KAD5794970.1), Lonicera japonica
(AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum cinerariifolium (GEV77257.1).
Residues are grouped according to colours, for instance the same colour represents similar residues
across all genes from different plants. The alignment was generated using the MUSCLE algorithm of
the MEGA software. The position of the residue is shown by the number on the right.
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a4 ABKT9689.1 HQT Cynara cardunculus var. scolymus

59 ABKT9690.1 HQT Cynara cardunculus var. altilis

99

APTE8193 1 HQT Cynara cardunculus

100

AFL93687 1 HQT Cynara cardunculus var. scolymus

55 QQH14907.1 HQT i1soform 2 Cirsium japonicum

ANN12610.1 HQT/HCTCichorium intybus

100 CAB4105431.1 unnamed protein product Lactuca saligna
98
100 XP 023733842.1 HCT Lactuca sativa
a9 Plant Black Jack HQ transcript/117332

QBM78938.1 HQT Helianthus annuus

PWA39281.1 Chloramphenicol acetyltransferase- Artemisia annua

100 GEV77257.1 HCT-like Tanacetum cinerariifolium

KADG794970.1 hypothetical protein E3N88 05866 Mikania micrantha

AEKB80405.1 HQT Lonicera japonica

Figure 2.2 Phylogenetic tree of HQT1 genes was inferred using the Neighbor-Joining method (Saitou
& Nei., 1987). The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site.

All sequences which showed high similarity index were used to generate multiple
sequence alignment to establish homology in these sequences. Figure 2.1 shows a
multiple sequence alignment of sequences from B. pilosa L. and other plants from the
same family. The alignment was generated using MUSCLE built in MEGAX and
visualised using CLC workbench. The BLAST search results showed that the similarity
index of HQT1 gene with its homologues is high (82% on average), the MSA further
support the findings that BLAST results showed because colours are showing a lot of
bases aligning in the MSA, which is a true reflection of what BLAST percentage identity
was showing. The results indicated that the sequence from Helianthus annuus showed
a very high similarity index which is 84.25% with a total query coverage of 88% against
the HQT1 sequence from B. pilosa L. The query coverage is important, atleast more
than half of the query sequence should align with the subject sequence to qualify the
similarity index. For instance, if only less than 50% of the query sequence is aligned
to the subject sequence and result in a high similarity index, probability is that the
sequences that are being compared might not be the same since only a small part of
the query sequence is aligning to the subject. The putative HQT1 gene from B. pilosa
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L. showed a very high similarity with its homologues as shown by different colours, it
has also shown conserved regions. The HQT1 gene has several conserved regions
which include the HXXXD and DFGWG motifs (St-pierre and De luca, 2000). Figure
2.1 is showing a motif HTLSD across all the HQT1 genes from the plants computed,
including the newly established sequence from B. pilosa L. The second motif is shown
in red square which is the DFGWG motif and is also conserved in B. pilosa L. and all
its homologues as shown in Figure 2.1. All the HQT1 genes aligned herein were from
plants from the Compositae family and it is therefore safe to say that, unless stated
elsewhere the HXXXD of the HQT genes from the Compositae is HTLSD, as shown
in figure 2.1. Furthermore, a Neighbour-Joining phylogenetic tree was constructed
using the same sequences and interesting enough, plants from Compositae plants
were found to be grouped closer together which proves that these genes share an
evolutionary history (Figure 2.2). This then positively helps in ascertaining that the
gene identified from B. pilosa L. is putatively HQT1 gene of this plant. The HTLSD
motif has been reported before in other plants such as Echinacea purpurea L. (Fu et
al., 2021), Lonicera macranthoides (Chen et al., 2017), A. spathulifolius (Park et al.,
2021) and most importantly the HTLSD motif has been identified Hydroxycinnamoyl-
CoA: tartaric acid hydroxycinnamoyl transferase genes from Bidens pilosa (Mathatha
et al., 2022).
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2.3.2. Characterization of putative Hydroxycinnamoyl-CoA: quinic

hydroxycinnamoyl transferase gene 2
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Figure 2.3 Multiple sequence alignment of B. pilosa L. HQT2.

Multiple sequence alignment of B. pilosa L. HQT2 with its homologues from Helianthus annuus
(XP_021990087.1), Cynara cardunculus var scolymus (XP_024980016.1), Artemisia annua
(PWA77292.1), Lactuca sativa (CAB4074763.1), Mikania micrantha (KAD2394232.1), Chicorium
intybus (ANN12611.1), Echinacea purpurea (QRI59127.1), Cirsium japonica (QQH14906.1) and
Crepidiastrum sonchifolium (AZT78993.1). Residues are grouped according to colours, for instance the
same colour represents similar residues across all genes from different plants. The alignment was
generated using MUSCLE. The position of the residue is shown by the number on the right.
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CAB4074763.1 unnamed protein product Lactuca saligna
83

98 —— A7T78993 1 HQT/HCT Crepidiastrum sonchifolium

a5 ANN12611.1 HQT/HCT Cichorium intybus

XP 024980016.1 HCT-like Cynara cardunculus var. scolymus

73

100
QQH14906.1 HQT isoform 1 Cirsium japonicum

PWAT7292.1 HQT 2 Artemisia annua

XP 021990087.1 HQT/HCTHelianthus annuus

98
QRI59127 1 HQT Echinacea purpurea

Plant Black Jack HQ transcript/102138

55
KAD2394232 1 hypothetical protein E3N88 41209 Mikania micrantha

Figure 2.4 Phylogenetic tree of HQT2 genes was inferred using the Neighbor-Joining method (Saitou
& Nei., 1987). The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site.

Literature was used to validate the identified putative HQT2 gene of B. pilosa L. by
looking for the conserved motif identified in other known HQT2 genes of other plants.
Similarly, MSA and BLAST searches were also used in positively identifying this gene
as HQT2 of B. pilosa L. A similar gene from Mikania micrantha showed a very high
guery coverage of 85% and similarity index (SI) of 88% followed by sequences from
Helianthus annuus at Sl of 87% with the same query cover percentage. Phylogenetic
similarity was evaluated using the NJ method and it was found to support findings
presented by NCBI and the confidence level percentage between B. pilosa L.
sequence and Mikania micrantha was found to be 55% (Figure 2.4). The MSA also
revealed that the two motifs found in the acyltransferase of the BAHD family were also
conserved in all HQT2 (Figure 2.3). The first motif marked in black is HTLSD (similarly
to the HQT1) and the second motif is DFGWG marked in red. All the sequences
aligned here are from plants that fall under the Compositae family, same as B. pilosa
L.
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2.3.3. Characterization of putative Hydroxycinnamoyl-CoA: quinic

hydroxycinnamoyl transferase gene 3
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Figure 2.5 Multiple sequence alignment of B. pilosa L. HQTS3.

Multiple sequence alignment of B. pilosa L. HQT3 with its homologues from Helianthus annuus
(XP_0222026334.1), Cynara cardunculus var scolymus (P_024966573.1/ADL62855.1), Artemisia
annua (PWA55118.1), Lactuca sativa (CAB4110182.1/CAB4074703.1), Chicorium intybus
(ANN12811.1), Crepidiastrum_sonchifolium (AZT78993.1) and Taraxacum_antungense
(QBQ52948.1). Residues are grouped according to colours, for instance the same colour represents
similar residues across all genes from different plants. The alignment was generated using MUSCLE.
The position of the residue is shown by the number on the right.
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Figure 2.6 Phylogenetic tree of HQT3 genes was inferred using the Neighbor-Joining method (Saitou
& Nei., 1987). The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site.

The identification of the sequence corresponding to the HQT3 gene followed the same
protocol used to identify HQT1 and HQT2. MSA and BLAST searches were used to
check for homology. NCBI-based BLASTX search showed that the sequence retrieved
from Helianthus annuus to have a similarity index of 92% from query coverage of 83%,
followed by the sequence from Artemisia annua with 91% similarity index and 72%
guery coverage. HQT3 aligned very well with its orthologues and showed similarities
in most base pairs but most importantly the conserved motifs were also seen in the
alignments (Figure 2.5). Evolutionary history of these genes through sequences shows
that B pilosa L. is 96% closely related to Helianthus annuus which in phylogeny means
they are quite same (Figure 2.6). For the HXXXD motif, these results indicate that HQT
3 had HTLAD sequence as compared to its counterparts (HQT1 and HQT2) in this
plant with the HTLSD motif. It was noted that the serine was substituted by alanine,
and this has been recorded in other plants and showed that both these motifs are
associated with HQT genes (Park et al., 2021).
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2.3.4. Characterization of putative Hydroxycinnamoyl-CoA: shikimate

hydroxycinnamoyl transferase gene
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Figure 2.7 Multiple sequence alignment of B. pilosa L. HCT.

Multiple sequence alignment of B. pilosa L. HCT with its homologues from Helianthus annuus
(XP_022018316.1), Cirsium japonicum (QQH14914.1), Artemisia annua (PWA37917.1), Mikania
micrantha (KAD4889191.1), Chicorium intybus (ANN12608.1) and Echinacea purpurea (QR159128.1).
Residues are grouped according to colours, for instance the same colour represents similar residues
across all genes from different plants. The alignment was generated using MUSCLE. The position of
the residue is shown by the number on the right.
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Figure 2.8 Phylogenetic tree of HCT genes was inferred using the Neighbor-Joining method (Saitou
& Nei., 1987). The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985). The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site.

For identification of the HCT sequence, the sequence retrieved from Helianthus
annuus showed a high level of similarity index (94.47%) and a query cover of 81%
when compared to a putative HCT gene identified from B. pilosa L. Putative HCT gene
was found to be a BAHD acyltransferase family member, because it possesses
HHAAD and DFGWG motifs respectively. These are very conserved regions across
HCT genes of plants from the Compositae family. The HXXXD motif exhibits different
amino acids in the XXX region, hence this motif is different from one gene to another
from different plants (Park et al., 2021). However, HHAAD motif has been noted in the
HCT gene of A. spathulifolius that is in the same Compositae family as B. pilosa L.
(Park et al., 2021). Based on the bioinformatics analyses carried out herein, it can be
said that the gene identified herein encodes for HCT. The phylogenetic tree of all the

genes aligned herein is shown in Figure 2.8.
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2.3.5. Discussion

HQT is a hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase gene that
facilitate the multi acylation of different cinnamic acids on the quinic acid to produce
structurally different chlorogenic acids, mostly positional isomers (Ncube et al., 2014).
HQT gene has been well documented to be substrate specific and prefers quinate
over shikimate (Comino et al., 2007). These genes have been reported in different
plants such as globe artichoke (Sonnante et al, 2010), sunflower
(Cheevarungnapakul, 2019), taraxacum and many others. The HQT gene has three
isoforms which are HQT1, HQT2 and HQT3 (Sonnante et al., 2010), as shown above
for B. pilosa L. (Figure 1, 3, 5 and 7). These genes are part of a wide family of enzymes
called the BAHD acyltransferases (St-pierre and De luca, 2000) and they are known
to play a role in the biosynthesis of CGA compounds (Lepelley et al., 2007). This study
has reported for the first time three HQT genes from B. pilosa L., a plant which is
known to produce a wide variety of chlorogenic acid compounds (Ramabulana et al.,
2020). This plant has been shown to produce mono-, di-, and tri- acylated CGAs, a
unique phenomenon in plants (Ramabulana et al., 2020), as other plants produce
either one form or two of the three structural hierarchies. Although there are plants
that have been commercialised that produce the entire hierarchy of these compounds
such as coffee (Lepelley et al., 2007), B. pilosa L. could serve as an alternative source
of these compounds since it produces various CGAs of different hierarchies and
structural diversity. Ironically, other plants such as chicory have been used to
supplement commercial coffee, and accidentally these are plants that all contain large
amounts of CGAs (Babhri et al., 2012; Sonnante et al., 2010), which makes B. pilosa
L. a perfect candidate for this purpose too.

As stated above, the acyltransferases are responsible for biosynthesis of CGA
metabolites and as such, the current study has overwhelmingly demonstrated that B.
pilosa L. has at least three HQT and one HCT genes responsible for production of
these compounds. Most importantly, all the three HQT genes identified in B. pilosa L.
share very important conserved regions of acyltransferases which are HXXXD and
DFGWG, and the sequences from B. pilosa L. matches very well with those from other
plants from the Compositae family. As for the hydroxycinnamoyl CoA shikimate
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hydroxycinnamoyl transferase (HCT), an acyltransferase gene which uses shikimate
over quinate as a substrate (Comino et al., 2007), only one gene was identified in B.
pilosa L. herein, but it is important to mention that no single report exist of shikimate
derivatives in B. pilosa L. This is interesting because in most cases, the presence of
this gene has been shown to correlate with the existence of shikimate derivatives
(Hoffman et al., 2004). Elsewhere, HQT genes have been shown in Arabidopsis
thaliana, but this plant does not produce CGA molecules (Niggeweg et al., 2004), a

phenomenon which cannot be explained based on the observations noted above.

To further validate the findings herein, phylogenetic analysis of HQT genes identified
from B. pilosa L. shows that all the sequences aligned are similar with those from other
plants from the Compositae family. Thus, phylogenetic trees show these genes to be
in the same clade with other plants from the Compositae family (Figure 2.2, 2.4 and
2.6). The bootstrap values from these trees show that these genes are significantly
similar and share a common ancestral origin. The constructed phylogenetic trees
further validate that the sequences obtained from B. pilosa L. are indeed

acyltransferases (Figure 2.2, 2.4 and 2.6).
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Table 2.2 List of chlorogenic acids (CGAs) molecules isolated from randomly sampled B. pilosa L. plants established through analysis by LC-

QTOF-MS. The different colour shading indicates different structural hierarchy of the identified molecule.

Mass Rt (min) Fragment ions Molecular Compound name Abbreviation Spectra
(m/z) formula
1. 353.088 2.975 135, 173, 191 C16H1809 cis-3-Caffeoylquinic acid cis-5-CQA Fig. S17-A
2. 4.333 135, 179, 191 C16H1809 trans-3-Caffeoylquinic acid trans-3-CQA Fig. S17-B
3. 7.992 173,191 C16H1809 cis-4-Caffeoylquinic acid cis-4-CQA Fig. S17-C
4, 8.783 173,191 C16H1809 trans-4-Caffeoylquinic acid trans-4-CQA Fig. S17-D
5. 10.025 191 C16H1809 trans-5-Caffeoylquinic acid trans-5-CQA Fig. S17-E
6. 10.608 191 C16H1809 cis-5-Caffeoylquinic acid cis-5-CQA Fig. S17-F
7. 367.103 8.710 134, 193 C17H2009 trans-3-Feruloylquinic acid trans-3FQA Fig. S18-A
8. 13.277 134, 173, 193 C17H2009 3-Feruloylquinic acid 3-FQA Fig. S18-B
9. 13.985 191 C17H2009 5-Feruloylquinic acid 5FQA Fig. S18-C
10. 14.210 134, 191134, 173, 191 C17H2009 5-Feruloylquinic acid 5FQA Fig. S18-D
11. 15.635 135, 173, 179, 191 C17H2009 Feruloylquinic acid isomer *** iso-FQA Fig. S18-E
12. 16.085 173, 179, 191, 335 C17H2009 Feruloylquinic acid isomer *** iso-FQA Fig. S18-F
13. 499.124 22.248 135, 173, 179, 191, 353 C25H24011 3-Coumaroyl-4-caffeoylquinic acid 3-Co-4-CQA Fig. S19-A
14. 22.732 119, 163, 191, 337 C25H24011 3-Coumaroyl-5-caffeoylquinic acid 3-Co-5-CQA Fig. S19-B
15. 24.407 119, 173, 191, 337 C25H24011 3-Coumaroyl-4-caffeoylquinic acid 3-Co-4-CAQ Fig. S19-C
16. 25.151 119, 173, 337 C25H24011 3-Coumaroyl-4-caffeoylquinic acid 3-Co-4-CQA Fig. S19-D
17. 26.390 135, 173, 191, 353 C25H24011 4-Coumaroyl-5-caffeoylquinic acid 4-Co-5-CQA Fig. S19-E
18. 28.873 135, 179, 191, 353 C25H24011 4-Coumaroyl-5-caffeoylquinic acid 4-Co-5-CQA Fig. S19-F
19. 515.119 18.203 173, 179, 191, 335, 353 C25H24012 3.4-di-Caffeoylquinic acid 3,4-di-CQA Fig. S20-A
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26.
27.
28.

30.
31.
32.
33.
34.
35.
36.

529.135

22.797
23.147
23.822
24.205
24.335
24.755
25.338
26.230
26.905
27.572
27.838

135, 173, 179, 193, 367
135, 173, 367
135, 173, 367

135, 179, 191, 353
179, 191, 353, 367
135, 161, 367
135, 173, 191, 367
134, 173, 193, 367
135,173, 191, 353
135, 173, 179, 367
135, 173, 367

C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
C26H26012
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3-Caffeoyl-4-feruloylquinic acid
3-Caffeoyl-4-feruloylquinic acid
3-Caffeoyl-4-feruloylquinic acid
3-Feruloyl-5-caffeoylquinic acid
3-Feruloyl-5-caffeoylquinic acid
Feruloyl-caffeoylquinic acid ***
4-Caffeoyl-5-ferulolyquinic acid
4-Caffeoyl-5-ferulolyquinic acid
4-Caffeoyl-5-ferulolyquinic acid
Feruloyl-caffeoylquinic acid ***

Feruloyl-caffeoylquinic acid ***

© University of Venda

is0-3-C-4-FQA
is0-3-C-4-FQA
3-F-4-CQA
3-F-5-CQA
3-F-5-CQA
FQA
4-C-5-FQA
4-C-5-FQA
4-C-5-FQA
FCQA
FCQA

Fig. S21-A
Fig. S21-B
Fig. S21-C
Fig. S21-D
Fig. S21-E
Fig. S21-F
Fig. S21-G
Fig. S21-H
Fig. S21-I
Fig. S21-J
Fig. S21-K
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2.4. Metabolites profiling

The methanol extracts of B. pilosa L. were also analysed using UHPLC-QTOF to
check the metabolite content of this plant, with specific attention given to chlorogenic
acids. A wide distribution of metabolites from B pilosa L. was seen as presented by
the chromatogram generated from the UHPLC-QTOF (Figure 2.9). Single ion
chromatograms at m/z 353 (Figure S11), at m/z 367 (Figure S12), at m/z 499 (Figure
S13), at m/z 515 (Figure 2.14) and at m/z 529 (Figure S15) were generated to show
distribution of isomers for each compound. To further validate that indeed the identified
genes have a function towards production of CGAs in B. pilosa L., LC-MS analyses
using a targeted approach for CGAs was carried out. Below is a detailed
characterization information showing how different forms of CGA were annotated from

the methanolic extracts of B. pilosa L.

[EBPCE)

750000+

500000+

250000+

00 50 100 150 200 250 300 350 400 450  min

Figure 2.9 A representative base peak ion (BPI) of UHPLC-QTOF -MS chromatograms showing

separation of metabolites from the methanol extracts of B. pilosa L.

2.4.1. Annotation of Mono-Acyl Chlorogenic Acids

Six molecules with the same precursor ion at m/z 353.088 [M-H] were identified to
represent caffeoylquinic acids in B. pilosa L (Table 2.2). Upon fragmentation,
molecules at retention time 2.97 min and 4.33 min produced product ions at m/z 135
[Caffeic Acid-COz], at m/z 173 [Quinic Acid-H-H20] and at m/z 191 [QA-H]. Through
this fragmentation pattern and based on the information published elsewhere, these
molecules were identified as cis-3-Caffeoylquinic acid (1) and trans-3-Caffeoylquinic
(2) respectively (Ncube et al., 2014). Molecules at retention time 7.9 min and 8.7
similarly produced the product ions at m/z 173 [QA-H-H20] and at m/z 191 [QA-H].
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These two molecules were putatively identified as cis-4-Caffeoylquinic acid (3) and
trans-4-Caffeoylquinic acid (4) respectively (Ramabulana et al., 2020). Lastly, two
other molecules with retention time 10.0 min and 10.6 min produced a product ion at
m/z 191 [QA-H]. These two metabolites were positively identified as trans-5-
Caffeoylquinic acid (5) and cis-5-Caffeoylquinic acid (6) respectively (Jaiswal et al.,
2014). Notably, as the case elsewhere, the trans isomers of both 3-CQA and 4-CQA
eluted after their cis counterparts. However, the trans isomers of 5-CQA eluted before
the cis form (Clifford et al., 2008).

Similar approach was used in the identification of six molecules with a common
precursor ion at m/z 367.103 [M-H] representing feruloylquinic acids. Molecules at
retention time 8.7 min and 13.22 min, showed product ions upon fragmentation at m/z
134 [FA-H-CO2-CH3J, at m/z 173 [QA-H-H20] and at m/z 193 [FA-H]. Using this
fragmentation pattern, these molecules were identified as trans-3-Feruloylquinic acid
(7) and cis-3-Feruloylquinic acid (8) respectively. Molecule at 13.99 min showed a
prominent peak at 191 [QA-H]- Molecule at 14.21 min produced fragment ions at m/z
134 [CA-CO2], at m/z 173 [QA-H-H20], at m/z 191 [QA-H]. Both these molecules
are geometrical isomers of each other and were identified as trans- and cis-5-
Feruloylquinic acid (9 and 10) (Ncube et al., 2014). Molecules at retention time 15.64
min and 16.09 min are geometrical isomers of each other and were identified as 4-
Feruloylquinic acid (11 and 12). Upon fragmentation these molecules produced
product ions at m/z 135 [CA-COz2], at m/z 173 [QA-H-H20O], at m/z 179 [CA-H];, and
at m/z 191 [QA-H]". Molecule 12 also showed peaks at m/z 335 [CQA-H20-H]J-.

2.4.2. Annotation of p-Coumaroyl-Caffeoylquinic Acids

Herein, multiple isomers of coumaroyl-caffeoylquinic acids were found to exist in B.
pilosa L. as recorded elsewhere (Ramabulana et al., 2020). Product ions produced
during fragmentation served as diagnostic peaks for identification of acyl positions. Six
peaks were detected with a common precursor ion at m/z 499.124 [M-H]. Molecule
13 (3-Coumaroyl-4-caffeoylquinic acid) eluted at 22.25 min producing product ions at
m/z 135 [CA-COz], at m/z 173 [QA-H-H20], at m/z 179 [CA-H], at m/z 191 [QA-H]

and at m/z 353 [CQA-H]. Two other molecules (15 and 16) were detected with similar
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fragmentation pattern at retention times 24.41 min and 25.15 min respectively.
Molecules 15 and 16 produced product ions at m/z 119 [p-Co-H-COz2], at m/z 173 [QA-
H-H20], at m/z 337. Molecule 15 also showed a prominent peak at m/z 191 [QA-H].
Molecules 15 and 16 were identified as isomers of 3-Coumaroyl-4-caffeoylquinic acid.
A molecule (14) at retention time 22.732 produced product ions at m/z 119 [p-Co-H-
COzJ, at m/z 163 [pCoA-H], at m/z 191 [QA-H]- and at m/z 337 [pCoQA-H] and was
identified as 3-Coumaroyl-5-caffeoylquinic acid. The peak at m/z 163 is a
characteristic of a coumaric acid at position 3 of a quinic acid. Two isomers (17 and
18) were also detected at retention times 26.39 min, 28.873 min respectively. Upon
fragmentation, the following product ions were produced at m/z 135 [CA-COz], at m/z
173 [QA-H-H20], at m/z 191 [QA-H] and at m/z 353 [CQA-H]. Molecule 18 also
showed a peak at m/z 191 [QA-H]. These two molecules were identified as 4-
Coumaroyl-5-caffeoylquinic acid. Jaiswal et al. (2011) also identified p-Coumaroyl-
Caffeoylquinic acids with the same fragmentation pattern reported herein.

2.4.3. Characterization of di-Caffeoylquinic Acids

In this study, seven di-CQA molecules were detected with a precursor ion at m/z
515.12 [M-H]J. Two isomers (19 and 20) eluted at retention times 18.2 min and 19.40
min. Upon fragmentation they produced product ions at m/z 173 [QA-H-H20O], at m/z
179 [CA-H], at m/z 191 [QA-H], at m/z 335 [CQA-H20-H] and at m/z 353 [CQA-H].
Molecule 20 also showed a prominent peak at m/z 135 [CA-CO2]. Therefore,
molecules 19 and 20 were identified as 3.4-di-Caffeoylquinic acid, a peak at m/z 173
was used as a diagnostic peak since it represents 4-acyl substitution (Ncube et al.,
2014). Two other molecules (21 and 22) at retention times 20.25 min and 20.95 min
were detected with fragmentation pattern showing product ions at m/z 135 [CA-CO2],
at m/z 179 [CA-H], at m/z 191 [QA-H] and at m/z 353 [CQA-H]". These two molecules
were identified as geometrical isomers of 3.5-di-Caffeoylquinic acid. Lastly, three
isomers of 4.5-di-Caffeoylquinic acid were detected at retention times 21.46 min, 22.99
min and 26.34. Upon fragmentation these molecules (23, 24, 25) produced product
ions at m/z 135 [CA-COz], at m/z 173 [QA-H-H20], at m/z 179 [CA-H], at m/z 191
[QA-H] and at m/z 353 [CQA-H]". Notably the di-CQA have been showed previously
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to appear in pairs of isomers due to UV induced geometrical isomers (Ramabulana et
al., 2020).

2.4.4. Characterization of Feruloyl-Caffeoylquinic Acids

Feruloyl-Caffeoylquinic acids were detected in B. pilosa L. with a precursor ion at m/z
529.135 [M-H]". Eleven isomers of FCQA were identified as shown in table 1 (26 to
36). The first three molecules (26 to 28) were detected at retention times 22.80 min,
23.15 min and 23.82 min. MS fragmentation produced product ions at m/z 135 [CA-
COz], at m/z 173 [QA-H-H20O] and at m/z 367 [FQA-H]. Molecule 26 also shows
prominent peaks at m/z 173 [QA-H-H20] and at m/z 193. These molecules (26
through 28) are isomers of each other and were identified as geometrical isomers of
3-Caffeoyl-4-ferulolyquinic acid. Two other molecules (29 to 30) at retention times
24.21 min and 24.34 min were detected and upon fragmentation they produced
product ions at m/z 135 [CA-COz],, at m/z 179 [CA-H], at m/z 191 [QA-H], at m/z 353
[CQA-H]. Molecule 30 also shows another peak at m/z 367 [FQA-H]. These
molecules (29 and 30) were positively identified as 3-Feruloyl-5-caffeoylquinic acid.
Three other molecules (32, 33 and 34) were detected at retention times 25.34 min,
26.23 min and 26.91 min, and upon fragmentation they produced product ions at m/z
135 [CA-COg], at m/z 173 [QA-H-H20], at m/z 191 [QA-H] and at m/z 367 [FQA-H].
Molecule 34 showed a prominent peak at m/z 353 [CQA-H]. This fragmentation
pattern led to the identity of these molecules as geometrical isomers of 4-caffeoyl-5-
feruloylquinic acid. Lastly, there other molecules were detected at retention times
24.76 min, 27.57 min and 27.84. Molecule 31 shows product ions at m/z 135 [CA-
CO2J,, at m/z 161 and at m/z 367, molecule 35 produced product ions at m/z 135 [CA-
CO2J, at m/z 173 [QA-H-H20]-, at m/z 179 [CA-H], at m/z 367 [FQA-H] and lastly
molecule 36 produced product ions at m/z 135 [CA-COz], at m/z 173 [QA-H-H20];, at
m/z 367 [FQA-H]. All the three molecules were identified as isomers Feruloyl-

caffeoylquinic acid but position of acylation could not be determined.
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2.5. Conclusion

Secondary metabolites have been a subject of interest as of late, owing to the many
health benefits they exhibit. This has led to more interest in plants that produces
structurally diverse metabolites. Plants produce different forms of CGA compounds,
with B. pilosa L. producing at least three structural hierarchies/forms (mono, di and tri
-CQA). However, the biosynthetic/enzymatic machinery responsible for this wide
spectrum of metabolites has not yet been established in many plants including in B.
pilosa L. As such, this study reports for the first-time the sequences of the genes that
play a role in the production of chlorogenic acids in B. pilosa L. Herein, SMRT
sequencing approach in combination with bioinformatics methods allowed for
identification of at least three HQT genes and one HCT gene. The identified genes
were found to have sequence homology to the orthologous proteins encoded by the
similar genes from other plants within the Compositae family. Furthermore, SMRT
sequencing approach allowed for isolation and annotation of a full-length sequence
which have sequence similarity of about 90 % when compared to homologues
sequences from similar plants. The sequences of the genes obtained here were found
to have convincing homology with the sequences retrieved from the NCBI encoding
for similar genes in sunflower plants, which also falls within the same taxonomical
family (Compositae). Interestingly, multi sequence alignment revealed that B. pilosa
L. and other plants from the Compositae plants to contain a conserved HXXXD motif
with the HTLSD sequence. This conserved motif together with the DFGWG motif in
the HQT genes could provide a premise to design degenerative primers which can be
used to isolate similar genes in other plants from the same family. Using extracts from
B. pilosa L. plants, these plants were reaffirmed to contain structurally diverse CGA
molecules through UHPLC-QTOF-MS analyses. The study also reaffirms this plant as
an alternative source of these valuable nutraceutical metabolites. Future studies
should aim at cloning the identified genes in other plants with an inferior metabolite

composition to enhance their nutraceutical status.
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CCS Analysis
Report
Value Analysis Metric
2535754 HiFi Reads
4505879731 HiFi Yield (bp)
1776 HiFi Read Length (mean, bp)
Q38 HiFi Read Quality (median)
20 HiFi Number of Passes (mean)
269245 <Q20 Reads
569943945 <Q20 Yield (bp)
2116 <Q20 Read Length (mean, bp)
Q15 <Q20 Read Quality (median)

Figure S1. The circular consensus sequencing analysis report which shows the quality of

the reads generated through the SMRT sequencing approach.

Sequer ~ |Sequence name -l = comme ~ |similari * homol¢-T|homolog @
1 Plant_Black_Jack_HQ_transcript/100091 = AACTCAAGACAACTTCACACCAAHCT1(MK598076)
30 Plant_Black_Jack_HQ_transcript/109474  GAACTCA, Truncated Plant_Blac HCT1(MK598076)
89 Plant_Black_Jack_HQ_transcript/140168 GATCGAT Truncated Plant_Blac HCT1(MK598076)

Figure S2. Excel snapshot showing identified three potential HCT gene sequences for B.
pilosa during filtering process using excel custom made filters. Plant Blackjack HQ Transcript

100091 was identified as HCT gene for B. pilosa.

Sequer ~ |Sequence name I * comme * | similari = homol¢~T homolog -
3 Plant_Black_Jack_HQ_transcript/100503 CCACCTTCTGGATAATACAACAC HQT1(MK598073)
39 Plant_Black_Jack_HQ_transcript/112031 ACCCACCTTCTGGAT/ Plant_BlacHQT1(MK598073)
41 Plant_Black_Jack_HQ_transcript/113464 GGGTCGG Truncated Plant_BlacHQT1(MK598073)
52 Plant_Black_Jack_HQ_transcript/117332 GACCACCTTCTGGATAAAACAATHQT1(MK598073)

Figure S3. Excel snapshot showing identified four potential HQT1 gene sequences for B.

pilosa.
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Sequer ~ |Sequence name -l * | comme ~ |similari * homol¢-T homolog -
HQT2(MK
HQT2(MK
Truncated Plant_BlacHQT2(MK
HQT2(MK
46 Plant_Black_Jack_HQ_transcript/115403 GGTGCGC, Truncated Plant_BlacHQT2(MK598074)
49 Plant_Black_Jack_HQ_transcript/116155 GGTGAAACAAAACC(Plant_BlacHQT2(MK598074)
Truncated Plant_BlacHQT2(MK

69 Plant_Black_Jack_HQ_transcript/124097 AACCATG, Truncated Plant_Blac HQT2(MK598074)

84 Plant_Black_Jack_HQ_transcript/136685 GGTCATG Truncated Plant_BlacHQT2(MK598074)
118 Plant_Black_Jack_HQ_transcript/17032 GGTGCGC, Truncated Plant_BlacHQT2(MK598074)
131 Plant_Black_Jack_HQ_transcript/20221 GGTGCAA Truncated Plant_BlacHQT2(MK598074)
192 Plant_Black Jack_HQ_transcript/52365 GGGTGAAACAAAAC(Plant_BlacHQT2(MK598074)
Truncated HQT2(MK
HQT2(MK
284 Plant_Black_Jack_HQ_transcript/90310 GTGCGCAACCCCAAA Plant_BlacHQT2(MK598074)
287 Plant_Black_Jack_HQ_transcript/90891 GGTGAAACAAAACC(Plant_BlacHQT2(MK598074)
298 Plant_Black_Jack_HQ_transcript/95595 GCGCAACCCCAAACC Plant_BlacHQT2(MK598074)
299 Plant_Black_Jack_HQ_transcript/96170 GGTGAAACAAAACC( Plant_BlacHQT2(MK598074)
Truncated_ HQT2(MK
305 Plant_Black_Jack_HQ_transcript/97943 GGTGAAACAAAACC(Plant_BlacHQT2(MK598074)
308 Plant_Black_Jack_HQ_transcript/98322 GGTGAAA Truncated Plant_BlacHQT2(MK598074)

Figure S4. Excel snapshot showing identified twenty-one potential HQT2 gene sequences

for B. pilosa during the filtering process using custom made filters in excel.

Sequer T |Sequence name l ~ comme ~ | similari = homol¢~T homolog -

4 Plant_Black_Jack_HQ_transcript/101284  GTGTCTTCTTTAAACC Plant_Blac HQT3(MK598075)
12 Plant_Black_Jack_HQ_transcript/103969 GGTGTCTTCTTTAAAC Plant_BlacHQT3(MK598075)
24 Plant_Black_Jack_HQ_transcript/108057 GTGTCTTCTTTAAACC Plant_BlacHQT3(MK598075)
27 Plant_Black_Jack_HQ_transcript/108970 = GGTGTCTTCTTTAAAC Plant_BlacHQT3(MK598075)
42 Plant_Black _Jack_HQ_transcript/113476  GGTGTCTTCTTTAAAC Plant_BlacHQT3(MK598075)
58 Plant_Black_Jack HQ_transcript/120049 GAACTCGTGTCTTCTT Plant_BlacHQT3(MK598075)
71 Plant_Black_Jack_HQ_transcript/124745 GGGTGTC Truncated Plant_BlacHQT3(MK598075)
250 Plant_Black_Jack_HQ_transcript/72570 GGTGTCTTCTTTAAAC Plant_BlacHQT3(MK598075)
289 Plant_Black_Jack_HQ_transcript/91401 GTGTCTTCTTTAAACC Plant_BlacHQT3(MK598075)
297 Plant_Black_Jack_HQ_transcript/95365 GGTGTCTTCTTTAAAC Plant_BlacHQT3(MK598075)
302 Plant_Black_Jack_HQ_transcript/97320 GTGTCTTC Truncated Plant_BlacHQT3(MK598075)
309 Plant_Black_Jack_HQ_transcript/98418 GTGTCTTCTTTAAACCTTCTTTTCCHQT3(MK598075)

Figure S5. Excel snapshot showing identified twelve potential HQT3 gene sequences for B.

pilosa during the filtering process using custom made filters on excel.
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1HQT3_MKS8075_ M 5B BB 5T 54 54 5% B 5§ B4 5 HA B4 HE  H4 LY BN LB 6H 56
2Plant Black Jack HO transcrigt/3260 8568 100 10 %05 0483 U %G %G BT UL %5 551 WL 0 B5 %05 %L 0 KO 10
3Plant Black Jack HO transeript/72570 8568 10 100 9505 8 MB %G %B KT UB %G5BS WUB W0 B5 %GB %L 0 BHH 10
4Plant Black Jack HO_transeript/90541 8587 9605 %05 10 965 96 100 10 BN GG 0 BB GG %G /A 100 BY BB BL %G
SPlant Black Jack HQ transcript/90548 8541 948 M® 96 0 100 96 98 OB 00 965 WR 0 MUB W} G5 BE UB NI UB
GPlant Black Jack HO transcript/31401 8541 W48 98 965 0 00 96 98 U3 100 955 WW 00 HUB WA U5 BE UB BN UB
7Plant Black Jack HQ transcript/95365 8587 %05 %05 10 965 965 10 10 WY 6 10 BB 965 %G B 0 B %G BL %6
BPlart Black Jack HO transeript/o730 859 %B %B 10 98 ¥8 0 10 %Y P8 0 BB P8 KB B/H 0 BN BB BB %G
OPlant Black Jack HO transcript/98418 8587 %9 %9 BN OB OB WY BN W 9B BN WA 9B K5I BE NY WM Ky W2 %I
10 Plant Black Jack HQ transcrigt/100288 8541 M8 MB U5 W0 W0 96 98 WB 100 96 BN W0 BB BR 96 BE UB BN Uy
11 Plant Black Jack HQ transcript/ 103959 8587 %05 %05 100 965 WS 0 10 B UGS 10 BB %S % B/ W0 ¥R %G BL %G
12 Plant Black Jack HQ transcript/105633 8641 9551 9551 B3 9% BN BB BB WA BN BB W BN B5 BVF BB B B51 BVH %51
13 Plant Black Jack HQ_transcript/108057 8541 948 9483 965 10 00 965 98 U3 00 955 W@ 00 UB B/R U5 BE UB BN UB
14 Plant Black Jack HQ transcript/108970 8568 100 10 %05 M8 U %G %G BT UL %G B5  WUB W0 B %0 %42 00 BH 10
15 Plant Black Jack HQ_transcrigt/110829 854 9551 9551 941 W3 W B4 W%  BAE W3R WA W3B  B/R B51 100 BA  BA B51 B/F %51
16 Plant Black Jack HQ_transerigt/11376 8587 %605 %05 W0 965 96 0 10 B HE 10 BB GG %G B W BN KGE BL %G
17 Plant Black Jack HQ transcript/106876 8592 %42 %42 BN BB BB B2 BN HU BB BN 8L BB %L BY WY 100 %2 B %A
18 Plart Black Jack HQ transeript/120040 8568 100 100 905 9483 483 %05 %03 59 UB %G  B51 MB 0 551 %05 %L 0 B 10
19 Plant Black Jack HQ transcript/120790 8643 9549 %549 BN WY BN BL BB B2 BN VY N BN HY BWF BY B BH 100 BHM
20 Plant Black Jack HO transeript/12745 8568 10 100 9505 B  MUB %G %B BT UB %G5 %H51 UB 0 B5 %G %L 0 W BHH W

Figure S6. This figure is showing a percentage matrix index of acyltransferases from B. pilosa, the colours herein represent the following:
yellow=truncated sequence, green= 100% identity, Red = >95% similarity and the data is in the following order, HCT(A), HQT1(B), HQT2(C)
and HQT3 (D).
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GACCACCTTCTGGATAAAACAATACACCAATCCCCAAACCTCACGTGTCCTTAAACTGATTCCTCAATTTCACACCCCAACTTGTCGGACAATCTTTTTTTTT
ATTTTTTGTCGGAGAATCTTAAAAAAACATCCGATGAAGCTAATAGTGAAAGAATCATCAATTATAAAACCCGCTAAACCGACTCCGGTTACCCGGATATGG
AACTCGAACCTCGACTTAGTCGTGGGTCGAATCCATATCCTAACCGTTTACTTCTACCGACCGAATGGGAGTTCGGGTTTTTTTGATCCGGTTGTTATGAA
GGAAGCTTTAGCCAAAGTTCTTGTTTCGTTTTTTCCTATGGCCGGACGGTTGGCAAAAGACCGTGATGGCAGGATTGAAATTAATTGTAACGGTGAGGGT
GTTTTGTTTGTCGAAGCGGAAGCAGATTGTTGCATTGATGATTTTGGGGAGATTACGCCGTCGCCGGAGTTGAGGCAGTTGGCGCCTACGGTGGATTATT
CCGGAGAGATTGATTCGTATCCGCTTGTTATTACACAGGTTACACGATTTAAATGTGGTGGGGTTTCTCTAGGGTGTGGACTACATCATACATTATCAGAT
GGACTCTCATCTCTTCATTTCATCAACACATGGTCTGACAAAGCTCGAGGTTTATCAGTCGCAGTCCCACCATTCCTTGATCGTACTCTTATTCGAGCGCG
GAACCCACCTACACCAATGTTTGACCATGTTGAGTATCACCAACCACCATCAATGATTGTCCCATCGGAAAACCAAAAATCCCCATCTCACTCCAAGTCCA
CATCAACCGTGATGCTACGTCTCACACTTGATCAGTTAAATGATCTTAAACTAAAGGCAAAAGGCGATGAAAGCGCACATCATAGCACATATGATATCCTA
GCCGCTCATCTATGGCGATGTGCGTGTAAATCACGTGGACTCTTAGATGATCAACCAACTAAATTGTACGTGGCTACTGATGGACGGTCAAGATTGAACC
CGCCACTCCCTCCCGGTTACCTTGGGAATGTCATTTTCACTGCCACCCCAATCATGAAAGTAGGCGAGTTTAAGTCTGAGTCGTTAGGGGACACTGCAAG
GAGAATCCATAATGAGTTGGCTAGAATGGACGATCAATATCTTAGATCAGCTATTGACTACCTGGAGACAATATCTGATCTATCAACTCTTGTTCGTGGGC
CATCTTACTTTGCGAGTCCAAATCTGAATGTAAACAGTTGGACTCGCTTACCCATCTATGACTCTGATTTCGGGTGGGGACGGCCCATTTTCATGGGACCT
GCGAGCATTCTCTATGAAGGCACGATTTATATCATACCGAGCTCGAGTGATGACCGGAGTGTCAAGTTGGCGGTGTGCTTGGACTCGGATCATATGACTT
TGTTTAAGGAATGCTTGTATGATTTCTAGCGAAGTGATGAATTATAGATGTAATAAGGC

>Icl|ORF
MKLIVKESSIIKPAKPTPVTRIWNSNLDLVVGRIHILTVYFYRPNGSSGFFDPVVMKEALAKVLVSFFPMAGRLAKDRDGRIEINCNGEGVLFVEAEADCCIDDFGE!
TPSPELRQLAPTVDYSGEIDSYPLVITQVTRFKCGGVSLGCGLHHTL SDGLSSLHFINTWSDKARGLSVAVPPFLDRTLIRARNPPTPMFDHVEYHQPPSMIVPS

ENQKSPSHSKSTSTVMLRLTLDQLNDLKLKAKGDESAHHSTYDILAAHLWRCACKSRGLLDDQPTKLYVATDGRSRLNPPLPPGYLGNVIFTATPIMKVGEFKSE

SLGDTARRIHNELARMDDQYLRSAIDYLETISDLSTLVRGPSYFASPNLNVNSWTRLPIYDSDFGWGRPIFMGPASILYEGTIYIIPSSSDDRSVKLAVCLDSDHMT
LFKECLYDF

Nucleotide sequence 1. HQT1 nucleotide sequence from B. pilosa as obtained from the SMRT sequencing technique. This sequence was used to generate
ORF herein.
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GGTGAAACAAAACCCAATCTCTTTAGCTCCTTAAACTCTCCAATCACACACACATATCTTTGTGTGTAACCTTAAAAAAACATGAAGATGAACATAACTATAA
CAAACTCATCAATCATTCCTCCATCAAAAACCACACCAGATGCTCCTAAACACCTATACACCTCTAACTTGGACCTTATTGTTGGCAGGATCCATCTCCTAA
CCGTTTACTTCTACCGACCGAACGGTTCGGCTAACTTTTTCGACCCAAAGGTCATGAAAAAGGCGCTAGCCGATGTACTCGTCTCGTTCTACCCAATGGC
AGGGCGGTTGGGTAGAGACGAGACGGGTAGGATCGTTATTAATTGTAATAACGAAGGCGCTTTGTTCGTTGAAGCGGAATCGGATTCGAGTTTGGATGAT
TTTGGAGAGTTTACTCCGTCACCCGAGTTTAAAAGTCTTACGCCGAATGTTGACTGCTCGGGTGATATTTCTTCGTATCCGTTGTTTTTCGCACAGGTAACT
CATTTCAAATGTGGAGGAGTAGGTCTTGGTTGTGGTGTGTTCCATACATTATCAGATGGTTTATCCTCACTCCATTTCATAAACACATGGTCCGATGTGGCT
TGCGGGTTGTCTGTAGCCATCCCACCATTCATTGACCGGACCTTACTACGTGCACGTGACCCACCCACCCCAACCTATGACCATGTCGAATACCACCCAC
CACCCGTCATGAACACGGTCACCCAAAAATCGGGTTCACTTTCTAAATCATCAACCACCATGCTAAAACTCACACTAGACCAACTCAACACTCTCAAAGCT
AAAGCCAAGAATGACGGTGGGCCCAACCATAGCACGTACGCTGTCCTAGCCGCTCATATATGGCGGTGCGCGAGCAAGGCTCGTGGGCTCTCAAATGA
CCAGTTGACCAAACTTTACATAGCCACAGATGGGAGGTCGAGACTTAGTCCCCAGCTCCCACCTGGCTACCTTGGGAATGTGATCTTTACAGCCACCCCA
ATTGCTAAATCAGGTGATCTGACATCAGGATCATTGTTGAACACTGCAAAACTCATTCACACCACGTTAAGCAAAATGGACAATGATTATTTGAGATCAGCT
ATTGATTACCTTGAGTTACAACCCGACCTATCAGCTCTTATTCGTGGACCTGGCTACATTGCTAGCCCGAATTTAAACATAAACGCTTGGACCAGACTTCCT
GTGCATGACGCGGATTTTGGGTGGGGTCGGCCGATCTTTATGGGGCCCTCGATTGTATTGTATGAGGGGACCATATATATTCTACCTAGCCCAAACAATG
ATAGGAGTGTGTCTTTGGCTGTTTGTTTAGATGCAAAGGAACAACCACTTTTTGAGAAGTACTTGTATGAGATTTAAGGTTTTTGAACCAAACAAGTTGTGG
GCTGTTTGGTTTTTGGCTTGAATTTTCATTTTTGTGATAATAAGAGTGTGTTAGGACTTTAGGAGCCCATGATGATTGTAAATTATAAGTTATTGAGTAGAAC
TTTATTAACTCGTGTTC

>Icl|ORF

MKMNITITNSSIIPPSKTTPDAPKHLYTSNLDLIVGRIHLLTVYFYRPNGSANFFDPKVMKKALADVLVSFYPMAGRLGRDETGRIVINCNNEGALFVEAESDSSLD
DFGEFTPSPEFKSLTPNVDCSGDISSYPLFFAQVTHFKCGGVGLGCGVFHTLSDGLSSLHFINTWSDVACGLSVAIPPFIDRTLLRARDPPTPTYDHVEYHPPPV
MNTVTQKSGSLSKSSTTMLKLTLDQLNTLKAKAKNDGGPNHSTYAVLAAHIWRCASKARGLSNDQLTKLYIATDGRSRLSPQLPPGYLGNVIFTATPIAKSGDLT
SGSLLNTAKLIHTTLSKMDNDYLRSAIDYLELQPDLSALIRGPGYIASPNLNINAWTRLPVHDADFGWGRPIFMGPSIVLYEGTIYILPSPNNDRSVSLAVCLDAKEQ
PLFEKYLYEI

Nucleotide sequence 2. HQT2 nucleotide sequence from B. pilosa as obtained from the SMRT sequencing technique. This sequence was used to generate
ORF herein.
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GTGTCTTCTTTAAACCTTCTTTTCCTTCATCAATGGGATCTTCTGATCACATGAAGCTGAACATAAACATCAAACACTCAACACTCATACAACCATCCAAGCC
CACACAGGCTAATTCCACTAAGCAGCTATGGACGTCAAACCTGGACTTGGTGGTTGGCAGGATCCATATTCTGACGGTCTACTTCTACCGTCCGACCGGT
GCCGCCAACTTCTTTGACCCGGTTGTCATGAAGAAGGCGTTGGCGGATGTGCTGGTTGCCTTTTATCCGATGGCTGGTCGAATGGGTAAAGATGAGAAT
GGCAGAGTTGTGATTAATTGTAATGATGAGGGTGTTTTGTTTGTTGAAGCCGAGTCCGATTCCACGTTGGATGACTTCGGTGAGTTCACGCCGTCGCCGG
AGCTAAGGCGGTTGACGCCCACGGTTGACTATTCCGGTGGCATTTCTACTTACCCTCTGTTTTTTGCTCAGGTGACACATTTCAAATGTGGAGGAGTTGGT
CTTGGTTGTGGTGTGTTTCATACATTAGCCGATGGTCTATCCTCAATACATTTCATCAACACATGGTCCGACATGGCTCGGGGCCTTTCCATAGCCATCCC
ACCGTTCATTGACCGCTCCTTGCTTCGTGCACGTGAACCACCCACTCCCACGTTTGACCATGTCGAATACCACCCCCCACCGTCGATGAAAACCGCCTCCC
AAATCCACCCGAAAACCGTCCACCACGATCCTAAAGCTCACCCTTGATCAACTCAATGCTCTCAAAGCCGCAGCCAAGAATAATAGTGGAAACGTCAACTA
TAGCACGTACGAGATCCTCGCGGCTCACTTATGGCGCTGCACGTGCAAGGCTCGTGGGCTCCCAGACGACCAACTAACCAAACTTTACGTGGCTACTGA
TGGGCGGTCAAGACTGAGCCCCCAGCTCCCCCCAGGGTACCTAGGCAACGTGGTGTTCACCGCCACACCAATCGCCAAATCAGCTGACCTCACAACTG
GACCATTGTCCAATGCAGCATCTTTGATCCGGGCCACTTTGTCCAAAATGGACAACGACTATTTGAGATCCGCCATTGACTACCTCGAGGTGCAGCCCGA
TCTCTCGGCCTTGATTCGTGGCCCGAGTTACTTTGCAAGCCCAAACTTGAACATAAACACGTGGAACCGGTTGCCTGTTCATGATGCGGATTTCGGGTGG
GGTAGGCCCGTGTTCATGGGTCCGGCGTGTATATTATATGAGGGGACGATTTATGTTCTACCGAGCCCAAATAATGATAGGAGTATGTCACTCGCGGTGT
GTTTGGATGCTGAGGAGCAGCCATTGTTTGAGAAGTTCTTATATGACTTCTAAGGATTGTGATGCAGCTGATGCTTGTTAATTCTGTGCATCAAAATTTGTG
AAAATTGAGAAGGGCAATATTGGATTTTATTATTTTTTTTTCTTCTTTTTTTGGATTTTGAATGCAGGCAATTAGCTTTGTTAGTTGTGACAACTTTATAGTGT
ACTGGAAAAGGAGGCTGAGAATTATTATATGTACAAGTACAACATGTCAC

>Icl|ORF

MGSSDHMKLNINIKHSTLIQPSKPTQANSTKQLWTSNLDLVVGRIHILTVYFYRPTGAANFFDPVVMKKALADVLVAFYPMAGRMGKDENGRVVINCNDEGVLFV
EAESDSTLDDFGEFTPSPELRRLTPTVDYSGGISTYPLFFAQVTHFKCGGVGLGCGVFHTLADGLSSIHFINTWSDMARGLSIAIPPFIDRSLLRAREPPTPTFDHV
EYHPPPSMKTAPKSTRKPSTTILKLTLDQLNALKAAAKNNSGNVNYSTYEILAAHLWRCTCKARGLPDDQLTKLYVATDGRSRLSPQLPPGYLGNVVFTATPIAK
SADLTTGPLSNAASLIRATLSKMDNDYLRSAIDYLEVQPDLSALIRGPSYFASPNLNINTWNRLPVHDADFGWGRPVFMGPACILYEGTIYVLPSPNNDRSMSLAV
CLDAEEQPLFEKFLYDF

Nucleotide sequence 3. HQT3 nucleotide sequence from B. pilosa as obtained from the SMRT sequencing technique. This sequence was used to generate
ORF in figure S6, C.
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AACTCAAGACAACTTCACACCAAATTCACACCAACTATCCCTAAATTAATCAAACATTTTGTCCAACACATTTCACTTCACCATTTGTCCTTGTTCTTTTAAGA
TCATTAATATGAAGATCGAGGTTAGAGAATCAACGATGGTGAGACCGGCTGAGGAGACACCGAAGATTAATCTATGGAACTCGAATGTTGACCTAGTGGT
CCCGAATTTTCATACACCTAGTGTGTATTTTTACCGGCCTAATGGTGCTACCAACTTCTTTGACCCGAAGGTGATGAAAGATGCCTTGAGTAGGGCGTTGG
TCCCGTTTTACCCGATGGGTGGGCGGTTGAAGAAAGACGAAGATGGTCGAATTGAGATCGATTGTCAAGGACAAGGCGTGTTGTTTGTGGAGGCGGAGT
CTGATGGTGTGGTGGATGATTTTGGTGACTTTGCACCCACTTTAGAGCTTAGGAAACTTATTCCATCGGTTGATTATTCGCTAGGAATTGAATCGTATCCGT
TGCTAGTCTTGCAGGTCACTTACTTTAAATGTGGTGGGGTGTCACTAGGAGTTGGTATGCAACACCACGCTGCTGACGGGGCATCCGGGTTGCACTTCAT
CAACACATGGTCCGACATGGCTCGAGGCCTTGACCTAACTATCCCACCCTTTATTGACCGAACCCTTTTACGCGCTAACGACCCACCCCGACCCACATTT
GACCATGTCGAGTACCAACCCGCCCCATCTATGAAATACGCACCCGAAACCTCAACCGACCAACAAGTTCCCGAGACTGCAGTCTCTATTTTTAAGTTAAC
CCGGGACCAACTCAACGCCCTGAAAGCCAAATCAAAAGAAGCTGGTAACACAATTAGTTATAGCTCGTATGAGATGCTCTCGGGCCATGTGTGGAGGTGC
GTGTGTAAAGCTCGTGGCCTGAATGATGATCAGGACACGAAGCTATACATTGCAACTGACGGGCGGGCCCGCCTCCGCCCGTCACTCCCACCTGGCTAC
TTTGGGAACGTGATATTTACCACCACCCCAATAGCAGTAGCTGGGGACTTAATATCAAAGCCTACATGGTACGCCGCGGGTAAAATCCACGACGCGTTGG
TAAGAATGGACAATGATTATTTAAGATCCGCACTCGATTACTTAGAACTTCAGCCCGATCTAAAGGCGTTGGTTCGCGGGGCCCACACATTTAAGTGCCCA
AATCTTGGGATCACTAGTTGGGCTAGACTTCCGATTCATGATGCGGACTTTGGATGGGGCCGGCCCATATTTATGGGGCCGGGAGGGATAGCTTATGAA
GGATTGAGTTTTGTGTTACCGAGCCCGATTAATGATGGGAGCATGTCGATTGCGATTTCGCTACAAGCTGAACACATGAAGCTTTTTAGTGGCTTCTTGTA
TGATATCTAAAATGGTTTGAGATTATAACTTTATATTACTCATTATTCATAAAACCTTTCCTAGATACATTGTTGTATGTGAGTGGAGGCTGAAACAGTTTTTA
ATCAGCTTATCGGTTAATTACTTTTACATCATTGTAAGTAAAGAATGGTCTTGTATCTTATATATATATATTTGACCATCAATTTAATGT

>Icl|ORF1

MKIEVRESTMVRPAEETPKINLWNSNVDLVVPNFHTPSVYFYRPNGATNFFDPKVMKDALSRALVPFYPMGGRLKKDEDGRIEIDCQGQGVLFVEAESDGVVD
DFGDFAPTLELRKLIPSVDYSLGIESYPLLVLQVTYFKCGGVSLGVGMQHHAADGASGLHFINTWSDMARGLDLTIPPFIDRTLLRANDPPRPTFDHVEYQPAPS
MKYAPETSTDQQVPETAVSIFKLTRDQLNALKAKSKEAGNTISYSSYEMLSGHVWRCVCKARGLNDDQDTKLYIATDGRARLRPSLPPGYFGNVIFTTTPIAVAG
DLISKPTWYAAGKIHDALVRMDNDYLRSALDYLELQPDLKALVRGAHTFKCPNLGITSWARLPIHDADFGWGRPIFMGPGGIAYEGLSFVLPSPINDGSMSIAISL
QAEHMKLFSGFLYDI

Nucleotide sequence 4. HCT nucleotide sequence from B. pilosa as obtained from the SMRT sequencing technique. This sequence was used to generate

ORF herein.
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Figure S7. Open reading frames of HCT (A), HQT1 (B), HQT2(C) and HQT (D) computed using ExXPASy
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Figure S8. Multiple sequence alignment of B. pilosa HCT gene.

Multiple sequence alignment of B. pilosa HCT with its homologues from Helianthus annuus
(XP_022018316.1), Cirsium japonicum (QQH14914.1), Artemisia annua (PWA37917.1), Mikania
micrantha (KAD4889191.1), Chicorium intybus (ANN12608.1) and Echinacea purpurea (QR159128.1).
Residues are grouped according to colours, for instance same colour represent similar residues across
all genes from different plants. The alignment was generated using MUSCLE. The position of the
residue is shown by the number on the right.
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Figure S9. Full multiple sequence alignment of B. pilosa HQT1 gene.

Multiple sequence alignment of B. pilosa HQT1 with its homologues from Helianthus annuus
(QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua (PWA39281.1),
Mikania micrantha (KAD5794970.1),
(AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum cinerariifolium (GEV77257.1).

Residues are grouped according to colours, for instance same colour represent similar residues across

Lactuca sativa (XP_023733842.1),

all genes from different plants. The alignment was generated using MUSCLE algorithm of the MEGA

software. The position of the residue is shown by the number on the right.
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Flani_Black_Jack_HC_franscript102138
HP_024080016.1_Cynara_var_scolymus
PWATTI92,1_Amamisia_annua
CAB4OTATES 1_Lacuca_saligna
EP_D21560087 1 _Helianthus_annuus
ANM1 26111 _Cichorum_inkbus
HP_D219%496821,1_Helianthus_annuus
CARG2145 1_Cynara_var_scolymus
QEMTES39.1_Hellanthus_annuus
QRISSNET 1 _Echinacas_purpuras
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HP_024980016.1_Cynara_var_scolymus
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Plant_Black_Jack_H_transcript02 138
XP_QF4980016.1_Cwmara_var,_scolmus
PWATTHIZ 1_Amamisia_annua
CAB40T4 763 1_Lacuca_saligna
XP_D@1HE00ET A _Helianthus_annuus
AR 2611, 1_Gichorium_inkybus
XP_021986821.1_Helianthus_annuus
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Flani_Black_Jlack_HC_transcript102138
AP_D24980016.1_Cynara_var,_scohmus
PWATT292.1_Anamisia_annus
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Plani_Black_Jlack_HC_franscript02138
HF_DF49B0016.1_Cwnara_var,_scohmus
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Figure S10. Full multiple sequence alignment of B. pilosa HQT2 gene.

Multiple sequence alignment of B. pilosa HQT1 with its homologues from Helianthus annuus
(QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua (PWA39281.1),
Mikania micrantha (KAD5794970.1),
(AEK80405.1), Chicorium intybus (ANN12610.1) and Tanacetum cinerariifolium (GEV77257.1).

Residues are grouped according to colours, for instance same colour represent similar residues across

Lactuca sativa (XP_023733842.1),

all genes from different plants. The alignment was generated using MUSCLE algorithm of the MEGA

software. The position of the residue is shown by the number on the right.
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Figure S11. Full multiple sequence alignment of B. pilosa HQT3 gene.

Multiple sequence alignment of B. pilosa HQT1 with its homologues from Helianthus annuus
(QBM78938.1), Cynara cardunculus var scolymus (AFL93687.1), Artemisia annua (PWA39281.1),
Mikania micrantha (KAD5794970.1),
intybus (ANN12610.1) and Tanacetum cinerariifolium (GEV77257.1).

Residues are grouped according to colours, for instance same colour represent similar residues across

Lactuca sativa (XP_023733842.1),

(AEK80405.1), Chicorium

all genes from different plants. The alignment was generated using MUSCLE algorithm of the MEGA

software. The position of the residue is shown by the number on the right.
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Figure S12. Representative UHPLC-gTOF-MS/MS chromatogram showing distribution patterns of
chlorogenic acid derivatives in Bidens pilosa, with Y-axis showing peak intensity and X-axis showing

retention time (min). The distribution pattern is as per the mass at m/z 353.
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Figure S13. Representative UHPLC-qTOF-MS/MS chromatogram showing distribution patterns of
chlorogenic acid derivatives in Bidens pilosa, with Y-axis showing peak intensity and X-axis showing

retention time (min). The distribution pattern is as per the mass at m/z 367.
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Figure S14. Representative UHPLC-qTOF-MS/MS chromatogram showing distribution patterns of

chlorogenic acid derivatives in Bidens pilosa, with Y-axis showing peak intensity and X-axis showing

retention time (min). The distribution pattern is as per the mass at m/z 499
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Figure S15. Representative UHPLC-qTOF-MS/MS chromatogram showing distribution patterns of
chlorogenic acid derivatives in Bidens pilosa, with Y-axis showing peak intensity and X-axis showing

retention time (min). The distribution pattern is as per the mass at m/z 515
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Figure S16. Representative UHPLC-qTOF-MS/MS chromatogram showing distribution patterns of

chlorogenic acid derivatives in Bidens pilosa, with Y-axis showing peak intensity and X-axis showing

retention time (min). The distribution pattern is as per the mass at m/z 529
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Figure S17. Typical mass spectra showing fragmentation of cis-3-Caffeoylquinic acid (A), trans-3-
Caffeoylquinic acid (B), cis-4-Caffeoylquinic acid (C), trans-4-Caffeoylquinic acid (D), trans-5-

Caffeoylquinic acid and cis-5-Caffeoylquinic acid (E)
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Figure S20. Typical mass spectra showing fragmentation of 3.4-di-Caffeoylquinic acid (A), 3.4-di-
Caffeoylquinic acid (B), 3.5-di-Caffeoylquinic acid (C), 3.5-di-Caffeoylquinic acid (D), 4.5-di-

Caffeoylquinic acid (E), 4.5-di-Caffeoylquinic acid (F) and 4.5-di-Caffeoylquinic acid (G)
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Figure S21. Typical mass spectra showing fragmentation of 3-Caffeoyl-4-feruloylquinic acid (A), 3-
Caffeoyl-4-feruloylquinic acid (B) , 3-Caffeoyl-4-feruloylquinic acid (C), 3-Feruloyl-5-caffeoylquinic acid
(D), 3-Feruloyl-5-caffeoylquinic acid (E), Feruloyl-caffeoylquinic acid(F), 4-Caffeoyl-5-ferulolyquinic acid
(G), 4-Caffeoyl-5-ferulolyquinic acid (H), 4-Caffeoyl-5-ferulolyquinic acid (), Feruloyl-caffeoylquinic acid
(J) and Feruloyl-caffeoylquinic acid (K)
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Identification of putative acyl transferase genes responsible
for biosynthesis of homogenous and heterogenous

hydroxycinnamoyl-tartaric acid esters from Bidens pilosa
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Abstract

Bidens pilosa is an edible plant with highly sought-after nutraceutical properties. The
purported bioactivities of this plant can be correlated to the high number of
metabolites. Amongst these metabolites, different derivatives of hydroxy-cinnamoyl
esters have been shown to exist in high proportions. However, the enzymatic
machinery, thus the biosynthetic pathways responsible for the accumulation of these
compounds in the plant have not yet been identified. We therefore report for the first
time, the putative identification of two genes with sequence homology to
hydroxycinnamoyl-CoA: tartaric acid hydroxycinnamoyl transferase (HTT) in B. pilosa.
The full-length sequence of the two isoforms of HTT gene were achieved using single
molecule real time (SMRT) sequencing approach. Analyses of methanolic extracts of
B. pilosa through Liquid-chromatography hyphenated with mass spectrometry (LC-
MS) technique revealed the existence of heterogeneous hydroxycinnamoyl-tartaric
acid esters, consisting of mixed and different hydroxycinnamoyl derivatives. To the
best of our knowledge, this is a first report on these molecules from B. pilosa. Taken
altogether, this plant utilises hydroxycinnamoyl-CoA tartaric hydroxycinnamoyl
transferase (HTT) genes to diversify its metabolite composition through esterification
of tartaric acid acceptor molecule by acylating it with either homogeneous (same) or
heterogenous (different) hydroxycinnamic acids (HCA) derivatives. Therefore, B.
pilosa is a source of structurally diverse isomeric compounds with purported
nutraceutical values. The enzyme products of the two identified HTT genes are
therefore pointed out as possible catalysts which can be further exploited by
incorporating them in other economically viable plants to enhance the nutraceutical

values thereof.

Keywords: Bidens pilosa, Hydroxycinnamic acids, Hydroxycinnamoyl-CoA: tartaric acid
hydroxycinnamoyl transferase gene, Single molecule real time sequencing, Liquid

chromatography mass spectrometry
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3.1 Introduction

For decades, plants have formed the backbone of complicated traditional medicine
systems. One example of medicinal plants is Bidens pilosa from the Asteraceae family
(Bartolome et al., 2013), which is an erect, perennial herbaceous plant (Bashir et al.,
2018). B. pilosa is known to be a valuable source of nutraceuticals for both humans
and animals (Feugang et al., 2006, Sonnante et al., 2010). B. pilosa is an underutilised
plant often regarded as a weed whereas it possesses a wide array of important
secondary metabolites (Lepelley et al., 2007). The role of these secondary metabolites
is to help the plant in defence and to adapt to the immediate environment (Tiwari and
Rana, 2015; Bartwal et al., 2013). To date, over 300 compounds of B. pilosa have
been reported (Xuan and Khanh, 2016). The phytochemistry of B. pilosa comprises of
aliphatic compounds, flavonoids, polyacetylenes, terpenoids, aromatics and
hydroxycinnamic acids (Xuan and Khanh, 2016). Due to their structural diversity there
is an increasing interest in the hydroxycinnamic acids and derivatives found in B.
pilosa (Ramabulana et al., 2020). Hydroxycinnamic acids (HCAs) comprise of a C6-
C3 carbon skeleton and may occur as free forms (Garrido and Borges, 2013) or
conjugated forms (Masike et al., 2017). HCA compounds and their derivatives are
ranked among the most valuable dietary phenolic compounds (Naveed et al., 2018).
Studies have shown that consumption of foods with high content of HCA-containing
compounds such as coffee plays a pivotal role alleviating complications associated
with diabetes (Lai et al., 2015; Sonnante et al., 2010; Scalbert et al., 2005), skin cancer
(Siddiqui et al., 2018; Kang et al., 2009), obesity and cardiovascular diseases (Li et
al., 2020; Gokcen and Sanlier, 2019). These HCAs can be conjugated to sugar
derivatives (Jaiswal et al., 2014), quinic acid (Ncube et al., 2014), citric acid (Masike
et al., 2017), polyamines (Mhlongo et al., 2016) and tartaric acid (Nobela et al., 2018).
The structural diversity of these compounds arises from the regional-isomerisation
owing to differential acylation of these acceptor molecules at different positions, which
then diversify the metabolome pool of B. pilosa (Ramabulana et al., 2020). Moreover,
Molecules that contains HCA are also known to undergo geometrical isomerization
(due to UV-light exposure) which then further amplifies the already diverse structural
forms of these compounds (Clifford et al., 2008; Zheng et al., 2017). In B. pilosa, a

common HCA derivative is chicoric acid, a molecule comprising of two caffeic acids
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attached to a tartaric acid (Lee and Scagel, 2013). The chicoric acid from B. pilosa has
been shown to form additional three geometrical isomers post UV-exposure owing to
the stereochemical uniqueness of the tartaric acid found in B. pilosa (Nobela et al.,
2018). Consequently, the chicoric acid from this plant is a meso-chicoric acid which is
rarely found in plants as compared to the most abundant L-chicoric acid form (Lee and
Scagel, 2013). Chicoric acid is produced through the phenylpropanoid pathway and
has been identified in different plants such as Lactiva sativa (Lee and Scagel, 2013),
Echinacea purpurea (Fu et al., 2021) and Equisetum arvense. The biosynthetic
pathway for production of chicoric acid in E. purpurea has been elucidated (Lee and
Scagel, 2013). BAHD acyltransferase gene, hydroxycinnamoyl CoA: tartaric acid
hydroxycinnamoyl transferase (HTT) plays a pivotal role in the synthesis of chicoric

acid and has been identified in E. purpurea (Fu et al., 2021).

As stated above, the metabolites in B. pilosa are structurally diverse and complex, and
their differentiation and annotation pose an undisputed analytical challenge. However,
through Liquid-chromatography hyphenated with mass spectrometry (LC-MS)
technique, many metabolites including HCA derivatives have been identified in B.
pilosa (Ramabulana et al., 2021). Apart from the few examples provided above, there
is very few literature on the genetic machinery responsible for the biosynthesis of
tartaric acid derivatives, and more research is needed in order to place these
metabolites on the phenylpropanoid pathway, similarly to what is known about their
structural counterparts, the quinic acid derivatives (Mudau et al., 2018). Transcriptomic
analyses through next generation sequencing (NGS) approach have been found to be
a feasible approach to identify genes responsible for most metabolites found in
different plants, such as transcriptomic data of Aconitum heterophyllum (Pal et al.,
2013), microRNA of Picrorhiza kurroa (P. kurroa) (Vashisht et al., 2015), eleven Rosa
roxburghii metabolism gene (Lu et al.,, 2016). Elsewhere, genes responsible for
chlorogenic acids biosynthesis have been identified through NGS sequencing (Kim et
al., 2013). There are several limitations associated with traditional NGS approach such
as short read length (Rhoads and Au, 2015), which makes it difficult to assemble and
to detect isoforms (Ma et al., 2019). To overcome these challenges, a new way of
sequencing which allows for a full-length transcriptome known as SMRT sequencing

has been developed (Rhoads and Au, 2015), through this approach multiple genes
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from various plants have been identified (Cui et al., 2020; Xiang et al., 2016; Malar et
al., 2019). In this study, SMRT sequencing approach and LC-MS technique were used
to identify potential genes responsible for the biosynthesis of hydroxycinnamoyl-

tartaric acid esters and their compositions respectively.
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3.2. Methodology
3.2.1. Total RNA isolation

B. pilosa plants were grown at the university of Venda greenhouse. Four weeks old
plants were taken to ingaba biotech in Pretoria, South Africa in separate pots. Total
RNA was extracted from 1 gram leaf material using Quick — RNA plant mini prep kit
was used for extraction of total RNA following manufacture’s protocol. Main steps
followed were: Whole plants were cut with a razor to small pieces. Bashing beads with
lysis buffer was used for RNA extraction. Zymo-spin IlICG column were used to
precipitate total RNA. Zymo-spin [ICR column was used to filter unwanted biological
components in the tube. RNA wash buffer was used to wash RNA and DNase/RNase
free water was used to resuspend total RNA. Total RNA was quantified using

Nanodrop 2000c spectrophotometer (Thermofischer Scientific).
3.2.2. cDNA preparation and sequencing

cDNA Library preparation for sequencing was done using the 1so-Seq™ Express
Template Preparation for Sequel® and Sequel Il Systems’ procedure and checklist as

recommended. The main processes were as follows:

Total RNA was reverse transcribed into cDNA using a NEBNext® Single Cell cDNA
Synthesis & Amplification Module and Iso-Seq Express Oligo Kit that was optimized
for preparing high-quality, full-length cDNAs. The Oligo dT primer was used for the
synthesis of cDNA and a random oligomer. The obtained full-length cDNA was
amplified by PCR using random oligomers. The amplified product was purified by PB
magnetic beads and quantified using Qubit 2.0. The amplified cDNA fragments were
amplified by PCR for the second time and the full-length cDNA was purified by PB
magnetic beads. The full-length cDNA were terminally repaired and the SMRT
dumbbell adapter was connected. Exonuclease were used to digest the fragments that
were not connected to the jointer. The PB magnetic beads were used for purification
to obtain a sequencing library. After the library was constructed, Qubit 2.0 was used
for accurate quantification. Then used Agilent 2100 to detect the library size.

Sequencing was performed after the library size was qualified.
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3.2.3. Identification of potential HTT genes from B. pilosa

Genes in phenylpropanoid pathway were retrieved

(https://www.ncbi.nlm.nih.gov/biosystems/493811), and an inhouse database was

created. A BLAST+ command line was used to search for similar genes in the B. pilosa
full transcriptome sequences. Results were then subjected to filtering process as
follows: Echinacea purpurea’ HTT sequence was retrieved from NCBI, and it was used
as a custom database against gene sequences found in B. pilosa. An excel file was
created and all the 312 sequences from B. pilosa were further scrutinised to only leave
the full-length sequences, thus those with start and stop codon. Furthermore,
sequences that showed high similarity index to the HTT gene of Echinacea purpurea
were marked as homologues on the excel file. This allowed the identification of only
the genes of interest which are potential HTT genes in B. pilosa.

3.2.4. Percentage similarity

Percentage matrix index was computed with Multiple Alignment using Fast Fourier
Transform (MAFFT) CD-hit of identified HTT gene sequences and homologue
sequences retrieved from NCBI. The results were saved in a separate excel file where
different colours were used to mark the most identical ones (>95%). The identical
sequences were eliminated, preference given to sequences >1000 bp.

3.2.5. Integrity of Sequences

To check the integrity of the sequences, the Expert Protein Analysis System
(ExPASY) was used. The identified HTT sequences were subjected to this
computational tool to check if whether the sequence is truncated or not. The
sequences were first mapped to the reference gene to establish the start and stop
codons. Thereafter were taken to ExPASy to compute an open reading frame(s). The
results were recorded in excel as truncated if the sequence could not generate an

ORF that can be used downstream.
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3.2.6. Multiple sequence alignment (MSA)

Identified potential HTT genes were further aligned with those of other plants obtained
from NCBI in order to establish homology with sequences from other plants of
different/same family. These sequences were aligned using MUSCLE built in MEGA
(Hall, 2013) and viewed using GLC workbench.

3.2.7. Phylogenetic Analysis

Identified HTT protein sequences from B. pilosa together with the sequences retrieved
from NCBI were exported to MEGA version 10.1.7 (Hall, 2013) and the neighbour
joining (NJ) phylogenetic tree was constructed with the bootstrap value of 1000 (Mao
et al., 2019).

3.2.8. Metabolite extraction

Two grams (2 g) of fine ground leaves of B. pilosa were dissolved in 20 mL of 80%
aqueous methanol. The mixture was spun throughout the night at 70 rpm to enhance
the metabolite extraction. Tubes were placed in a rack to allow separation of
supernatant (solvent) and pellet by gravity. The supernatant (1 mL) was transferred to
a 2 mL Eppendorf tube. The samples were filtered twice using 1 mL syringe fitted with
a 0.22 um nylon filter (Agela Technologies, China) into a 2 mL vial fitted with 0.2 mL
conical bottom glass insert. The samples were stored at 4 °C until analysis.

3.2.9. Liquid chromatography mass spectrometry

The extracts were analysed on an LC-qTOF-MS, model LC-MS 9030 instrument
(Shimadzu, Kyoto Japan), fitted with a Shim Pack Velox C18 column (100 mm x2.1
mm with particle size of 2.7 ym) (Shimadzu, Kyoto, Japan), placed in a column oven
thermo-stated at 55 °C. A binary solvent system consisting of solvent A: 0.1% formic
acid in water and solvent B: 0.1% formic acid in acetonitrile (UHPLC grade, Romil SpS,
Cambridge, UK) was used with a total flow rate of 0.4 mL/min. Chromatographic
separation of the analytes was achieved through a 53 min long gradient method
consisting of the following steps: initial, 10% B for 3 min, followed by a steep gradient
to 60% B over 40 min, constant at 60% for 3 min, increased to 90% in 2 min, kept at
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90% over 3 min, and returned to 10% for 2 min and finally the initial conditions (10%

B) were re-established and column was allowed to re-equilibrate for 3 min.

The MS detection parameters were set as follows: ESI negative ionization mode;
interface voltage of 3.5 kV; nebulizer gas flow at 3 L/min; heating gas flow at 10 L/min;
heat block temperature at 400 °C; CDL temperature at 250 °C; detector voltage at 1.70
kV; TOF tube temperature at 42 °C. Sodium iodide (Nal) was used as a mass
calibration solution to ensure acquisition of high accurate masses. The m/z range of
100-1000 was used for both high-resolution MS and tandem MS (MS/MS)
experiments. For MS/MS experiments, argon gas was used as collision gas, and MSE
mode using collision energy ramp of 15 to 25 eV was used to generate possible

fragments.
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3.3. Results and Discussion

In the current study, two putative HTT genes from B. pilosa were identified and the
metabolites which are possibly products of phenylpropanoid pathway facilitated by two
hydroxycinnamoyl-CoA tartaric hydroxycinnamoyl transferase genes were also
identified herein. This study initially identified five potential HTT gene from B. pilosa,
and after filtering process to check the quality of the sequences, only two were
identified as potential HTT in B. pilosa. The filtering process involved percentage
matrix index to eliminate all potential HTT gene within B. pilosa plant (Fig. S5). EXPASy
was used to check sequence integrity by assessing if identified sequences will have
an ORF that can be used to design primers. The ORF identified interestingly
possesses both conserved regions DFGWG and HXXXD respectively (Figure S1 &
S2). Sequences aligned share the same conserved motifs (DFGWG and HXXXG)
highlighted with a red colour (Figure 3.1). The only conserved residues on the HXXXG
motif are histidine and glycine, this then means variations are expected in the -XXX-
region. Herein, the identified HTT genes contains HRVLD (HTT1) and HRVAD (HTT2)
respectively. Literature has reported on different HXXXD motifs such as HYVVD,
HVVAD, HVYMCD, HRVVD and HKIAD in Aster spathulifolius (Park et al., 2021). The
MSA shows that this motif is different from one plant to another, as it is the case in B.
pilosa (Figure 3.1 & Figure S1). These genes fall under the BAHD acyltransferase
family of genes because of the conserved motifs that they possess (Pierre and De
luca, 2000). HTT gene from Echinacea purpurea and Helianthus annuus showed a
very high similarity to the two genes isolated from B. Pilosa in this study. Interestingly,
all these three plants (B. pilosa, Echinacea purpurea and Helianthus annuus) are from
the Asteraceae family, this gives confidence to the two putative hydroxycinnamoyl-
CoA tartaric hydroxycinnamoyl transferase identified in this study because these
genes are showing high similarity to same genes from plants of the same family.
Homology of HTT genes from Asteraceae was further established using phylogeny
and the two hydroxycinnamoyl-CoA tartaric hydroxycinnamoyl transferase identified
showed a common evolutionary history by 100% (Figure 3.2). The bootstrap values
show close similarity between the putative genes in B. pilosa, H. annuus and E.
purpurea. Hydroxycinnamoyl-CoA tartaric hydroxycinnamoyl transferase 1 & 2 (HTT1

and HTT2) from B. pilosa is in the same clade as E. purpurea and the bootstrap value
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is 87 which validates these sequences to be very similar that the split between was
not significant. B. pilosa (HTT1 & HTT2) and E. purpurea (HTT) shares the same clade
as H. annuus (sunflower), and the bootstrap value was found to be 59%. This shows
that B pilosa HTT genes are more closely related to E. purpurea than H. annuus HTT
gene. B. pilosa produce a wide variety of structurally diverse HCA compounds
(Ramabulana et al., 2021). Enzymes responsible for biosynthesis of HCAs such as
chlorogenic acids (CGA) have been identified in other plants such as Coffea
canephora (Koshiro et al., 2007; Lepelley et al., 2007). Overexpression of
hydroxycinnamoyl-CoA quinate hydroxycinnamoyl transferase (HQT) gene in
Solanum lycopersicum (tomato) increased the CGA content (Niggeweg et al., 2004),
this phenomenon was also observed in taraxacum (Qun et al., 2018). The principal
pathway for CGAs biosynthesis involves the synthesis via trans-esterification of the
caffeoyl-CoA and quinic acid catalysed by the hydroxycinnamoyl-CoA quinate
hydroxycinnamoyl transferase (HQT) enzyme. Interestingly, genes coding for HQT
were shown to differ from one plant to another and their existence can be positively
correlated with CGA content in various plants, although certain plants such as
Arabidopsis thaliana are known to have HQT gene but are unable to produce CGAs
(Lepelley et al., 2007).
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Figure 3.1 HTT gene sequences from different Asteraceae family plants showing emphasis to the

conserved motifs, (A) DFGWG and (B) HXXXD highlighted in red. The first two sequences
(Plant_Black Jack HQ transcript/109501 and Plant_Black_Jack HQ transcript/123562) are HTT1
and HTT2 genes respectively from B. pilosa obtained from Pacbio sequencing, and the other sequences

were retrieved from NCBI (shown by NCBI accession numbers).

161

© University of Venda



7S
>

(o

&5 ) university of Venda
C

—— PWA47623.1 HCT Artemisia annua

—— PWA37917.1 HCT Artemisia annua
ANN12608.1 HQT Cichorium intybus
—— QQH14914 1 HCT iso 2 Cirsium japonicum
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Figure 3.2 Neighbour joining phylogenetic analysis of HTT genes from B. pilosa and other HTT genes

from Asteraceae family were retrieved from NCBI database. The evolutionary history was inferred using

the Neighbor-Joining method. The optimal tree with the sum of branch length = 4,11446114 is shown.

The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test

(1000 replicates) are shown next to the branches. The evolutionary distances were computed using the

Poisson correction method and are in the units of the number of amino acid substitutions per site. This

analysis involved 15 amino acid sequences. Evolutionary analyses were conducted in MEGA X.
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Figure 3.3 Representative UHPLC-qTOF-MS/MS chromatogram showing distribution patterns of

tartaric acid derivatives in B. pilosa, with Y-axis showing peak intensity and X-axis showing retention
time. The distribution pattern is as per the masses, at m/z 473 (A), at m/z 457 (B) and at m/z 487 (C).
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Recent studies have reported the use of LC-MS in characterisation of diverse
hydroxycinnamic acid tartaric acid esters in B. pilosa such as caftaric acid, chicoric
acid, coutaric acid, fertaric acid, and caftaric acid glycoside (Khoza et al., 2016; Nobela
et al., 2018; Ramabulana et al., 2020).
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Figure 3.4 Typical mass spectra of the fragmentation patterns of dicaffeoyltartaric acid

(A), p-coumaroyl-caffeoyl tartaric acid (B), feruloyl caffeoyl tartaric acid (C).

Metabolite 1 eluted at the retention time of 21.266 min with a parent ion at m/z 473.
Fragmentation of this metabolite produced daughter ions at m/z 311, at m/z 219, at
m/z 149, at m/z 135 (Figure 3.4A). Metabolite 1 was then identified as chicoric acid
(CA) by its molecular ion [M-H]-, at m/z 473 which fragmented to give product ions at
m/z 311 [CTA-H]- due to the loss of a second caffeic acid residue. Other fragmented
ions were produced at m/z 149 [TA-H]- and m/z 135 [CFA-CO2]. Figure 3.5A shows

the structure of this metabolite. Due to two caffeoyl acid attached to tartaric acid; the
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structure show that it is homogeneous. This fragmentation pattern has also been noted
elsewhere (Buiarelli et al., 2010; Chen et al., 2012; Ramabulana et al., 2020). CA
fragmented and produced daughter ions at m/z 311 (caftaric acid) due to the loss of
162Da which is the mass representing hexose. It also produced product ions at m/z
179 due to the loss of tartaric acid residue and other daughter ions were produced at
m/z 149 (Caffeic acid) and m/z 135 due to the decarboxylation of caffeic acid residue.
Chicoric acid and caffeic acid are biological active compounds which have been
reported to have various nutraceutical benefits such as being an antioxidant, anti-
cancer and many other benefits (Sunetha et al., 2013). Importantly, recent studies
demonstrated that hydroxycinnamic acid and tartaric acid esters i.e., chicoric acid, a
chlorogenic acid derivative inhibits HIV-1 integrase enzyme at low concentrations
(Healy et al., 2009). Chlorogenic acids have also shown anti-viral activity against
influenza virus (H1N1) (Ding et al., 2017). This highlights the need to further explore
the metabolome of B. pilosa to characterise other HCA derivatives that could have
potential biological activities. These molecules are hydroxycinnamic acid derivatives
and are found in plants like E. purpurea (Lee & Scagel., 2010), C. intybus (Jaiswal et
al., 2011), Taraxacum antungense (Chen et al., 2012), Lactuca sativa var. capitata
(Schitz et al., 2004) and have also been positively identified in B. pilosa (Ramabulana
et al., 2020). These molecules have also been identified in wine to investigate their

variations during different wine ageing stages (Buiarelli et al., 2010).

Metabolite 2 eluted at retention time of 21.266 with a parent ion at m/z 457 [M-H]- as
shown in figure 3.4B above. Fragmentation pattern of this molecule produced daughter
ions at m/z 135, at m/z 149, at m/z 179 and at m/z 311. The fragmentation pattern of
this molecule shows tartaric and caffeic acid peaks and a peak that shows
decarboxylation of caffeic acid which is caftaric acid. The parent ion of this molecule
is [M-H] — at m/z 457 and as stated above it showed to have caffeic, coumaric and
tartaric acid moiety. This molecule gave product ions at m/z 295 (coutaric acid) due to
loss of caffeic acid, it further fragmented to produce coumaric acid at m/z 163 and its
decarboxylated ion at m/z 119. Two signals of low abundance at m/z 311 and at m/z
179 proved the presence of a caffeoyltartaric acid. Due to the fragmentation pattern
displayed above, this metabolite was identified to be p-coumaroyl caffeoyl tartaric acid

and is represented by its structure in figure 3.6B. The structure in figure 3.6B shows
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that p-coumaroyl caffeoyl tartaric acid is a heterogenous compound since it contains
caffeoyl and coumaroyl. Fragmentation pattern of this molecule has also been noted

elsewhere in Taraxacum officinale (Schiitz et al., 2004).

Metabolite 3 was eluted at a retention time of 21.266 with a parent ion at m/z 487. The
fragmentation of the parent ion produced fragments at m/z 135, at m/z 179, at m/z
193, at m/z 161, at m/z 219, at m/z 149 as shown in figure 3.4C. Fragmentation pattern
of this molecule showed at m/z 487 as the parent ion, which fragmented to give a peak
at m/z 293 (caffeoyl tartaric acid), at m/z 193 (mono ferruloyl tartaric acid), at m/z 179
(caffeic acid), at m/z 135 (caffeic acid). Based on this fragmentation pattern this
molecule was identified as caffeoyl-feruloyl tartaric acid (Figure 3.5C). This
fragmentation pattern has been noted also in C intybus (Buiarelli et al., 2010). Based
on literature, plants that commonly produce HHT enzymes are also known to
accumulate the tartaric acid esters, especially chicoric acid (Fu et al., 2021). and, as
such, identification of these acyl transferases genes in B. pilosa could be correlated to
the existence of the tartaric acid esters of HCA reported herein (Figure 3.5), and those
reported previously (Khoza et al., 2016). More importantly, expression studies through
recombinant DNA technology could also be carried out in order to establish the

expression of these enzymes with the accumulation of these esters.
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Figure 3.5 Chemical structures of HTT derivatives from B. pilosa. (A) dicaffeoyltartaric

acid, (B) p-coumaroyl caffeoyl tartaric acid, (C) Feruloyl-caffeoyl tartaric acid.
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3.4. Conclusion

In this study, B. pilosa was shown to synthesize hydroxycinnamoyl tartaric acid which
are HCA derivatives and known to have many health benefits such as antioxidant,
anti-cancer (Sunetha et al., 2013) and many other benefits. These metabolites have
been reported in other plants, but herein their existence in B. pilosa is reported for the
first time. Hitherto, the enzymatic machinery responsible for the production of wide
variety of HCA metabolites derivatives in B. pilosa is not known. As such the current
transcriptomic data, through phylogenetic analysis (through comparison with other
known genes) revealed genes that play a role in the phenylpropanoid pathway for
production of HCA-tartarate derivatives in B. pilosa. Furthermore, the results of the
current study highlight the two identified HTT genes of which their enzyme products
are possible catalysts in biosynthesis of HCA derivatives which can be further
exploited by incorporating them in other economically viable plants in order to enhance

the nutraceutical values thereof.
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>Plant_Black_Jack HQ_transcript/109501

GATATAAACCCAATATAAAAACATCTAATATATTCCAAAAGAATAAAGAAAAATCTTTTGTGACACC
TACATGGATTTTTAGACATATAATTCTCACGCGATCATTCTTCACTCTGTGTCACGCATCCAATTAT
AGAGTTTCAGAAGACCATTGGTTTAAGTAGCTGTGAAGATCAAGATGAAGGTGGTCGTAAGAGAA
TCGACTATGGTGAGGCCAGCCGAGGAGACACCAACAACAAAGCTTTGGATGTCTAGCCTTGATC
TAACTGCCTTCAACAACTACACACAAACAGTGTATTATTACCGGCACAACAGTGCTCCCAACTTCT
TTGACATAAAAGTTATGAAGGACACTTTGAGCAGGGCGTTGGCTGCGTTTTACCCAATGGCAGG
GCGGTTTAGAAATGACGAAGATGGCCGGATTGAAATCGATTGTCAAGGACAAGGGGCGTTGTTT
TTGGAAGCTGAGTCGGATGGCGTTATCGATGACTTCGGTGACTTTGAACCCACACCGGAATACTT
GAAACTCGTTCCAGTGATCGATTACTCTCTGGGAATTGAATCACTTCCTCTCCTAATGTTACAGGT
AACTTGCTTCAAATGCGGTGGGGTTTCGCTAGGAGTTGTGATGCACCATCGTGTCCTGGATGGG
ATATCTGCAATGCACTTCATCAACACATGGTCCGATATGGCGCGTGGCCTTGACATCACTCTTCC
ACCCTTCATAGACAGGACCCTCCTCCGTGCAAGGGACCCCCCACAACCAGCCTTTGAGCACATC
GAATACCACTCAGATCCAAAAGTGAAGTCGCCCTTTGATGAAACCAAAATCGCTTGCTCAATGTT
TAAGTTAACACGAAACCATCTCGATATGCTCAAATCTAAATCAAAGGAAGATGGGAACACGATCA
GCTACAGCTCTTTTGAAATGTTGGCGGCTCATATTTGGAAGTGCGTGTGTAAAGCTCGTGGGTTG
CCAGAAAACGTCGAAACCAGGTTCGACTGCCCAATCGATGGGCGGGCTCGCTTTGAACCACCAC
TTCCACCAGGCATTTTCGGAAATGCTATCTTCAGAACCACTACTACAGCAACAGCAGGTGACATT
CAATCCAAACCTTTGTGGTACGTTGCAAGTAAAATACACGATGCTGTAGCGAGGATGAATAATGA
CTATCTAAAATCATCACTCGATTATCTGGAACAACACCATCTTTCTCAAAGGCTCGAGCTTAATTA
TAACTACACGAGTCTTCTAATTGTAAGTTGGGCTAGGCTCCTGATTTACAATGCAGACTTTGGGT
GGGGTCGGCCAATTTTCATGGGGGGTACGAGCATCCCATCCGCTGGTAGGTGTTATGTGTTACC
AAGCCCGGAAAACGATGGGAGCTTATCAATCGTCATTGGACTAGAAGGTGAACAAATGAAGCTAT
TCAGTACCTTGTTGTATGCAATCTGAAATGTATGTGTACTTTAATTGTAATAATAATCGGTACAACT
CTTTCTCGTATTGATCGAGTTTAAATAAACTTTGAATTGC

>Icl|ORF

MKVVVRESTMVRPAEETPTTKLWMSSLDLTAFNNYTQTVYYYRHNSAPNFFDIKVMKDTLSRALAAF
YPMAGRFRNDEDGRIEIDCQGQGALFLEAESDGVIDDFGDFEPTPEYLKLVPVIDYSLGIESLPLLMLQ
VTCFKCGGVSLGVVMHHRVLDGISAMHFINTWSDMARGLDITLPPFIDRTLLRARDPPQPAFEHIEYH
SDPKVKSPFDETKIACSMFKLTRNHLDMLKSKSKEDGNTISYSSFEMLAAHIWKCVCKARGLPENVET
RFDCPIDGRARFEPPLPPGIFGNAIFRTTTTATAGDIQSKPLWYVASKIHDAVARMNNDYLKSSLDYLE
QHHLSQRLELNYNYTSLLIVSWARLLIYNADFGWGRPIFMGGTSIPSAGRCYVLPSPENDGSLSIVIGL
EGEQMKLFSTLLYAI
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ARLLIYNADFGWGRPIFMGGTSIPSAGRCYVLPSPENDGSLSIVIGLEGEQMRLFSTLLYAT —

> LEMTEMAGLKSIVKDKGRCFWELSRMALSMTSVTILNEERNT-NSE s LTLWEL

HNQPLSTSNTTQIQK-SRPLMRERSLAQCLS—HET TRSE
QOOVTFNPNLCETLOVEY TML—RG— IMET -NHESTIWNNT I FL| VE-L-V&
cMQS

55FMTIDRLESFSGLGNT-HLEADGMLVEEMKIGREEFPRSA
IMPGGSGGSKRARPSIGOSNLVSTFSGNPRALHTHFQI -AR
PRAISDEVLMECI.
ITFMSKRLGALLCR——YT

Figure S1: HTT1 nucleotide sequence from B. pilosa as obtained from the SMRT

sequencing technique and the amino acid sequence of the ORF.

>Plant_Black_Jack HQ_transcript/123562

GTTAAGTAGAGAAGATAAGATGAAGGTGGTCGTAAAAGAATCAAAGATGTTGAAGCCATATGAGG
AAACACCAACGACAAAGCTATGGCTCTCTAGCCTCGATCTCCTTGCCTTGAACAGATACACACTA
ACAGTGTACTTTTACCGGCCCAACGGTGCTCCCAACTTCTTTGACACGAAAGTTATGACGGACGC
TATGAGCAGGGCGTTAGTAGCGTTTTACCCAATGGCAGGCCGATTTAGACATGGTGAAAATGGA
AGGGTTGAGATCGATTGTCAAGGACAAGGGGTGTTGTTTTTGGAAGCCGAGTCAGATGGCGTTA
TCGATGATTTCGGTGACTTTGCACCCACACCAGAATACTTGAAACTCATTCCGGTGGTCGATCAC
TCTTTGGGAATTGAATCAATTCCTTTCGTGGTGTTGCAGGTCACTCGTTTCAAATGTGGCGGAGT
TTCGCTAGGAGTTGGGAACCACCATCGTGTGGCGGATGGGATGTCTGGGTTGCACTTCATCAAC
ACATGGTCCGATATGGCTCGTGGCCTTGACATCACGATCCAACCCTTCATAGACCGGACACTCC
TCCGTCCGCGAGACCCACCACGACCAGTTTTTGAACACATCGAATACCACCCATATCAAACAGTG
AAGGTGCCCTTAGATGTAACGAAAACCGCCTACTCAAAGTTCAAGTTTACCCGAGACCAACTCGA
TATGCTCAAAGAAAAATCAAAGGAAGACGGGAACACGATCAGCTACAGCTCTTTTGAAATTTTGT
CAGCCCATATTTGGAAATGCATGTGTATAGCAGCTCGTGATCAGCTGCCAGAAAACGCTGAGAC
CATGTTCGACTGCCCAATCGATGGGCGGGCTCGCTTTGAACCACCACTTCCGCGAGGCTTTTTC
GGGAATGTTATCTTCAGAGCCACTACTTCAGCAACTGCAGGCGAAATTCAAACCAAACCTTTGTG
GTACATTGCAAGTAAAATACATGATGCTTTAGCGAGGATGAATAGCGACTATCTAAGATCATCACT
CGATTATCTGGAACAACACCATAATTCTCATAAGCTCGAGCCTGATTTTAACCACACGGATCTTCG
AATAATAAGTTGGGCTAGGCTCCCGATTTACGACGCAGACTTTGGGTGGGGTCGGCCCATCTTC
ATGGGGGGTGCGCGCCTTACCCGCAGGTAAGTGCATGTGTTACCAAGCCCGACTAACGATGGG
AGCTTATCAATCGTCATTGGACTAGAAGTGAACAAATGAAGCTCTTCAGTAACTTGTTGTATGCAA
TCTGAAATGTATGTGTACTTTAATTCAATAATAATCAGTAAAACTCTTTTTCGTATTGATCGAGTTT
AAATAAACTTTGAAGTG

>ICl|ORF2

MKVVVKESKMLKPYEETPTTKLWLSSLDLLALNRYTLTVYFYRPNGAPNFFDTKVMTDAMSRALVAF
YPMAGRFRHGENGRVEIDCQGQGVLFLEAESDGVIDDFGDFAPTPEYLKLIPVVDHSLGIESIPFVVL
QVTRFKCGGVSLGVGNHHRVADGMSGLHFINTWSDMARGLDITIQPFIDRTLLRPRDPPRPVFEHIEY
HPYQTVKVPLDVTKTAYSKFKFTRDQLDMLKEKSKEDGNTISYSSFEILSAHIWKCMCIAARDQLPEN
AETMFDCPIDGRARFEPPLPRGFFGNVIFRATTSATAGEIQTKPLWYIASKIHDALARMNSDYLRSSLD
YLEQHHNSHKLEPDFNHTDLRIISWARLPIYDADFGWGRPIFMGGARLTRR
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~5'3' Frame 1
MLRPYEETPTTRLWLSSLDLLALNRY TLTVYFYRPNGAPNFFDTKVMIDAMSRALVAFY PMAGRFRHGENGRVEIDCQGQGVLFLEAESDGVIDDFGDFAPTPEYLELIPVVDESLGT
ESIPFVVLOVIRFRKCGGVSLGVGNHERVADGMSGLHFINTWSDMARGLDITIQPFIDRTLLRPRDPPRPVFEHIEYHPYQTVRKVPLDVTRTAYSKFKFTRDQLDMLREKSKEDGNTIS
Y¥SSFEILSAHIWRCMCIAARDQLPENAETMFDCPFIDGRARFEPPLPRGFFGNVIFRATTSATAGEIQTRPIWY IASKIEDATLARMN SDYLRSSLDYLEQHENSERLEPDFNHTDLRIT
SHARLPIYDADFGWGREIFMGGARLTRR - VHVLFSFTNDGSLSIVIGLEVNE-SS5VICCMOS

~—5'3" Frame 2

C-SEMREHOROSYGSLASISLP-TDTE-QCTFTGPTVLPTSLTREKL-RTIL-AGR-—RFTCWOAD LDMVEMEGLRSIVRDRGCCFWRPSOMAL SMI SVTLEPEQNT-NSEFRWSITLWEL
NQFLSWCCRSLVSNVAEFR-ELGTTIVWRMGCLEGCTSSTEGP IWLVALTSRSNPS-TGHSSVRETHHDOFLNTSNTTEIRQ-RCP-M-RKPPTQSSSLPETNSICSKENQRKTGTRSA
TALLEFCQPIFGNACV-QLVISCQETLRPCSTAQSMGGLATNHHFREAFSGMLSSEPLLOOLOARFEPNLCGTLOVEYMML -RG-TATI-DEHSTIIWNNTIILISSSLILTTRIFE-—
VGLGSRFTTQTLGGVGPSSWGVRALPAGRCMCYQARTLTMGAYQOSSTD- K- TNEAT.O- LVVCNL

~5'3' Frame 3
VEAI-GNTNDFAMAL-PRSPCLEQIETNSVLLPAQRCSQLL-HESYDGRYEQGVSSVLPNGRPI-TH-KWREG-DRLSRTRGVVEGSRVRWRYR-FR— HTRILETH GRSLFGN-—
INSFRGVAGHSFOMWRS FARSHWE PPSCGGHDVHWVALEOHMVRYGSWP-HHD PTLERPD T PP SARPTTTSF-THRIFPPISNSEGALRCNENRLLEVOVY PRPTRYAQREIRGRREHDQOL
CLF-NFVSPYLEMHVYSSS-SAARKR-DEVRLPNRWAGSL-TTTSARLFRECYL: FSNCRRNSNQTFVVHCEK-NT-CFSEDE-RLSKITTRLSGTTP-FS5-ARA-F-PHGSSNNEK
LG-APDLRRRINVGSAHLHGGCAPYPQVSACVTEPD-RWNELTNRHWTRSECMELEFSNLLYAT -

~3'6' Frame 1
SDCIQOVTEELHLFTSSPMTIDRLPSLVGLGNTCTYLRVRRAPPMRMGRPHPESAS-TGSLAQLI TRRSVWLESGSSL-ELWNCCSR-SSDDLR-SLEFILAKASCILLAMYHRGLY -T5
PAVAEVVALRITFPREPRGSGGSKRARPSIGOSNMVSAFSGS - SRAATEMEFQIWADRISKEL - LIVFPSSFDFSLSISSWSRVNLNFE-AVFVISEGTFTV-YGHY SMCSKTGRGGS
RGRRSVRSMEGWIVMSRPRATISDEVIMECNPDI PSATRWWFPTPSETPPHLERVTCNTTRGIDSIPRKE -5 T I CMSFRYSGVGARSPRSSITPSDSASKNNTPCP-QSISTLEFESFCLN
RPAIG-NATNALLIASVITFVSEELGAPLGR-KYTVSVYLFEARRSRLESHSFVVGVS GFN

~—3'6' Frame 2
QI NELLESFICSLLVQ-RLISSHR-SGLVTHALTCG-GAHPP-RWADPTQSLRI —PNLLFEDPCG-NQARAYENYGVVFPDNRVMILDSRYSSSLEERVFYLOCTTRVWFEFR
LOLLE-WL-R-HSRESLAFVVVQSEPAHRLGSRTWSQRFLARDHELLYTCISKYGLTRFQRSCS-SCSRLPLIFL-AYRVGLG-T-TLSRRFSLHLRAPSLFDMGGIRCVORLVVVGL
ADGGVSGL-RVGS-CQOGEEFPYRTMC--SATQTSHPPHDGGSQLL RET-NE-PATPREELIQFPESDRFPE- SILVWVQSERNER-RHLTRLPETTPLVLDNRSQPFHFHHV-T
GLPLGRTLLTFCS-RP5-L5CORSHEERWAGKSTLLVCICSROQGDRG-RATALSLVFPHMAST

~3'6' Frame 3
RLHETTSY-RASFVHF-SNDD--APIVSRAW-HMHLPAGKARTPHEDGPTPPEVCVVNREPSPTYYSKIRVVEIRLELMRIMVLFQITE--S-IVATHPR-SIMYFTCNVEQRFGLNFA
€s5Cc- SEDNIPERASREWWFRASPPIDWAVEHGLSVFWQLITSCY THAFPNMG- QN FRRAVADRVPVFL-FFFEEIELVSGRLEL-VGGFRY I -GHLHCLIWVVFDVFENWSWWV S
RTEECFVYEGLDRDVEATSHIGPCVDEVOPREPIRHTMUVENS-RNSATFETSDLOEHERN-FNSQRVIDERNEFQVFWCGCKVTEITDNAT - LGFOQRCHFLSLTIDLNPSIFTMSKS
ACHWVERY-REE VRENFRVRKEVGS IVGPVEVHC-CVSVOQGREIEAREP-LCRWCFLIWLOHE

Figure S2: HTT2 nucleotide sequence from B. pilosa as obtained from the SMRT sequencing

technique and the amino acid sequence of the ORF.
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Figure S3: Multiple sequence alignment of B. pilosa HTT genes.

Multiple sequence alignment of B. pilosa HTT with its homologues from Helianthus annuus, Echinacea
purpurea etc. Residues are grouped according to colours, for instance same colour represent similar
residues across all genes from different plants. The alignment was generated using MUSCLE. The

position of the residue is shown by the number on the right.
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Sequence name i
Plant_Black_Jack_HQ_transcript/105287
Plant_Black_Jack_HQ_transcript/109501
Plant_Black_Jack_HQ_transcript/119464
Plant_Black_Jack_HQ_transcript/123562
Plant_Black_Jack_HQ_transcript/155837
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a

T comme ~ | similari * |homol¢-T homolog -

GGGAGGCTCGATTTGCTCTTCGTIHST (MT936803)
GATATAAACCCAATATAAAAAC/HST (MT936803)
GATTCGTI Truncated/sequence HST (MT936803)
GTTAAGTAGAGAAGATAAGATG, HST (MT936803)
GTCATTCC Truncated/sequence HST (MT936803)

Figure S4. Snapshot of five identified potential HTT gene sequences of B. pilosa during the

filtering process using custom made filters on excel.

1 MT936803,1

2 Plant_Black_Jack_HQ_transcript/109501
3 Plant_Black_Jack_HQ_transcript/119464
4 Plant_Black_Jack_HQ_transcript/123562
5 Plant_Black_Jack_HQ_transcript/105287
6 Plant_Black_Jack_HQ_transcript/155837

100 78,77 77,59 78,94 78,91

78,77 100 84,75 86,08 75,19
77,59 84,75 100 96,59 74,98
78,94 86,08 96,59 100 77,1
78,91 75,19 74,98 77,1 100

70,63 71,94 81,11 82,87 67,87

70,63
71,94
81,11
82,87
67,87

100

Figure S5. This figure is showing a percentage matrix index of acyltransferases (HTT) from

B. pilosa, the colours herein represent the following: Red = >95% similarity
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4. Conclusion

Single molecule real time sequencing approach allowed identification of
acyltransferases in B. pilosa. Series of bioinformatics analysis revealed that B. pilosa
has 312 acyltransferase genes that play a role in the phenylpropanoid pathway. Out
of the 312 genes identified, 3 HQT and 1 HCT genes were characterised. Furthermore,
HTT genes were also identified and characterised. These newly described genes were
found to have overwhelming homology to the already published and authenticated
gene sequences from plants within the Asteraceae family. Moreover, these genes
were also found to contain sequences encoding highly conserved motifs synonymous
with BADH acyl transferases. However, the HXXXD motif identified herein found to
have a single amino acid difference from one gene to another. The percentage
similarity index obtained herein further validates the SMRT sequencing approach as
feasible method for establishing sequences of genes of which the reference template
is unavailable. Analysis of the methanol extracts of B. pilosa through LC-MS indicated
a very complex pool of metabolites, from mono-, di-, tri- acyls of chlorogenic acids.
Through LC-MS, tartaric acid esters of hydroxy cinnamic acids were also part of B.
pilosa’s metabolome pool. This study also shows that B. pilosa is an alternative source
of these highly sought-after chlorogenic acids compounds since it is easy to grow and
at no cost. Future studies should aim to clone these transcripts in plant systems that

do not produce CGAs in attempt to enhance their nutraceutical attributes.
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