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Abstract

Coffee is an important crop globally. Improving coffee quality is a primary breeding target that
would benefit from understanding of trait inheritance and ancestral genetic information. However,
comparatively little information exists on the genetics of quality and the relationships between wild
and cultivated coffee genotypes, especially arabica coffee (Coffea arabica L.) which accounts for
almost 60% of coffee production globally. The complex polyploidy genome and limited genomic
information for C. arabica have impeded the progress of genetic studies. Arabica coffee is among
the major organisms that do not have a reference genome. This project aimed to develop and utilise
genomic resources in genetic studies of arabica coffee quality. The relationship between coffee
species and the position of arabica within the Coffeeae tribe were investigated using complete
chloroplast genome sequences to determine the value of these genetic resources in breeding. A draft
genome sequence of arabica coffee was developed. Marker-trait associations were studied for
caffeine and trigonelline, the two principal compounds known to be related to coffee quality, paving
the way for developing new improved varieties with preferred levels of these compounds in the
coffee beans.

Chloroplast genomes of 16 coffee species were sequenced and their phylogeny constructed. Results
support distinct Psilanthus and Coffea clades. It is likely that C. canephora is a hybrid that has a
Psilanthus maternal genome but received much of its nuclear genome from Coffea. The maternal
genomes of C. arabica and C. canephora are divergent. This result is in agreement with the fact that
the chloroplast genome of arabica should be that of the maternal parent i.e. C. eugenioides. There
were two species (C. humblotiana and C. tetragona) close to C. arabica and one species (P.
ebracteolatus) close to C. canephora containing almost no caffeine. They could serve as important
materials in arabica quality breeding and research.

For the association study, 232 diverse arabica coffee accessions originating from 27 countries were
harvested from the germplasm collection at CATIE (Tropical Agricultural Research and Higher
Education Centre), Costa Rica. Substantial variation between genotypes was observed for bean
morphology attributes. Non-volatiles including caffeine and trigonelline showed larger variation in
range than was previously reported. Results of targeted analysis of 18 volatiles from 35 accessions
also showed significant variation. No strong correlation was found between bean morphology and
the levels of non-volatile or volatile compounds, implying that it is difficult to select for low or high
non-volatile and volatile compounds based on bean physical characteristics. However, it also
indicates that breeding for desirable combinations of traits (i.e. large bean size, low caffeine, high

trigonelline, and favourable volatiles) is possible.



The genome of the most popular arabica variety (K7) in Australia was sequenced. Genome
assembly was performed using both Illumina short reads and PacBio long reads. Assembly was
performed using a range of assembly tools resulting in 76,409 scaffolds with a scaffold N50 of
54,544 bp and a total scaffold length of 1,448 Mb. Validation of the genome assembly showed high
completeness of the genome in which BWA analysis demonstrated that > 98% of the short reads
mapped to the genome and > 93% were marked as properly paired. GMAP analysis indicated that >
99% of the CDS and transcriptome sequences mapped to the C. arabica draft genome and 89% of
BUSCOs were present. The assembled genome was annotated using AUGUSTUS and vyielded
99,829 gene models. The assembly outcomes were used as reference for association analysis.

Extreme-phenotype genome-wide association study (XP-GWAS) was performed to identify loci
affecting the caffeine and trigonelline content of C. arabica beans. DNA extracted from individuals
with extreme phenotypes (high vs. low caffeine, and high vs. low trigonelline) was bulked based on
biochemical analysis of the germplasm collection. Sequencing and mapping using the combined
reference genomes of C. canephora (CC) and C. eugenioides (CE) identified 1,351 non-
synonymous SNPs that distinguished the low- and high-caffeine bulks. Gene annotation analysis
with Blast2GO revealed that these SNPs corresponding to 908 genes with 56 unique KEGG
pathways and 49 unique enzymes. Based on KEGG pathway-based analysis, 40 caffeine-associated
SNPs were discovered, among which nine SNPs were tightly associated with genes encoding
enzymes involved in the conversion of substrates (i.e., SAM, xanthine and IMP) which participate
in the caffeine biosynthesis pathways. Likewise, 1,060 non-synonymous SNPs were found to
distinguish the low- and high-trigonelline bulks. They were associated with 719 genes involved in
61 unique KEGG pathways and 51 unique enzymes. The KEGG pathway-based analysis revealed
24 trigonelline-associated SNPs tightly linked to genes encoding enzymes involved in the
conversion of substrates (i.e. SAM, L-tryptophan) which participate in the trigonelline biosynthesis
pathways. Association analysis using the K7 arabica reference genome identified several additional
SNPs linked to genes encoding enzymes involved in caffeine and trigonelline synthesis pathways.
These SNPs could be useful targets for further functional validation and subsequent application in

arabica quality breeding.
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CHAPTER 1: GENERAL INTRODUCTION

Coffee is an important crop and the second most traded commodity in the world (after petroleum)
providing a living to more than 125 million people in the world. Coffee is consumed in the form of
roasted coffee (77.4%) and soluble coffee (22.6%) and this consumption has increased rapidly over
the last ten years (ICO, 2013). Coffee is grown primarily between the Tropics of Cancer and
Capricorn (Figure 1.1). The top coffee producing countries are Brazil (32%), Vietnam (18%),
Indonesia (6.5%), Columbia, Ethiopia, India and Honduras. The world leading coffee importing
countries are France (7%), Germany (4.8%), Netherlands, USA and Belgium. World production of
coffee in 2014/15 was 143.3 million 60-kg bags of which 57.85% was arabica and the remaining

robusta coffee (http://www.ico.orq).

Figure 1.1 The coffee belt bounded by the Tropics of Cancer and Capricorn

(Brown: the Tropics of Cancer and Capricorn; Yellow: coffee growing areas; Source: National Geographic)

Coffee belongs to the Rubiaceae family and the Coffeeae tribe, but its taxonomy and classification
is still controversial. Many previous studies divided Coffeeae tribe into two genera Coffea L. and
Psilanthus Hook.f (summarised by Anthony et al., 2011) while Davis et al. (2011) grouped the
Coffea and Psilanthus into one genus with 125 species distributed in Africa, Madagascar, the
Comoros Islands, the Mascarene Islands, tropical Asia, and Australia (reviewed by Krishnan et al.,
2013). Commercial coffee production is dominated by only two species belonging to the Coffea
genus: C. arabica and C. canephora (generally referred to as robusta coffee) (Figures 1.1 and 1.2)
and to a much lesser extent, C. liberica Hiern (Liberian, or Liberica, or excelsa coffee) (Davis et al.,
2006). All coffee species are diploid (2n=2x=22) and generally self-incompatible, except for two
diploid C. heterocalyx and C. anthonyi (Stoffelen et al., 2009) and the only tetraploid (2n=4x=44)

and self-fertie C. arabica which was derived from a spontaneous hybridisation between C.


http://www.ico.org/

canephora (as paternal progenitor) and C. eugenioides (as maternal progenitor) (Charrier and Eskes,
2004).

Figure 1.2 Map of world coffee cultivation areas

(r: robusta, m: robustaand arabica, a: arbica; Source: Wikimedia Commons)

Genetic improvement of complex-genome species like arabica can benefit from understanding of
ancestral information and trait inheritance at the genomic level. However, such information has
been limited for arabica coffee compared to its diploid relative C. canephora. It is among the
significant organisms that lack a reference genome. This project aims to develop and ulilize new
genome resources in genetic studies of arabica coffee. It is hypothezied that applying whole
chloroplast genome sequences can resolve the relationship between coffee species and position of
arabica within Coffeeae tribe, while complete nuclear sequences will enable association genetics to
identify markers or genes affecting biochemical compounds linking to coffee quality in arabica. The
project will (1) investigate the relationship between coffee species within Coffeeae tribe at the
chroloplast genome level, (2) examine the diversity within arabica and wild relatives in terms of
bean morphology, physical and chemical characteristics, (3) develop a draft genome sequence of
arabica coffee, and (4) use this new resource and other existing sequence information in association
analysis to identify loci associated with known quality-determining compounds, with a focus on
caffeine and trigonelline. The ultimate goal is to provide potential favorable haplotypes for breeding
programs that focus on quality improvement through designing different quality ideotypes within
arabica and/or in interspecific hybrids between arabica and wild relatives (C. humblotiana, C.
tetragona) to combine different quality traits. The project will also contribute knowledge and

development on coffee genetic and genomic resources.
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The owverall research plan is outlined in Figure 1.3. First, diversity of arabica vs. other coffee species
was examined using chloroplast genome sequences (Chapter 3). Second, a global germplasm set of
arabica coffee also including wild relatives was examined for variation in bean morphology and
biochemical compounds including volatiles and non-volatiles (Chapter 4). In parallel, leaves of K7
coffee — the most popular arabica genotype in Australia - were collected for DNA extraction then
sequenced, followed by assembly, validation and annotation (Chapter 5). Based on results from
Chapter 4, leaf samples of individuals that showed extreme phenotypic values in non-volatile
compound contents were selected for DNA extraction and bulked for sequencing and mapping to
reference sequences (generated from Chapter 5) to identify SNPs associated with the target non-
volatile compounds (Chapter 6).

Diversity study

Association study

(For interspecific \‘\\ (For intraspecific

breeding) . breeding)
;:_/,f’ \\‘_\'-‘. L s
Arabica vs Within Coffee Coffee
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Figure 1.3 Overall research plan

(Chapter 6)



The thesis has seven chapters:

Chapter 1 provides a general introduction on the overall project, including research background,

hypothesis, objectives, significance, research plan, and thesis structure.

Chapter 2 provides a comprehensive review on the importance of coffee, the coffee taxonomy, up-
to-date information on coffee quality and its determinants, factors affecting them, methods for

biochemical compound analysis, and coffee genomic resources.

Chapter 3 provides phylogenetic analysis using available Coffea chloroplast genomes. This will
help understand the relationship between species within Coffea genus and give the owverall pictures
of Coffea genomes and relationship among them and with the studied species — arabica. The chapter
provides information for breeders in relation to quality improvement, especially in interspecific
hybridisation. This chapter also provides information on the specific compounds in each species
studied, such as those with extreme levels of compounds mentioned in the literature review that

could be utilised in arabica breeding.

Chapter 4 presents the variation in bean morphology and biochemical compounds, as well as
chemistry analysis of a global germplasm collection for arabica coffee. It reflects the variation of
quality determinants including volatiles and non-volatiles among individuals within the arabica
germplasm. The result enables selection of groups of individuals with extreme phenotypic data for

use in Chapter 6.

Chapter 5 involved arabica genome assembly which will be used as reference for mapping to find
trait-associated SNPs in Chapter 6. This chapter described how genome assembly was performed,

and how to validate and annotate the draft genome.

Chapter 6 presents the application of XP-GWAS in discovery of trait-associated SNPs for caffeine
and trigonelline. This state-of-the art technique was developed for other crops but used in coffee

genomic study for the first time in this thesis, so its suitability for arabica will also be discussed.

Chapter 7 provides general discussion and suggestions for future studies.



CHAPTER 2: LITERATURE REVIEW !

2.1 Introduction

Although C. arabica is considered to have better quality and flavour than C. canephora, improving
quality of both commercial species remains a target for most coffee improvement programs.
Arabica is the dominant coffee species commercially and thus has a higher priority for genetic
improvement. With the advances in genomic and sequencing technology, it is feasible to understand
the coffee genome and molecular inheritance underlying coffee quality, thereby helping improve

the efficiency of breeding programs.

This review will cover aspects of coffee quality including characters used in assessment of green
and roasted coffee bean quality, main compounds determining quality, with a focus on caffeine and
trigonelline, how they are measured, their inheritance and non-genetic factors affecting their
presence in the bean. Available genomic resources as well as gene technology for manipulating
biochemical compounds determining coffee quality will also be discussed. Finally, association
mapping approaches using next generation sequencing and its potential application for the study of

genetics of coffee quality will also be reviewed.
2.2 Coffee quality

Coffee quality is comprised of two components: physical and organoleptic. Physical quality reflects
moisture content, defects, bean size and bean colour; while organoleptic quality reflects aroma,

taste, flavour, body, acidity and preference of tasters (Leroy et al., 2006).
2.2.1 Physical quality and its link to organoleptic quality.

- Moisture: Coffee is ideally kept at a moisture content of 12% for arabica and 13% for robusta
(Rojas, 2004). If the beans have low moisture content (below 8%), they will change colour, as well

as cup taste and consistency (Leroy et al., 2006; Rojas, 2004).

- Defects: A standard named ISO 10470 has been established by ISO (2004) that describes defect
including foreign materials of non-coffee origin (sticks, stones), non-bean origin (pieces of parchment or
husks), abnormal beans for shape regularity (damaged bean, broken bean, pea bean, elephant bean), for

visual appearance (black beans) and the cup taste after proper roasting and brewing.

- Bean size (or so-called ‘grade’ in coffee commerce): Bean size is an important factor in commerce

since it relates to price; lower price is paid for small beans of the same variety. Beans of consistent

! This chapter contains information thatis also published in: Tran, H. T., Lee, L. S., Furtado, A., Smyth, H., and Henry,
R. J. (2016). Advances in genomics for the improvement of quality in coffee. Journal of the Science of Food and
Agriculture 96, 3300-12.
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size are ideal for roasting since with unevenly size of beans, the result is burned for the smallest
beans and under-roasted for the largest beans, which affects the visual appearance of the beans and,
more seriously, affects the cup quality (Barel and Jacquet 1994, originally in French cited by Leroy
et al. (2006). Genotypes play a role in defining bean size, where arabica beans are larger (18-22 ¢/
100 beans) and denser than robusta beans (12-15 g/100 beans) (Wintgens, 2012)

- Bean colour: Bean colour reflects the freshness and homogeneity of coffee. Washed arabica often has
green-bluish colour as the indication of high quality (Wintgens, 2004b) while robusta has browner beans.

There are minor differences between arabica varieties in bean colour (Wintgens, 2004b).
2.2.2 Organoleptic quality

Organoleptic quality is difficult to assess. It is often assessed via the aroma, the evaluation of body
and perception of taste and flavours. The measurement of organoleptic quality relies on sensory

evaluation (Leroy et al., 2006). This is commonly referred to as ‘cupping quality’ or simply ‘cup’.
According to Wintgens (2004b), the characteristics of coffee cup could be described via:

- Aroma: The fragrance or odour perceived by the nose such as the scents of burnt or smoky,

chemical or medicinal, and chocolate-like presence.
- Taste: the bitterness, sweetness and/or saltiness perceived by the tongue.

- Flavour: the combination of aroma and taste, described as good flavour (spicy, winey and
fragrant) and off flavour (onion, musty, grassy, earthy, etc.). Four basic flavours commonly applied
for sensory evaluation are acidity, sweetness, saltiness and bitterness. Sweetness and the interaction
between sweetness and acidity provide a broad spectrum of flavours for arabica coffee. Bitterness
and saltiness are more common with robusta and low-quality arabica or arabica processed by dry
method.

- Body: a feeling of the heaviness or richness on the tongue.

- Acidity: a sharp and pleasing taste, ranging from sweet to fruity/citrus and is considered as a

favourable attribute.

- Preference: the liking of the taster and has a good linear correlation with acidity and aroma
(Wintgens, 2004b).

Recently, SCAA and WCR developed a new Coffee Taster’s Flavor Wheel to standardize the
description of coffee flavors (Spencer et al., 2016). In addition, WCR also completed the Sensory
Lexicon - a universal language of coffee’s sensory qualities, and a tool for measuring them (WCR,

2017). These help to describe precisely the characteristics of coffee cup.



Among several influencing factors, biochemical compounds in coffee beans are most important to
the quality of cup.

2.3 The biochemistry of coffee quality and methods of analysis
2.3.1 Chemical composition in coffee bean and its association with coffee quality
2.3.1.1 Non-volatiles

Green or unroasted coffee beans have chemical components in the non-volatile fraction such as
carbohydrates and fibre (sucrose, reducing sugars, polysaccharides, lignin and pectins), nitrogenous
compounds (protein, free amino acids, caffeine, trigonelline), lipids (coffee oil, diterpene esters),
minerals (K and P), acids and esters (total chlorogenic acids, aliphatic acids and quinic acid) (Farah,
2009). These compounds play several decisive roles in the roasting chemistry (Flament, 2002).
Proteins and amino acids, for example, are imperative in converting reducing sugars into aroma
precursors. Chlorogenic acids and caffeine, are responsible for bitterness (Joét et al., 2009). Among
these components, sucrose, caffeine, trigonelline, lipid and chlorogenic acids are major compounds
that contribute importantly to the flavour of the beverage after the roasting of the beans (Farah,
2009).

Caffeine and trigonelline are two of key compounds in coffee. They play an important role in the
bioactive effects of coffee including anti-proliferative, antioxidant, and antimicrobial effects (Nuhu,
2014).

2.3.1.1.1. Caffeine

Caffeine (1,3,7-trimetylxanthine, CgHi1oN4O>) is one of the main alkaloids contributing to the strength,
body and bitterness of brewed coffee (Trugo, 1984). Caffeine can be found in seeds and leaves of
coffee and its biosynthesis occurs in the cytoplasm of cells in buds and young leaves (Ogawa et al.,
2001) and immature fruits, then gradually accumulates during the maturation of these organs (Ashihara
et al., 2008). The variation of caffeine during fruit development was reported by Keller et al. (1972)
that the relative caffeine content of the pericarp falls during fruit development (from 1.68% to
0.24% on a dry weight basis) but remains more or less constant in the seed (of about 1.25%).
Caffeine content of the pericarp at the beginning of fruit development was twice as much as much
at maturity and that of the seed was twenty times (Keller et al., 1972). Biochemical and molecular
genetic studies using leaves of tea and coffee show that the major route of caffeine biosynthesis is from
xanthosine > 7-methylxanthosine - 7-methylxanthine - theobromine (3,7N-dimethylxanthine) —>
caffeine with three methylation and one nucleosidase reactions (Ashihara et al., 2008) (See Figure 2.1).
Koshiro et al. (2006) found that the pattern of caffeine synthesis during fruit development is not much

different between C. arabica and C. canephora. Active caffeine biosynthesis occurs in several parts of
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the fruit (from pericarp expansion to endosperm formation, young seeds through to maturation)
(Koshiro et al., 2006). It is reported that the caffeine content has a negative correlation with cup-quality
attributes, while no correlation was observed between caffeine content and the physical characteristics
of green bean (Dessalegn et al., 2008). The caffeine content of green coffee varies widely among
species (Campa et al., 2005a) and thus could be the target for breeding programs to modify the level of

caffeine in coffee.
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Figure 2.1 The major biosynthetic pathway of caffeine from xanthosine (adapted from Ashihara et al.,
2008).

Several studies show that during postharvest processing and roasting, caffeine content remains
almost unchanged or even has a slight relative increase in percentage due to the loss of other
compounds (Farah et al, 2006b; Oestreich-Janzen, 2010). Under severe roasting, Trugo and
Macrae (1989) found that caffeine had 5.4% loss and Franca et al. (2005) found a 30% loss of

caffeine with arabica samples of different qualities.
2.3.1.1.2. Trigonelline

Trigonelline is a methyl-betaine biologically derived from enzymatic methylation of nicotinic acid
(Farah, 2009). Trigonelline synthesis occurs in all parts of coffee seedlings but higher levels in
young tissues (leaves, flower buds, pericarp and beans) were found (reviewed by Ashihara, 2006;
De Castro and Marraccini, 2006). In addition, the net biosynthesis of trigonelline takes place in the
pericarp and is then possibly transported further from this tissue to the endosperm (Zheng et al.,
2004). The pattern of trigonelline biosynthesis during fruit development is very similar to that of
caffeine (Koshiro et al, 2006). The biosynthesis pathway of trigonelline involves eight steps,
starting from nicotinic acid mononucleotide and trigonelline is synthesised mainly from nicotinic
acid which is produced by the degradation of Nicotinamide adenine dinucleotide (Ashihara et al.,
2011) (see Figure 2.2). The levels of trigonelline in green and roasted coffee beans are strongly
correlated with high quality (Farah et al, 2006b). It contributes indirectly to the formation of
different desirable aromas during the roasting process (Ky et al, 2001b), and thus increasing
trigonelline is also a breeding objective.
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Figure 2.2 Possible pyridine nucleotide cycle and the trigonelline synthesis pathway in coffee fruits
(adapted from Ashihara et al., 2011).

Dart and Nursten (1985) found that trigonelline degraded readily during roasting. The loss of
trigonelline, which associated with nicotinic acid formation, was strongly dependent on the degree
of roasting and was higher in the robusta coffee (Trugo and Macrae, 1989). Trigonelline and
caffeine contents were used as indicators to distinguish arabica and robusta roasted coffees from
several geographical origins (Casal et al., 2000). Trigonelline content may also potentially be used
as a marker to discriminate growing environments, but not for genotype differentiation (Figueiredo
et al., 2013).

2.3.1.2 Volatiles

There are about 230 volatiles detected so far in green coffee bean (Holscher and Steinhart, 1995) of
which 2-methoxy-3-isopropylpyrazine and corresponding isobutyl-derivatives are associated with
the aroma of coffee (Vitzthum and Werkhoff, 1976).

One of the crucial steps towards a good cup of coffee is the roasting process, where various physical
and chemical changes lead to the formation of the desired coffee aroma molecules. During the
initial endothermic phase of roasting, the green beans dry, reducing the water content to a few
percent. In this phase, there is a change in smell of the beans from green to peasy to bread-like, and
the colour turns yellowish. Further heating of the beans initiates the exothermic pyrolysis reactions.
The chemical composition of the beans is drastically modified, with release of large amounts of
carbon dioxide and the formation of the many hundreds of substances associated with coffee aroma
and taste. The beans change colour to dark brown. This phase can be perceived as a popping sound,
called the first crack (at about 175-185°C). At the end of the roasting process the beans are cooled
quickly by flushing with air after removing the beans from the roaster (Buffo and Cardelli-Freire,
2004; Gloess et al., 2014). During roasting the coffee beans expand in size. The unit volumetric

increase in roasted bean compared to that of the green bean ranged from 58.16% to 92.54% (under
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different roasting temperature between 340°C and 260°C) for coffee bean of mocha variety
(Campos et al., 2014). Roasting temperature, time, method of roasting and cooling, and type of
roaster used all affect the volatile composition. A number of studies on the effect of roasting time on
the concentration of volatiles showed that some volatiles reach the peak of their concentration during a
commercial roast, while others do not. Some volatiles increase significantly with time of roasting,
whereas others decrease. Some volatiles even decrease and then increase again as roasting proceeds due
to the volatiles being derived from two or more precursors, which degrade at different rates during
roasting, or two different pathways may be involved, one requiring more energy than the other
(summarised by Dart and Nursten, 1985).

Coffee flavour and aroma as well as the formation of these coffee quality determinants are
extremely complex; however, numerous studies on the contribution of volatile and non-volatile
compounds to coffee quality and their relationship to coffee sensory properties has been thoroughly
reviewed (Flament, 2002; Sunarharum et al, 2014). The reactions involved in the formation of
coffee aroma including Maillard reaction (non-enzymatic browning), Strecker degradation,
breakdown of sulphur amino acids, hydroxy-amino acids and proline and hydroxyproline,
degradation of trigonelline, quinic acid moiety and pigments, and its mechanisms have been
reviewed by Buffo and Cardelli-Freire (2004). Also in this paper volatile compounds that
contribute significantly to coffee aroma as well as classes of volatile compounds identified in
roasted coffee were reviewed. However, the change in bean composition, especially in aroma
profile, from green to roasted bean is complicated and not all formation pathways are fully
understood under coffee roasting conditions (Mestdagh et al., 2014). The use of green or roasted
bean in the study of coffee quality genetics should be considered carefully since aroma in roasted
bean and brew is of customers’ subjective interest, while the green bean attributes are more directly
affected by genetics. This is a challenge in the study of genetics of bean composition, which is

ascribing links to coffee quality.

Among 1,000 volatile compounds known in roasted bean, 20 were identified as key aroma
compounds (Oestreich-Janzen, 2010) and belong to several chemical classes including furans,

pyrazines, ketones, and aldehydes etc. (Flament, 2002).

Pyrazine itself has a bitter, sweet and corn-like aroma, with alkyl substitution leading to aromas such

as nutty, roasted, burnt, pungent and grassy (Dart and Nursten, 1985). Which compounds are the most

abundant pyrazines and how the aroma imparted by pyrazines was described by Dart and Nursten

(1985). Furans are numerous in coffee, including aldehydes, ketones, esters, alcohols, ethers, acids,

thiols and sulphides. Owing to the wide range of structures, the aroma qualities they impart are also

numerous and varied. This class has the aroma of grassy, hay-like (furfural), caramel and burnt sugar
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(furfuryl ketones) or fragrant caramel, burnt sweet taste, burnt pineapple-like, nutty sweet aroma of
almonds, like strawberry preserve and like beef broth (4-hydroxy-2,5- dimethyl-3(2H)-furanone). The
same author as above explained which specific compounds of this group are important and what
aroma they possess. Ketones vary considerably in aroma. They give aroma of sweet, pungent and
fruity (propanone) or buttery (2,3-butanedione) (Dart and Nursten, 1985).

2.3.2 Methods of non-volatile and volatile analysis in coffee
2.3.2.1 Non-volatiles analysis

There are many analytical methods available for the determination of caffeine and trigonelline in
coffee. However, high performance liquid chromatography (HPLC) has been a common technique
due to its accuracy, precision and high-throughput (De Maria et al., 1995). The analysis of caffeine
and trigonelline in coffee by HPLC was reported by a number of authors (Casal et al., 1998; Casal
et al., 2000; De Maria et al., 1995; Trugo and Macrae, 1989).

The extraction methods, analytical and detection systems have been thoroughly reviewed by Belay
(2011), Jeszka-Skowron et al. (2015); Nuhu (2014).

2.3.2.2 Volatiles analysis

Gas Chromatography (GC) is the most common analytical method used for the analysis of volatiles
due to its sensitivity and selectivity to resolve trace compounds (Hinshaw, 2003). Prior to
chromatography, appropriate sample preparation and extraction are important. Among different
methods of extraction such as static or dynamic headspace extraction, liquid-liquid or solvent
extraction, solid phase extraction (SPE) and a solid phase microextraction (SPME), the latter has
become the method of choice due to its reliability, selectivity, sensitivity, rapidness, and solvent-free
properties (Vas and Vekey, 2004). Then the target analytes can be adsorbed on the fibre by immersing
it in the sample or by exposing it to the sample headspace (HS). HS-SPME has also been reported as a
promising technique for a variety of fruits (Riu-Aumatell et al., 2004) and other complex horticulture
products including wine, tea and chocolate (Ducki et al., 2008; Lv et al., 2014; Siebert et al., 2005). It
has been also applied in coffee volatile identification and quantification (Akiyama et al., 2007,
Akiyama et al., 2003; Bicchi et al., 2011; Bicchi et al., 1997; Ribeiro et al., 2010).

Following separation on a GC column, volatile compounds can be analysed by different detectors such
as flame ionization detectors (FID), photoionisation detector (PID) or mass spectrometry detector
(MSD). The MSD combined with GC is the most popular technique used for routine volatile analysis of
plant material (Tholl et al., 2006) due to its high separation power, reproducible retention times and
sensitive selective mass detection (Koek et al., 2011; Tikunov et al., 2005). Mass spectral identification
is based on ionisation of the molecules which are converted into ions in the gas phase before separation

based on mass-to-charge ratio (m/z) and subsequent detection (Tholl et al., 2006).
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The MSD has the added advantage of being operated in either scan mode or with selected ion
monitoring (SIM). In full scan, ions are usually collected in the mas scan range of m/z 30 — 350 and
allows for complete mass spectral data to be collected for each resolved component and
comparisons to a mass spectral library can be made for the purpose of peak identification. The
MSD operating in full scan can be applied for both targeted and untargeted analysis of components
and provides qualitative as well as quantitative data (if standard addition calibrations are
developed). SIM is typically applied where target components of interest are present in small
amounts and require increased MSD sensitivity. With fewer selected ions being scanned by the
MSD, the detector spends more dwell time on fewer ions, thus significantly increasing owverall
sensitivity. SIM will not allow a full peak profile of the sample but will be intentionally targeted on

certain components of interest (Niessen, 2001).

Full scan is one of the most common modes of acquiring LC/MS data which results in the typical
total ion current plot (TIC). The full scan is quite useful when identifying unknown compounds in a
sample. A full mass spectrum provides more information about the sample composition compared
to the single ion monitoring mode. This approach helps highlight certain regions of the
chromatogram which is important when interpreted simultaneously with the entire peak profile. TIC
has been applied successfully for predicting the composition of biodiesel blends (Pierce et al., 2011),
classifying edible oil type (Bagur-Gonzéilez et al, 2015), discriminating counterfeit medicines
(Custers et al., 2014) or classifying and differentiating agarwoods (Hung et al., 2014). These studies
confirmed this method as a high-throughput fingerprint analysis technique (Pierce et al., 2011), as
valuable tools to discriminate between genuine and counterfeit medicines (Bagur-Gonzalez et al.,
2015) or as a simple, convenient and robust method to extract volatile compounds successfully for

evaluating agarwoods and sandalwoods (Hung et al., 2014).

This full scan “fingerprinting” method should be applied with caution due to its drawbacks
including base line drifts, peak shift between samples, low signal-to-noise ratio and overlapping/co-
elution (Amigo et al., 2010; Parastara et al., 2012). Besides, this method is based on the information
given in the applied databases which could limit the detection between natural and anthropogenic
compounds (Schlabach, 2013). Another limitation of the method is that compounds of low
concentration might be masked by compounds of very high concentration eluting with the same

retention time and nearby masses or the chromatographic peak deconvolution (Schlabach, 2013).

To quantify volatiles, stable isotope dilution analysis (SIDA) combined with HS-SPME/GC-MS has
recently been applied to coffee quality analysis with advantages of high repeatability, sensitivity,
automation, speed of analysis and avoiding the drawbacks related to the matrix effect (Bicchi et al.,
2011; Pickard et al., 2013).
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2.4 Factors affecting chemical compounds in green bean coffee

Coffee quality is influenced by non-genetic factors (e.g. growing conditions, agriculture practices,
harvest and post-harvest, storage condition and preparation) and genetic factors (Wintgens, 2012).
Understanding the influence of each factor and their interaction would help defining realistic

breeding strategies.
2.4.1 Non-genetic factors

According to Clarke and Macarae (1985), the effects of environmental and agricultural factors are
less important than genetic variation in controlling the caffeine contents of green beans. Elevation
had a positive effect on bean biochemical composition. More caffeine in all stages of fruit
development of C. canephora in lower elevation and bean caffeine content was reduced 32% when
grown at higher elevations (Sridevi and Giridhar, 2014). Fertilising also has an effect on the
biochemical compounds in the bean for example an excess of nitrogen increased the caffeine
content which results in a more bitter taste in the coffee cup (Mendoza, 1995, originally in Spanish,
cited by Wintgens, 2012). However, potassium, phosphate, magnesium and calcium do not have a

significant effect on caffeine.

Trigonelline is also affected by environments. Shade delays berry flesh ripening by up to one month
which has positive effects on bean size and composition, and beverage quality. However, it was
found that higher trigonelline concentrations occurred in beans grown with no shade than those
grown with shade. This suggests the incompletion of bean maturation and therefore accounts for the
increased bitterness and astringency of the coffee beverage (Muschler, 2001). Altitude has an
influence to trigonelline: more trigonelline content of robusta beans from high altitude was
observed (Avelino etal., 2005; Sridevi and Giridhar, 2013).

2.4.2 Genetic factors

Extrinsic aspects such as soil composition, climate, agricultural practices and storage conditions affect
the bean’s physiology and consequently its chemical composition. However, the basic chemical
composition of green coffee affecting cup quality is predominantly controlled by genetic factors
(Farah and Donangelo, 2006) with several findings indicating environmental factors playing a minor
role. Studies on G x E for coffee cup quality concluded that the best variety in one environment remains

the best in others even if the overall cup quality varies (Bertrand et al., 2006; Moschetto et al., 1996)
2.4.2.1 Intra-and inter-species variation of biochemical compounds.

Significant genetic variability in bean chemical composition and organoleptic characteristics exists

between species and to a lesser extend within species (Leroy et al., 2006).
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2.4.2.1.1. Caffeine

Clarke and Macarae (1985) found that genetic variation was more important than the effects of
environmental and agricultural factors in controlling the caffeine contents of green beans. Caffeine
contents of green coffee among coffee species varies from 0% (Coffea sp. Bakossi, C.
pseudozanguebariae, C. humblotiana and C. salvatrix) to 2.64% dry matter basis (dmb) (C.
canephora) (Campa et al, 2005a) and most of the variation (about 94 %) is under genetic control
(Barre et al., 1998; Montagnon et al., 1998). The caffeine content in C. canephora is 2.5% dmb
while in C. arabica is 1.2% dmb (Ky et al., 2001b). In other less important species such as C.
liberica and C. arabusta the caffeine content is reported to be 1.35% dmb and 1.72 % dmb on
average, respectively (Clarke and Macarae, 1985). The related Paracoffea genus in Africa and Asia
has very low caffeine content of about 0.2 % dmb (Clarke and Macarae, 1985). Variation in

caffeine among arabica and robusta is summarised in Table 2.1.

Table 2.1 Caffeine variation in C. arabica and C. canephora

Coffee species Caffeine content Number of Reference
(dmb) genotypes

Lowest Highest
C. arabica 0.91 1.32 42 Dessalegn et al. (2008)

0.96 1.62 38 Ky et al. (2001b)

0.90 1.40 28 Martin etal. (1998)

0.62 1.21 9 Mazzafera and Carvalho (1992)
C. canephora 1.51 3.30 38 Ky etal. (2001b)

1.60 3.20 13 Martin et al. (1998)

0.81 3.27 Unspecified  summarised by Priolli et al. (2008)

Recently, three naturally low-caffeine arabica coffee trees (0.07%) were identified from 300
accessions collected in Ethiopia (Silvarolla et al., 2004). Unexpectedly large variation in caffeine
content among individual green seeds of five arabica cultivars were also observed (Mazzafera and
Silvarolla, 2010).

2.4.2.1.2. Trigonelline

Trigonelline content varied from 0.39% (C. liberica Koto) to 1.77% dmb (C. kapakata) among 14
species of Coffea (Campa et al., 2004). However, trigonelline is generally lower in C. canephora and
is about two-thirds of that found in C. arabica (Farah, 2009). Table 2.2 summarizes trigonelline

variation reported in various studies.

14



Table 2.2 Trigonelline variation in C. arabica and C. canephora

Coffee species Trigonelline content (dmb) No of Reference
Lowest Highest genotypes

C. arabica 0.95 1.29 4 Campa et al. (2004)
0.88 1.77 38 Ky et al. (2001b)
1.00 1.92 28 Martin et al. (1998)
1.52 2.90 16 Mazzafera (1991)

C. canephora 0.52 1.06 4 Campa et al. (2004)
0.75 1.24 38 Ky et al. (2001b)
0.91 1.94 13 Martin et al. (1998)

However, Mazzafera (1991) reported a much higher trigonelline content in C. canephora (3.08% dm).
Trigonelline content is also reported in C. pseudozanguebariae (1.02 % of dmb) and C. liberica var.
dewevrei (0.57 % of dmb). Ky et al. (2001) compared beans harvested in different years and
environments in interspecific hybrids and found that there was no change in trigonelline content with

bean maturity differences and drying conditions.

2.4.2.1.3. Flavours

Significant differences in flavour between different coffee types were also reported. Robusta beans
have a bitter, full bodied taste, but low acidity while arabica is more aromatic, with more
perceptible acidity, but less body. Within robusta, Moschetto et al. (1996) found important
differences in cup quality between the two main genetic groups for preference, aroma, acidity, body
and bitterness. Coffee genotypes from Guinea exhibit better cup quality (preference and aroma)
than the genotypes from Congo which also show greater variability for this trait. Within arabica,
different varieties can be associated with specific flavour profiles, such as SL28 producing a milder
brew than Kent, Blue Mountain and Bourbon being finer coffees than Catimor while Liberica being
bitter and without finesse (Wintgens, 2012).

2.4.2.2 Genetics of biochemical compounds

Improving both yield and quality is the target for coffee breeding programs. In a study by
Montagnon et al. (1998), genetic correlations between coffee yield and quality determinants (e.g.,
fat content, sucrose, trigonelline, caffeine) and cup tasting components measured in two groups of
C. canephora were not significant, indicating that the coffee quality is not negatively associated
with yield. Understanding genetic inheritance of quality traits can benefit breeding programs but

there is little research on genetic control of biochemical compounds determining coffee quality.
2.4.2.2.1. Caffeine
Caffeine content has often been described as an additive trait in intraspecific studies with C.

arabica, C. canephora and interspecific hybrids from several Coffea species irrespective of the
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ploidy level (summarised by Priolli et al., 2008). Le Pierres (1988, cited by Priolli et al., 2008)
reported high broad-sense heritability (BSH = 0.76) and intermediate narrow-sense heritability
(NSH = 0.33) in C. canephora varieties. Montagnon et al. (1998) also found higher NSH
heritability (h*> = 0.80) for caffeine content in a factorial crossing scheme of C. canephora and
attributed this value to the analytical method used and the genetic origin of the parents. However,
Mazzafera and Carvalho (1992) found that the caffeine content in F1 hybrids was additive in some
of the crosses. Barre et al. (1998) studied caffeine inheritance in interspecific hybrids from a species
with caffeine (Coffea liberica) and one without caffeine (C. pseudozanguebariae) in the seeds and
all F1 hybrids had caffeine content (0.2% dmb). They concluded that one major gene with two
alleles may be involved in the control of caffeine biosynthesis and the absence of caffeine was
apparently controlled by one recessive gene (Barre et al, 1998). Using other backcross hybrids
derived from an interspecific cross between Coffea pseudozanguebariae and Coffea canephora to
analyse the inheritance of caffeine, Akaffou et al. (2012) also found that the absence or presence of
caffeine was controlled by one major gene. Caf2 is the allele responsible for the presence of
caffeine and it dominated over the absent one (cafl). Priolli et al. (2008) investigated caffeine
inheritance in F2 and backcross F1 generations between Coffea arabica var. Bourbon Vermelho
(BV) and Coffea canephora var. Robusta 4x (R4x). Conversely, their genetic analysis showed that
caffeine content in seeds was controlled by multi-genes with additive effects. The broad-sense
heritability of caffeine content in seeds estimated for both generations was high. The results indicate
that there are distinct mechanisms controlling the caffeine content in seeds and leaves, the gene
exchange between the C. arabica BV and C. canephora R4x genomes and favourable conditions for
the improvement of caffeine content in this coffee population (Priolli et al, 2008). The authors
concluded that both major and minor genes with additive gene effects appear to be involved in the
variation of caffeine content in the seeds of the segregating populations studied (Priolli et al., 2008).
Within C. canephora, Leroy et al. (2011) also found female additive effects were quite significant
for caffeine.

2.4.2.2.2. Trigonelline

Nuclear intraspecific effects on trigonelline content were noted in C. canephora crosses, with narrow
sense heritability estimated as 0.38 (Montagnon et al., 1998). However, the trait heritability measured in
F1 between C. liberica spp. dewevrei (anciently cultivated cultivar) and C. pseudozanguebariae (wild
species) and in backcross hybrids were high (h? = 0.71) (Ky et al., 2001). This study also found that
trigonelline content was attributable to maternal inheritance in which a QTL is located on the G linkage
group (Ky et al., 2001). According to this author, the intermediate heritability in the previous study was

due to an intraspecific nucleocytoplasmic interaction and epistatic effects. In one study QTLs identified
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for trigonelline content explained the male additive and dominant effects on this compound in C.
canephora (Leroy et al., 2011), but in other study, female additive was found (Mérot-L’Anthoéne et al.,
2014).

2.5 Coffee genomic resources
2.5.1 Coffee genetic diversity in C. arabica

Avrabica cultivars have been known for low genetic diversity and the reasons are probably due to the
narrow geographical origin, the selection bottleneck and self-pollination (summarised by Tran,
2005). A number of works on the assessment of arabica diversity have been done with differing
results. In  general, among three main types of material (cultivar/varieties;
accessions/introgression/hybrids; and spontaneous/sub-spontaneous) almost all studies show a very
low genetic variation amongst arabica cultivars using different marker systems (RAPD, AFLP, SSR,
ISSR, SRAP, TRAP) and coffee collected from different regions (Brazil, Yemen, Indian, Australia
and Vietnam, Tanzania, Hawaii) (Al-Murish et al, 2013; Maluf et al., 2005; Masumbuko et al.,
2003; Mishra et al., 2012b; Motta et al., 2014; Steiger et al., 2002; Tran, 2005; Vieira et al., 2010).
The second group (accessions/introgression/hybrids) shows low to significant variation, more
diverse in the introgressed lines (Dessalegn et al., 2009; Dessalegn et al., 2008b; Geleta et al., 2012;
Lashermes et al., 2000a; Teressa et al., 2010; Tessema et al., 2011). The last group, in which one
may expect to see the most diversity, has diversity ranging from low (Aerts et al., 2012; Anthony et
al., 2001; Dessalegn et al., 2008b) to moderate (Aga et al., 2003) to high (Silvestrini et al., 2007).
The correlation of genetics with geography/origin clearly shows in some studies (Aga et al., 2003;
Lopez-Gartner et al,, 2009; Silvestrini et al., 2007) but not in the others (Anthony et al., 2001;
Dessalegn et al., 2008b; Geleta et al., 2012). In the most recent work presented in the World Coffee
Research annual report (WCR, 2014), genetic diversity assessment of 800 arabica coffee accessions
from the arabica collection at CATIE, Costa Rica shows the least genetic diversity of this species
compared to other major crops. This study also found that cultivated coffee varieties contain
approximately 45% of the genetic diversity found in the 800 aforementioned accessions (while only
2% of tomato diversity found in cultivated tomato) indicating the limitation of variability for
breeding programs. This also is problematic for association mapping work in arabica for breeding
improvement, and thus the selection of appropriate germplasm for association mapping is very
critical. Therefore it is essential to understand the population structure and its genetic diversity. In
addition, the understanding of relationship among coffee species, especially those that are close to
arabica, could also help guide efficient hybridisation schemes in coffee breeding programs at genus

level.
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2.5.2 Coffee whole genome and synteny

The genome size of coffee was estimated to be 1.3 Gb for arabica (Kochko et al., 2010) and 710Mb
for robusta (Denoeud et al, 2014). Using flow cytometry, the DNA content of arabica was
estimated as 2.47 pg (equivalent to 1.2 Gb) and canephora as 1.43 pg (equivalent to 700 Mb), while
other diploid coffee species varied from 0.96 pg (469 Mb) (C. mauritiana) to 1.84 pg (900 Mb) (C.
humilis) (Noirot et al, 2003; Razafinarivo et al., 2012). Several studies also indicated that species
native to dry areas (mostly in East Africa) have a smaller genome size (<1.3 pg) than those native to
evergreen forest (up to 1.76 pg) (summarised by Kochko et al, 2010). In breeding, coffee species
with genomes differing more than 0.25 pg are unlikely to cross and in fact marked sterility of
hybrids was reported (Kochko et al., 2010). Despite its economic importance, the first high-quality
draft genome of robusta coffee has just been completed and reported in 2014 (Denoeud et al.,
2014). To generate a whole genome sequence of C. canephora, Roche 454 single and mate-pair
reads and Sanger BAC-end reads were used, representing 29.5X coverage of the genome size (710
Mb). In addition, Hllumina sequence data, corresponding to 60X of coverage of the coffee genome
(710 Mb), was also used to correct sequencing errors and fill gaps. The resulting genome assembly
consists of 25,216 contigs and 13,345 scaffolds with a total length of 568.6 Mb (Table 2.3). Using a
high-density genetic map, a total of 349 scaffolds covering approximately 364 Mb were anchored to
the 11 C. canephora chromosomes, among which 139 were both anchored and oriented. Coffee
displays the most conservative chromosomal gene order among asterid angiosperms. Transposable
elements (TEsS) in the C. canephora genome were identified and classified accounting for almost
half (49.2%) of the reference genome length. Organelle to nuclear genome transfers were also
analysed with a typical amount of chloroplast-derived fragments (2,014 insertions, accounting for
0.16% of the draft genome) and an unusually large 750kb mitochondrion-derived fragment more
than 100 kb longer than those known from other plant genomes. In total, 25,574 protein-coding
gene models were obtained in which several gene functions involved in secondary compound
biosynthesis and coffee flavour and aroma were characterised. Species-specific gene family
expansions were examined such as N-methyliransferases (NMTs), defence-related genes, and
alkaloid and flavonoid enzymes involved in secondary compound synthesis. This is the most
valuable genomics resource for further genomics study in coffee, especially as all of the genomics
data, transciptomic data, SNP polymorphisms and genotyping data, gene families and metabolic
pathways are publicity available via the Coffee Genome Hub (Dereeper et al., 2014).

The whole chloroplast genome sequence of Coffea arabica L. was first reported by Samson et al.
(2007) (Table 2.3) and this also provides an important reference for studying other species and

helps build up the phylogeny among Coffeeae tribe which is still questionable. Several research
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groups are working on an C. arabica genome sequence using different biological materials and
sequencing platforms (Deynze, 2017; Kochko et al., 2015; Morgante et al., 2015; Mueller et al.,
2014; Yepes et al., 2016). This genomic resource is extremely important for the study of genetics and
genomics of the high quality coffee species, C. arabica.

Table 2.3 Genome sequence data available for the two main domesticated coffee species

Whole genome sequence of C. canephora

Genome  Coverage No of No of No of genes MicroRNA Genome
size (Mb) contigs  scaffolds precursors transfers®
Est. 710 30 x 25,216 13,345 25,574 95 2,573

Chloroplast genome sequence of C. arabica

Genome  IRs No of Coding region
size (bp) genes protein tRNA genes rRNA genes genes
genes containing
introns
155,189 25,943 130 79 29 4 18

@ Organellar-to-nuclear genome transfers

Several studies (Guyot et al., 2012; Lefebvre-Pautigny et al, 2010; Mahe et al., 2007) have
compared genomes between coffee and other crops. The most recent study reported that coffee
chromosomal regions showed unique one-to-one correspondences with grape chromosomes,
proving the lack of any events changing ploidy intervening in their separate histories. Coffee and

grape genomes show one-to-three correspondence with the tomato genome (Denoeud et al., 2014).

Among coffee species, comparison of genomes showed a high gene synteny between C. arabica
(EaEaCaCa) and C. canephora (CC) and among C. arabica (EaEaCaCa), C. eugenioides (EE) and
C. liberica (LL) (Cenci et al, 2012; Herrera et al., 2012; Yu et al, 2011), but numerous
chromosomal rearrangements were detected (Yu et al., 2011). The two sub-genomes of C. arabica
(Ca and Ea) indicated sufficient sequence differences, and thus obtaining a whole-genome sequence
would be an important resource for the allotetraploid genome of C. arabica. Results also revealed
that C. eugenioides was more closely related to C. arabica than to C. liberica, which was in

agreement with the ancestral history of the allotetraploid C. arabica (Herrera et al., 2012).
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2.5.3 Other genomic resources

2.5.3.1 Molecular markers

As for other crops, determination of molecular predictors for coffee quality traits would help reduce
the length of breeding selection cycles and thus phenotypic evaluation cost. However, the use of
DNA technology in coffee quality improvement is still in its infancy and therefore limited. Pot et al.
(2007) used polymorphisms generated from SNPs, INDELs (insertions and deletions) and SSRs
(simple sequence repeats) to identify the nucleotide diversity of four sucrose metabolism enzymes
in C. canephora genotypes using direct sequencing. The variation of these genes was also analysed
between different Coffea species to allow the identification of more polymorphic sites using parallel
in silico analysis of expressed sequence tag (EST) resources (Pot et al., 2007). AFLP (amplified
fragment length polymorphism) and SSR markers were used to construct a genetic map of an F2
population between C. arabica and C. canephora (artificial tetraploid). The number of markers
associated with quality traits identified was nineteen for sugar content, eight for caffeine, eight for
chlorogenic acids (CGAs) and one for caffeine and CGAs (Priolli et al., 2009). These markers need
to be validated in other genotypes for consistency before they can be used in marker assisted
selection (MAS) in coffee breeding. Recently, a total of 33,239 SNPs specific to C. arabica and
87,271 SNPs specific to C. canephora were developed using targeted genome capture strategies and
next-generation sequencing, and were evaluated on 72 samples from C. canephora and 72 fromC.
arabica. These genomic resources will provide support for genome assemblies, accelerate breeding

of interested traits as well as manage genetic diversity in coffee species (Resende et al., 2016).
2.5.3.2 Bacterial artificial chromosome (BAC) library

Three BAC libraries were developed for each species of C. canephora and C. arabica in relation to
sucrose metabolism (Leroy et al., 2005), genome composition and evolution (Dereeper et al., 2013),
nematode and leaf rust resistant (Noir et al., 2004), bean size and cup quality (Jones et al., 2006) and
mannose-6-phosphate reductase gene (CaM6PR) (Cacao et al., 2013) (Table 2.4). These available BAC
libraries of Coffea are an important resource to support genomic studies such as comparative genomics

and the identification of genes and regulatory elements controlling important traits in coffee.
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Table 2.4 BAC libraries of two main coffee species

Genotypes No of clones Ave. size of Coverage Authors

clones (kb)
C. canephora
IF 126 55,296 135 10.6 x Leroy et al., 2005
IF 200 DH 36,864 166 8.6 X Dereeper etal., 2013
IF 200 DH 36,864 121 6.3 X Dereeper etal., 2013
C. arabica
IAPAR 59 80,813 130 8 X Noir et al., 2004
Hybrid (Mokka x 52,416 94 4 x Jones et al., 2006
Catimor)
Timor Hybrid CIFC 56,832 118 5-6 x Cacao et al.,, 2013
832/2

2.5.3.3 Expressed sequence tags (ESTS)

The development of large EST sequencing projects has supported the identification of potential
genes contributing to quality traits and their interplay with other genes through essential
biochemical pathways. ESTs facilitate the development of whole transcriptome analysis and the
identification of the biosynthetic pathways associated with the expression of quality and the genes
within these pathways (Leroy et al, 2006). The EST resources available in coffee have been

reviewed by Kochko et al. (2010) and are summarised in Table 2.5.

Table 2.5 Expressed sequence tags (ESTs) from the three main coffee species

Project/ Tissues ESTs of species Unigenes/

organisation C. arabica C. canephora  C.racemosa genes

Fernandez et al. (2004) leaves 527 - -

Nestle and Cornell Uni seeds - 47,000 - 13,175

Lin et al. (2005)

Brazilian Genome leaves and 130,792 12,381 10,566 33,000

Vieira et al. (2006) fruits

CENICAFE leaf, flower 32,961 - - 10,799

Montoya et al. (2006) and fruit

De Nardi et al. (2006) leaves and 1,587 - - -

roots

French IRD leaves and - 10,420 5,534

Poncet et al. (2006) fruits

Salmona et al. (2008) seeds 266 - - -
Total (246,500) 166,133 69,801 10,566 62,508

A total of 246,500 ESTs have been reported with 69,801 for C. canephora, 166,133 for C. arabica and
10,566 for C. racemosa using different organs of the plant (leaves, flower, fruits and roots) at different
stages of development and maturation (De Nardi et al., 2006; Fernandez et al., 2004; Lin et al., 2005;
Montoya et al., 2006; Poncet et al., 2006; Salmona et al., 2008; Vieira et al., 2006). However, not all
these resources are published or available, which limits their use. A number of studies have used the

available resource of ESTs for further research such as microsatellite marker discovery (Aggarwal et al.,
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2007), analysis of transcriptome divergence and analysis of genes involved in the biosynthesis pathways
of lipids and main storage proteins (Privat et al, 2011), gene structure prediction and functional
annotation with the detection of a total of 345 pathways in C. arabica and 300 pathways in C.
canephora (Mondego et al., 2011). This genomic resource will be very important for further research on

coffee quality improvement.
2.5.3.4 Genetic maps and quantitative trait loci

The construction of genetic maps is often the first step for molecular dissection of complex traits
(yield components, quality and disease). Genetic maps enable the mapping of quantitative trait loci
(QTLs) controlling these traits and thus provide a framework for isolation of candidate genes
followed by manipulation of genes for yield increase and quality improvement (Vega et al., 2008).
In many cases, markers linked to QTLs are directly used in MAS without the need of understanding

gene functionality underlying the QTLs.

Linkage mapping in coffee in general requires more effort and cost than in annual crops due to its long
life cycle, low polymorphism (in the case of C. arabica — with the exception of Ethiopian cultivars and
germplasm), and the absence of a large collection of DNA markers as well as genomic resources (Vega
et al., 2008). The first genetic maps were constructed in the diploid C. canephora by Paillard et al.
(1996) followed by several others constructed for different coffee populations as described in Table 2.6.
For C. arabica, linkage analysis is hindered by low polymorphism caused by the extremely narrow
genetic base and its reproductive nature of self-pollination. The first C. arabica linkage map has
been constructed by Pearl et al. (2004). In this study, a pseudo-F2 population of two significant
differences in beverage quality of two parental cultivars (Tall Mokka and Catimor) was used for
mapping QTLs controlling quality traits in coffee (Pearl et al., 2004). Nagai et al. (2007) used the
F2 population of the same parental cultivars and identified more linkage groups. Later, an
interspecific F2 population of C. arabica and C. canephora was used for genetic map construction.
Forty-six markers associated with quality (sugar content, caffeine, CGA) and yield were found.
Genetic maps from other species were also constructed (Table 2.6). The genetic map from
backcross of F1 (C. pseudozanguebariae x C. liberica var. dewevrei (DEW)) and DEW allowed
interspecific polymorphisms to detect a gene encoding caffeoyl-coenzyme A 3-O-methyltransferase
(CcCoAOMT1) relating to CGAs pathway in C. canephora (Campa et al., 2003) and a gene
encoding phenylalanine ammonia-lyase (CcPAL1) relating to phenylpropanoid pathway in C.

canephora (Mahesh et al., 2006) to be located.
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Table 2.6 Genetic linkage maps of coffee

Markers Population used Length No of Tralts/ Authors
(cM) linkage purpose
groups
C. arabica
AFLP pseudo-F2 population 1,802.8 31 source-sink traits  Pearletal.
(Mokka hybrid x Catimor) (2004)
AFLP F2 of Tall Mokka and Catimor 1,042.4 40 cupping quality Nagai et al.
and morphology ~ (2007)
AFLP and F2 of C. arabica x C. 1,011 37 quality and Priolli et al.
SSR canephora productivity (2009)
RAPD F2 of (Mundo Nov x Hybrido 540.6 8 Partial linkage Teixelra-
de Timor) x Hybrido de Timor map Cabral etal.
(2004)
SSR F2 and F3 of Caturra x 3800 22 yield, plant Moncada et
CCC1046 height and fruit al. (2014)
size
C. canephora
RFLP and doubled haploid 1,402 15 QTL analysis Paillard et al.
RAPD (1F200) (1996)
RFLP and doubled haploid and TC (1F200 1,041 11 segregation Lashermes et
SSR x DH) distortion al. (2001)
RFLP and (C. heterocalyxx C. canephora) 1,360 15 QTL analysis Coulibaly et
SSR x C. canephora al. (2003)
RFLP and BP409 x Q121 1,258 11 yield and vigor Crouzillat et
SSR al. (2005)
AFLPand  (C.canephoraxC. liberica) x 1,502 16 morphological Amidou etal.
ISSR C. liberica traits (2007)
Conserved Intraspecific hybrid of C. 1,331 11 synteny maps (Lefebvre-
Ortholog canephora between coffee Pautigny et
Set (COS) and tomato al., 2010)
SSR pseudo-backcross of C. 1,290 11 yield and quality ~ Leroy etal.
canephora (2011)
SSR 2 populations of intraspecific 1,201 11 yield and quality ~ (Mérot-
hybrid of C. canephora L’ Anthoéne
etal., 2014)
Otherspecies
AFLP and (C.pseudozanguebariae x C. 1,144 14 biochemical Ky etal.
RFLP liberica traits (caffeine, (2000)
var. dewevrei (DEW)) x DEW CGAs, sucrose)
SSR C. liberica x C. eugenioides 798.68 11 QTL analysis Gartner et al.

(2013)

To date, QTL analyses relating to quality compounds and cup have been largely performed on C.
canephora and other species, but none has been reported for C. arabica as indicated in Table 2.7.
One QTL contributing to trigonelline accumulation in green beans was mapped on the linkage
group G of the cross between Coffea pseudozanguebariae and C. liberica var. dewevrei (Ky et al.,
2001). Campa et al. (2003) identified a QTL for CGA content on the linkage group A of the same
cross. The study of caffeine variation in caffeinated seeds was further done by Ky et al. (2013)
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using the same cross. Two QTLs RCQ1 and CQA1 which are responsible for the caffeine variation
in caffeinated seeds and allowed the explanation up to 97 % of the caffeine content variance were
mapped on two different linkage groups (A and G, respectively), indicating their genetic
independence. RCQ1 explained the variation in the caffeine/CGA ratio while CQAL explained the
part of the caffeine content depending on the CGA content. The findings also confirmed that only a
part of the CGAs were trapped by caffeine, as in wild species. For each hybrid, the caffeine detected
in their seeds was the result of both RCQ1 and CQAL (Ky et al., 2013). Another 27 QTL regions for
several biochemical traits including trigonelline, 3-CQA and 4-CQA, 5-CQA, 5-FQA, 3,4di-CQA,
3,5di-CQA, caffeine, and sucrose in C. canephora were also reported (Leroy et al, 2011). Most
recently, Mérot-L’Anthoéne et al. (2014) identified seven QTLs for sucrose on LGs of A, E, I, and
J; eleven QTLs for caffeine in which one is the same as previous study on LGs of A and E; three
QTLs for trigonelline on LGs of F, G and K; seven QTLs for lipids on LGs of B, C, E, G and I;
eight QTLs for CGAs in which four are the same as previous study on LGs of A and E. Regarding
coffee cup quality, another six QTLs were identified for organoleptic traits in the same study. One
QTL was identified for the global note in LG H. For bitterness, QTLs were identified in LG D and |
while a QTL for acidity was also located in LG 1. This result is in agreement with the negative
correlations of phenotypes observed between these traits (Leroy et al., 2011). Another eight QTLs
for cup quality on A, B, E, G, H and | were also recently identified in C. canephora (Mérot-
L’Anthoéne et al., 2014).

Table 2.7 Quantitative Trait Loci and Linkage Groups in coffee

Traits No of QTLs and LGs

C. canephora Other species !
Sucrose 9QTLS/A E I,J
Caffeine 14 QTLs/A, C,E, I K 2 QTLs/A, G
Trigonelline 5QTLs/F, G, I, K 1 QTL/G
Lipids 7QTLs/B, C,E, G, |
CGAs 23 QTLs/A, B, D, E, F, I, J, K 1QTL/A
Cup quality 14 QTLs/A, B, D, E, G, H, |

*) hybrid between Coffea pseudozanguebariae and C. liberica var. dewevrei.

Co-location of some QTLs and genes involved in different metabolic pathways related to coffee
quality were noted (Leroy et al, 2011). Using such candidate genes in association mapping may
determine the allelic variation of coffee quality (Hendre and Aggarwal, 2007). The co-localisation
between QTLs relating to organoleptic traits and genes associating with caffeine or CGA
biosynthesis may explain the fact that both CGA and caffeine are involved in conferring bitterness
in the coffee cup (Leroy etal., 2011).
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2.5.3.5 Gene identification.

The identification of genes relating to quality is one of the main objectives of several coffee
research groups around the world. Thanks to their concerted efforts on coffee genomics, a number
of coffee candidate genes have been identified and some of them have been cloned and
characterised. These results are useful to the coffee genetics community, especially those on genes
encoding the enzymes of key metabolic processes. These are candidate genes which may control the
variability of coffee quality (Leroy et al., 2006). Genes regulating the main chemical components
that are thought to be involved in the flavour and sensory quality of coffee are listed in Table 2.8
(Campa et al., 2003; Denoeud et al., 2014; Geromel et al., 2006; Joét et al., 2009; Kato and Mizuno,
2004; Koshiro et al., 2006; Lepelley et al., 2012; Leroy et al., 2011; Leroy et al.,, 2005; Mahesh et
al., 2006; Mizuno et al., 2014; Mizuno et al., 2003b; Ogawa et al., 2001; Ogita et al., 2004; Perrois
et al, 2014; Privat et al, 2011; Privat et al, 2008; Simkin et al., 2006; Uefuji et al, 2003).
Recently, 36,935 unigenes from leaves and fruits of C. eugenioides, one of C. arabica’s ancestors,
were identified by Yuyama et al. (2014). A sub-set of these genes related to sugar metabolism and
fruit ripening were examined for their expression. This will be a valuable resource for molecular
and genetics studies of commercial coffee species. Currently there are works on transcriptomics to
understand the transcriptional regulations during seed development (Joét et al., 2014b; Joét et al,,
2009) or more specifically for caffeine accumulation (Privat et al., 2014) and chlorogenic acids
(Joét et al., 2010b) or galactomannan (Joét et al., 2014a). These could facilitate the development of
robust genomics/metabolomics fingerprints of coffee bean quality and ultimately be useful in

breeding programs for coffee quality.

Table 2.8 Genes controlling biochemical compounds determining quality traits in coffee

Species Sucrose Caffeine Trigonelline  Fatty acids CGAs
C. arabica CaSUS1&  CmXRS1,CTS1-2"W, CTgS1& OLE2, 4CL8, HQT,
casus2®  ccs1® caxmri-2  CTgsS2® DGAT® F5H1 & POD ¥
Calnv3 ® ® caMxmMT1-2®,
and CaDXMT1-2®®
C.canephora CcSUSI, CcXMTL, CcMXMT1, N/A CcOLE1-5, Many genes
Ccsus2®  CceDXMTL® & CcSTO1®  involved in
& 8 new 23 genes relating to & 15 other phenylpropa-noid
genes @ alkaloid catalytic © genes © pathway @

(Sucrose: (1) Geromel et al. 2006; (2) Privat et al. 2008; (3) Leroy et al., 2005; Caffeine: (1) Koshiro et al., 2006; (2)
Mizuno et al., 2003; (3) Ogita et al., 2004; Uefuji et al., 2003 (4) Ogawa et al., 2001; Ogita et al., 2004; Uefuji et al.,
2003; (5) Kato and Mizuno, 2004; Perrois et al. 2014; (6) Denoeud et al. 2014; Trigonelline: (1) Mizuno et al., 2014;
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Eattyacid: (1) Privat et al., 2011; (2) Simkin et al., 2006; (3) Denoeud et al. 2014; CGAs: (1) Joétet al. 2012; (2)
Mahesh et al. 2006; Lepelley et al. 2012; Denoeud et al. 2014; Campa et al., 2003; Lepelley et al., 2007).

Although several genes encoding the biosynthesis of biochemical compounds in coffee have been
identified in C. arabica and C. canephora, there are no genes identified for trigonelline synthesis
and no studies on allelic variation (e.g., SNPs) associated with low and high levels of the key
biochemical compounds which can be utilised in MAS. However, sequences from the known genes
can serve as useful references in re-sequencing to detect polymorphisms for genetic mapping of
candidate genes contributing to genetic variation in biochemical compounds in C. arabica.

2.6 Genetically Modified (GM) coffee relating to quality

Several studies have been implemented with [-glucuronidase gene transformation using different
approaches, which resulted in transient expression in C. arabica (summarised by Zamarripa and
Petiard, 2012) or stable expression in transgenic plants of C. arabica, C. canephora and C. arabusta
(Spiral and Petiard 1993, originally in French, cited by Zamarripa and Petiard, 2012). Ogita et al.
(2003) and Ogita et al. (2004) obtained transgenic coffee plants in which caffeine synthesis was
suppressed using RNA interference (RNAI) technology to inhibit a theobromine synthase gene
(CaMXMT1). Low-caffeine plantlets of C. canephora were produced showing 70% reduction of
both theobromine and caffeine in the leaves compared to the control plants. Transcript down-
regulation was observed for the CaMXMT1 and CaMXT1 genes involved in the methylation steps of
caffeine biosynthesis. Theobromine and caffeine reduction in transformed C. arabica embryogenic
tissue was also analysed. The transgenic tissue showed a significant reduction in theobromine (65-
85%) and caffeine (65 to 100%) compared to the nulls. Sequences and functions of the caffeine
genes have thus been elucidated. However, since coffee is a beverage that is consumed by humans
and GM is still under public debate, it is wise to search and utilise natural variation of those genes
in coffee breeding. The GM gene sequences can serve as a Valuable reference to detect gene
polymorphisms in natural populations, from which favourable alleles conferring high caffeine

content can be introgressed in modern cultivars via crossing.
2.7 Whole genome sequencing and association studies

A number of previous studies involved genome-wide association studies (GWAS) using next
generation sequencing (NGS) to detect candidate genes/QTLs of complex traits such as physical wood
properties, resistant genes, drought tolerance, cold hardiness and timing of bud set (summarised by
Sexton et al., 2012). Such approaches have been successfully applied in various crops including annuals
(rice, maize, soybean, wheat), perennial crops and forestry trees (pine, cottonwood) (summarised by
Hall et al., 2010).
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Application of NGS in plant genomics studies has been extensively reviewed by a number of
authors (Henry, 2011; Henry et al., 2012; Kumar et al,, 2012; Varshney et al., 2014). NGS lowers
the cost of sequencing and generates a large amount of data in a single sequencing run, making it
feasible to study genetics at the whole genome level. The steps involved in the NGS strategies
(shearing of DNA, ligation, library preparation) as well as different sequencing platforms (lllumina,
Life Technologies, PacBio) have been described and their advantages and disadvantages have been
reviewed by several authors (Edwards, 2013; Gao et al., 2012). NGS can be used via an approach of

whole genome sequencing or targeted sequencing.

Two methods of whole genome sequencing can be used including (1) de novo sequencing - applied
for species that do not have pre-existing sequence data, followed by the use of bioinformatics tools
to assemble the sequences and obtain the genomic map for that species; and (2) re-sequencing

performed on individuals of a species that has already known genome sequence (Gao et al., 2012).

Targeted sequencing includes two approaches, amplicon sequencing and target enrichment.
Amplicon sequencing will sequence amplified regions (PCR amplicons) of small and selected
regions of the genome with lengths of hundreds of base pairs and with a high depth of coverage to
identify common and rare sequence Vvariations. Sequencing PCR amplicons of sets of candidate
genes from DNA bulks will help to identify the available variation in these genes exploited in a
population (Henry et al., 2012). Target enrichment is quite similar to amplicon sequencing in terms
of using only selected regions or genes enriched in the library from genomic DNA. However, target
enrichment allows for larger DNA insert sizes and enables a greater amount of total DNA to be
sequenced per sample. For this method, regions of interest in the genome can be targeted, making it
an ideal approach for examining specific gene pathways, or as a follow-up analysis to GWAS
(MMlumina, 2013).

When making decisions on the approaches of candidate gene or of whole-genome, one of the
most critical factors is the extent of linkage disequilibrium (LD) in the organism of interest. In
genome-wide studies, the extent of LD determines the mapping resolution that is achieved and
the numbers of markers covered (Whitt and Buckler 1V, 2003). Genetic, biochemical,
physiological and phenotypic information must be used to support the selection of candidate
genes (Neale and Savolainen, 2004). Where a developmental or biochemical pathway is well-
understood, candidate gene selection is straightforward; but the researcher is typically limited to
the field of known genes, which presents the risk of overlooking causal gene mutations not
previously identified (Hall et al., 2010)

Association studies differ from quantitative trait locus mapping by utilising samples from

genetically diverse populations that contain short stretches of linkage disequilibrium due to
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generations of recombination (Sexton et al., 2012). Such studies thus enable relationships between
phenotypic traits and underlying DNA sequence variation to be understood. Association studies
may be suitable for perennial species such as coffee because they can be carried out on pre-existing
populations, in collections or in selection trials. This approach does not require specific populations
created by controlled crossing (like conventional genetic mapping approaches) which is very
difficult for perennial crops (Neale and Savolainen, 2004). Association or linkage disequilibrium
mapping has become a very popular method for dissecting the genetic basis of complex traits in
plants (Hall et al., 2010). For the study on volatile and non-volatile compounds in coffee and that
are likely to be playing a role in coffee flavour, once the data on biochemical compounds and SNPs
variation are available, association genomics will be applied to identify key genes associating coffee
quality. The integration of NGS technologies and association study to analyse complex traits will be
a powerful strategy complementing the traditional method of parent-hybrid map construction (Gao
et al., 2012).

XP-GWAS is a modification of GWAS in which only individuals with extreme phenotypes from
natural populations are bulked for sequencing (Yang et al., 2015). This approach helps reduce the
cost of genotyping for every single individual in the population required in GWAS while ensuring

the detection of trait-associated variants (TAVS) with high mapping resolution (Yang etal., 2015).
2.8 Conclusions and implications for the study of genetics of coffee quality.

Research on genetics and genomics for coffee, especially in relation to quality is relatively limited
compared to other crops and thus belies its potential and economic contribution. The reasons could
possibly be due to the lack of funding — most coffee growing regions being developing countries —
the complexity of the quality traits and the limitations of the technology used. More studies have
been conducted for robusta coffee than arabica coffee due to its lower ploidy level and greater
genetic diversity. Previous studies showed considerable genetic variation in compounds defining
coffee quality among coffee species, especially in diploids. In addition, a number of genes relating
to the synthesis of sucrose, caffeine, several sub-groups of CGAs and lipids have also been
identified. These studies provided gene sequences via ESTs that will facilitate further studies on
bean composition relating to coffee quality. However, there has been no research focusing on allelic
variation of these genes in natural populations except bi-parental mapping from intra or
interspecific hybrids (Nagai et al., 2007; Pearl et al., 2004; Priolli etal., 2009).

NGS technology has been used to assemble the whole genome sequence of C. canephora (Denoeud
et al, 2014) and to examine genetic change in allopolyploidisation of arabica (Lashermes et al.,
2014). Based on knowledge of biochemical compounds (and their reference gene sequences) that are

thought to be involved in the flavour and sensory quality, it should be possible to apply NGS and
28



GWAS combined with bi-parental QTL mapping to detect valuable haplotypes from natural populations

for use in breeding coffee varieties with better quality.

To obtain the genomic sequence of C. arabica, as only the draft genome of C. canephora is
available, a de novo approach can be applied. The other approach for obtaining the genomic
sequence of C. arabica is whole genome re-sequencing as the available draft genomic sequence of
C. canephora can be used as reference since it is one of progenitors of C. arabica. The whole
genome sequence will be a key resource of data to identify gene sequences and SNP markers for
most genes including novel and published genes. EST and BAC sequences can be used as reference
sequences to assemble sequence reads from NGS data to identify genes/alleles and their positions
on the chromosome. In addition, whole-genome re-sequencing and SNP genotyping data can be

used to generate a dense SNP genetic map of the population for QTL mapping.

Amplicon sequencing in a larger set of samples could be an appropriate approach to genetic association
study of quality traits, since the biosynthesis pathways, QTLs and candidate genes of sucrose, caffeine and
several subgroups of CGAs are known (summarised in Section 2.5.3.4). This will help to confirm or
validate the candidate genes from the literature and identify the alleles that are useful for breeding. For
those compounds for which candidate genes have never been identified or very few identified, for
example trigonelline and some compounds belonging to the lipid group, the approach could be to
use whole genome sequencing via NGS to detect SNPs, then using an association genomics
approach to detect the link between SNPs and the traits of interest.

While whole genome technology will provide a powerful resource, a good start has been made with
AFLP and SSR markers associated with quality traits identified for sugar content, caffeine and
CGAs in C. arabica. These are already helpful in studies aimed at genetic improvement of coffee
quality, but importantly, they will provide useful reference points as the genomic approach is
developed. Existing coffee BAC libraries (summarised in Section 2.5.3.2) are beneficial in
comparative genomics, the identification of genes and regulatory elements controlling important traits in
coffee, and will play an important role in validating new C. arabica genomic data as it emerges. With
the current knowledge of biochemical compounds that govern coffee bean composition that relates to
beverage quality and available genetic resources, it is possible to apply anassociation genomics
approach using both whole genome sequencing and targeted sequencingto detect the link between
SNPs and the traits of quality determinants from C. arabica natural populations for use in quality
improvement via intraspecific breeding programs. However, caution should be taken when using this
approach for C. arabica since this species has a narrow genetic base, lacks a reference genome, is a
polyploid (4n) and lacks populations from controlled crosses for analysis of specific traits and the
validation of markers or genes once detected. The aforementioned difficulties can be overcome by
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the use of wild arabica accessions from Ethiopia, development of a reference genome sequence for
C. arabica, and the complementary use of the two approaches of targeted re-sequencing and whole
genome re-sequencing in variant discovery respectively. To overcome the narrow genetic base in C.
arabica, another approach for interspecific breeding could be an alternative by understanding the
relationship among coffee species that possess good quality traits and are close to arabica. There is
no doubt that the availability of whole genome sequences will provide the greatest stimulus yet to the
understanding of the genetic basis of coffee quality.
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CHAPTER 3: PHYLOGENETIC POSITION OF ARABICA COFFEE BASED ON
ANALYSIS OF CHLOROPLAST GENOME SEQUENCES 2

Abstract

Coffee belongs to the Rubiaceae family and the Coffeeae tribe. The taxonomy and classification of
coffee has been controversial. The understanding of relationships among coffee species has
implications for the improvement of coffee. Many previous studies divided Coffeeae tribe into two
genera Coffea L. and Psilanthus Hook.f. Whole chloroplast genome sequences of 16 samples
representing 15 species have been assembled using lllumina platform in order to investigate the
relationships among coffee species in the Coffeeae tribe. Coffee species were collected from eleven
countries representing different regions of origin. Two approaches of reference-guided mapping
assembly and de novo assembly were performed on CLC Genomics Workbench 7.0.4 from
thousands millions reads to get consensus. Different methods of phylogeny construction (PAUP,
Mr. Bayes and UPGMA) were applied. Results showed the discrimination of coffee species into
two clades with high bootstrap value and probability. Four Psilanthus sources from Oceania formed
into one clade and the other two Psilanthus sources from Africa were included in a clade that
grouped all Coffea. This suggested that the origin of Psilanthus is in Asia. Species grouped
according to their biogeographic origin and almost all sub-groups are in agreement with previous
studies. Surprisingly, C. canephora groups with other two supposed Psilanthus from West/Central
Africa, indicating that the ancestor of C. canephora might capture the chloroplast genome from a
maternal Psilanthus donor (through hybridization). The maternal genomes of C. arabica (Arabica)
and C. canephora (Robusta) were divergent. This result is in agreement with the fact that the
chloroplast genome of Arabica should be that of the maternal parent i.e. C. eugenioides. This is the

first phylogeny of Coffea constructed from whole chloroplast genome sequence for coffee trees.

2 This chapter contains information thatis in manuscript submitted to American Journal of Botany (under review): Lan,
T., Aprea, G, Giuliano, G., Tran, HT.M,, etal. (2017). Homoploid hybrid speciation at the origin of Robusta coffee.
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3.1 Introduction

Coffee belongs to the Rubiaceae family and the Coffeeae tribe. Research on the taxonomy and
classification of coffee has been controversial. Many previous studies divided Coffeeae tribe into
two genera Coffea L. and Psilanthus Hook.f, each consisting of two sub-genera: (1) Coffea with
subgenus Coffea (103 species) and Baracoffea (J.-F. Leroy) J.-F. Leroy (9 species), and (2)
Psilanthus with subgenus Psilanthus (2 species) and Afrocoffea (Moens) (20 species) (summarised
by Anthony et al., 2011) (Figure 3.1). However, Davis et al. (2011) grouped the Coffea and
Psilanthus into one genus which includes more than 124 species. While Coffea has restricted
geographic distribution to tropical humid regions of Africa and islands in the West Indian Ocean,

Psilanthus is distributed widely in tropical humid regions of Africa, India, South-East Asia and

Pacific (Charrier et al., 2012). (A) (B)
Rubiaceae Rubiaceae
family family
Coffeeae Coffeeae
tribe tribe
Coffea L. Psilanthus Coffea genus
/\ Hook f.
Coffea Baracoffea Psilanthus Afrocoffeea Al coffee
(103 species) (9 species) (2 species) (20 species) species
C. arabica C. canephora

Figure 3.1 Taxonomy of coffee with separate subgenus of Coffea L and Psilanthus Hook f. (A)
(summarised by Anthony et al., 2011) and all in one genus of Coffea (B) (Davis et al., 2011).

The relationship between species was determined using several methods such as morphology,
chemotaxonomy, hybridisation and cytogenetic studies, and molecular markers. Bridson (1988a, b)
(cited by Davis et al, 2011) separated Psilanthus and Coffea based on five morphological
characters, mainly floral structure, such as filaments, the length of anthers, the emergence of
anthers, styles and mean number of pollen apertures. Davis et al. (2005) added the calyculi as a key

character. This author also described morphological characters present in both genera such as
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sympodial growth pattern and terminal florescence position, corolla tube as well as the anther.
Maurin et al. (2007) also used two characters of style and anthers to separate Psilanthus and Coffea.
However, there is an owverlap between species within the two genera for these morphological

characters (reviewed by Davis et al., 2011).

Chemotaxonomy is another method to determine the relationship between coffee species. The first
two compounds used for this purpose were CGA and purine alkaloid analysed in 30 Coffea species.
The results enabled three groups to be distinguished, but it did not strictly match the five
phylogenetic clades of the Coffea genus (Anthony et al., 1993; Clifford et al, 1989). Later, seed
diterpenoids were used to examine the relationship among nine African coffee species (de Roos et
al, 1997). No clear taxonomic structure was revealed from this study. More recently, two main seed
lipid classes, fatty acids (FA) and sterols, were used to investigate the relationships of 17 distinct
Coffea species except those from Psilanthus (Dussert et al., 2008). In this study, all species were
classified in seven groups with both fatty acids and sterols; however, only groups of similar seed
fatty acid composition exhibit noticeable ecological and geographical coherence and congruence
with the clades inferred from nuclear and plastid DNA sequences of previous works (Cros et al.,
1998; Lashermes etal., 1997; Maurin etal., 2007).

Hybridisation has also been used to assess the relationship between different species of the two
genera, for example, Couturon et al. (1998) hybridised C. arabica and tetraploid genotypes of P.
ebracteolatus (2n = 22). The survival rate and the fertility of these hybrids were comparable with
those reported for intrageneric crosses between Coffea spp. indicating that Coffea and Psilanthus

have no separation at the genetic level.

Lombello and Pinto-Maglio (2003) conducted cytogenetic studies on Coffea (C. brevipes Hiern, C.
racemosa Lour.) and Psilanthus (P. ebracteolatus, P. benghalensis and P. travancorensis) using
chromomycin ~ A3/4’,6-diamidino-2-phenylindole  (CMA/DAPI) and  fluorescence in  situ
hybridisation (FISH) as cytogenetic markers. Results showed no remarkable cytological variation

between the species of the two genera.

Several molecular sequences have been used to clarify the relationship among species belonging to
the two genera. The first study used the internal transcribed spacer (ITS) region (ITS2) for 37
Coffea and three Psilanthus accessions (Lashermes et al., 1997). The results showed little sequence
variation between the two genera and some Psilanthus species were placed as sisters to Coffea
species. Plastid sequences from the trnL-trnF intergenic spacer (IGS) were used by Cros et al.
(1998) for 23 Coffea species and two Psilanthus species, again revealing low levels of sequence
variation between two genera. More recently, Maurin et al. (2007) used a much larger number of

samples with 84 species of Coffea and 7 species of Psilanthus and also a larger number of markers
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from four plastid regions (trnL—F intron, trnL—F IGS, rpl16 intron and accD—psal IGS) and the ITS
region (ITS1/5.8S/ITS2) to resolve the relationship among species of the two genera. However,
results indicated low levels of sequence divergence and as a result the relationship between two
genera remained unresolved. Davis et al. (2007) combined molecular data and molecular—
morphological data from three Coffea species and 4 Psilanthus species and concluded that Coffea
and Psilanthus formed a separated clade. Results from Tosh et al. (2009) using Plastid sequences
(trnL-F, rpll6, petD, and accDpsal) separated Coffea and Psilanthus in a monophyletic clade.
However, this study used only three species of Coffea and three species of Psilanthus. Anthony et
al. (2010) used plastid sequences from trnL—F, trnT-L and atpB-rbcL IGS for 24 Coffea taxa and
two Psilanthus spp. Once again because of the low levels of sequence variation, there were no new
insights into the relationship between two genera. The most recent study used the same markers as
those reported by Maurin et al. (2007) for 45 Coffea and 10 Psilanthus species leading to the
conclusion that Psilanthus should be subsumed into Coffea (Davis et al., 2011). Apparently, most
authors in previous studies (Cros et al., 1998; Davis et al., 2007; Lashermes et al., 1997; Maurin et
al., 2007) concluded that Coffea and Psilanthus should be in a single genus. Applying data of the
whole chloroplast genome sequence would help fully resolve the relationship between Coffea and

Psilanthus.

The use of chloroplast genome in phylogenetic studies in plant species is well known due to (1) its
small and relative constant size compared with mitochondrial and nuclear; (2) low frequency of
structural changes and conservative rate of sequence evolution; (3) maternal inheritance, but still
possible to reveal introgression (reviewed by Cros et al, 1998; Palmer, 1985); (4) haploid nature
(reviewed by Rogalski et al., 2015).

Molecular markers have been widely used in phylogenetic studies. Recently, with the advances of
next-generation sequencing techniques due to its high-throughput, time-savings, and low-cost
(reviewed by Goodwin et al, 2016), phylogenetic studies at the genome-wide level have become
feasible and significantly increasing (reviewed by Rogalski et al., 2015). In this study, we present
the complete chloroplast sequence of 14 species Illumina sequencing technology of total DNA. The

objectives of this research is to find out:
(1) What is the level of Coffea divergence atthe genome level;
(2) whether Psilanthus is part of Coffea or a very closely-related genus;

(3) what is the phylogenetic position of arabica and canephora (the two commercial coffee species)

in Coffea and the implication for breeding using introgression schemes.
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3.2 Materials and Methods
3.2.1 Genetic materials and sequencing

Thirteen species (one individual per species) were collected from different sites and sequenced on
an lllumina platform (Sequencing mode: 2 x 100. Instrument: HiSeq. Software: HiSeq Control
Software 2.0.12.0) by various collaborators in the “genomel3” project, an international coffee
consortium of researchers working on the analysis of relationships in the genus. The project
involved the Coffee Board in India and 13 institutions from 8 countries: France (2 institutions), the
US (3), Australia (1), Brazil (3), Cote D’Ivoire (1), Madagascar (1), Ethiopia (1), and Italy (1).
Sequencing data were provided from different sources as follows:

(1) 13 species (one duplicate for validation making 14 sequences) were provided by the

“genomel3” project.

(2) The species C. brassii was collected in Australia by Prof. Darren Crayn (Director of the
Australian Tropical Herbarium in Cairns - North Queensland); DNA extraction was performed by
Tal Cooper, an honours student from QAAFI/UQ, and sequencing was performed on an Illumina
platform.

(3) Sequences of C. canephora were derived from the C. canephora genome project (Denoeud et
al., 2014) by Prof. Robert Henry.

(4) The second sequence database (Bud 15) of C. canephora (of distinct origin) was provided by
Alexandre de Kochko (Institute of Research for Development, France).
(5) The chloroplast whole genome sequence of C. arabica reported by Samson et al. in 2007 was

used as a reference (available at http//chloroplast.ocean.washington.edu/tools/cpbase/run). In total,

18 samples representing for the 16 species (included one reference) were used in the analysis as
presented in Table 3.1. These species possess distinct features in relation to flower morphology,
biochemical compounds variation (Table 3.2), habit (small shrubs to 20 m high) habitat or growing
altitude (sea level up to 2000 m) (Table 3.1), variation in fruit duration (2 to 14 months), colour
(vellow to black) and shape, and pest resistance (“genomel3” project description). For example
Coffea with exerted anthers and stigma while that of Psilanthus is inserted, resulting in the change
in mating system: Psilanthus is autogamous, while allogamy is possible for Coffea species. C.
pseudozanguebariae, C. humblotiana and C. tetragona have no caffeine; C. stenophylla can grow at
low altitude or dry condition. In addition, these species are listed as near threatened or endangered

implying the need for conservation.
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Table 3.1 The sources of species’ sequences used in the study

No Abbrevia- Pl Cour!tr.y et Germplasm
Species Name tion, when ant,_ origin collection
used woucher/herbarium code [Afrlcqn sub- source
region]
Coffea, formerly Psilanthus
1 C. benghalensisvarbababudanii BABA PBT1 (CCRI) IND CBl
(Sivar., Biju & P.Mathew)
A.P.Davis
2  C. benghalensis (Heyneex J.A. BENG PBT5 (CCRI) IND CBl
Schult.) Leroy)
3  C. brassii (J.-F.Leroy) A.P.Davis BRA D. Crayn 1196 (CNS) AU CNS
4 C. horsfieldiana (Miq.) J.-F. HORS HOR (K) ID ICCRI
Leroy
5 C. mannii Hook.f. MA45A 2003 1365-45 (BR) CAM BR
[W/IWCA]
MA45G
6 C. ebracteolata Hiern PSI PSI11 (K,P) Ivory Coast BRC
[W/WCA]
Coffea
7  C. canephora Pierre ex CANL1 DH200-94 DRC BRC
A Froehner [W/WCA]
C. canephora Pierre ex CAN2 BUD15 (K) UG [CA] BRC
A .Froehner
8  C. stenophylla G.Don. ) FB FB55 (K) Ivory Coast BRC
[W/IWCA]
9  C. humilisA.Chev. ¥ GH G57 (K) Ivory Coast BRC
[W/WCA]
10 g). pseudozanguebariae Bridson HP H53 (K) Kenya [EA] BRC
11 C.racemosa Lour ™ IB 1B62 (K) MOZ [EA] BRC
12 C. dolichophylla J.-F.Leroy DOL A.206 (P) MAD KCRS
13 C. humblotiana Baill. *’ HUMB BM19/20 (K, MO, TAN) Comoros BRC
14  C. macrocarpa A Rich. * MAC PET (P, K) MAU BRC
15 C. tetragonaJum. & H.Perrier TET A.252 (K, MO, TAN) MAD [NW] KCRS
_16 C.arabica ARA Samson et al. 2007 SWEt/NEA

Abbreviations Countries: Cameroon (CAM); Democratic Republic of Congo (DRC); UG (Uganda); Madagascar
(MAD); Mauritius (MAU), India (IND) and Mozambique (MOZ). African regions: Central Africa (CA), Westand
West-Central Africa (W/WCA), East Africa (EA), SWEt: South-West Ethiopia, NEA: North East Africa. Origin of

germplasm material: unknown germplasm collection from Brazil (BRA); Indonesian Coffee and Cocoa Research

Institute (ICCRI); Centre de Ressources Biologiques Coffea, Saint Pierre, Reunion (BRC); Kianjavato Coffee Research
Station, Madagascar (KCRS); Coffee Board of India (CBI); National Botanic Garden of Belgium (BR); Australian

Tropical Herbarium, (CNS); Remarks: D ¢ affinis, grown in dry condition and low altitude (100m), @ near threatened,

(3)grown at 500m, vulnerable, (4)grown at 400m, near threatened, ® vulnerable, (G)endangered. Species in endangered,

threatened or vulnerable was classified by Davis et al. (2006).

36



Table 3.2 Quality characteristics of the sequenced species

No Species Sucrose Trigonelline  Caffeine Lipids CGAs
1 P. bababudani 0.00 *
2 P. bengalensis 0.00 ¥
3 P. brassii 0.00
4 P. horsfieldiana 0.00®
5 P. mannii 0.00 *
6 P. ebracteolatus 0.03"% 0.27%
7 C. canephora 6.10 % 0.82%" 2.64 9.83™ 11.34 ¥
8 C. stenophylla 75W 1.09W 2.27% 8.0-128® 8239
9 C. humilis 6.89 % 052" 1.93 % 8.65
10 C.pseudozangue-  7.95% 1.02% 0.00 * 1.47%

bariae

11 C. racemosa 6.44 % 1.02W 1.06 ¥ 10.39 © 533"
12 C. dolichophylla
13 C. humblotiana 573" 0.81" 0.00 1.00 ¥
14 C. macrocarpa
15 C. tetragona 0.03% 1.40%
16 C. arabica 9.32 % 1.13 % 1.2% 17.3% 4-8.4

Sources: ) Campa 2004; “ Campa 2005; * Clifford et al. 1989; ) Anthony et al. 1993; ® Crisafulli 2013;
Mazzafera et al. 1998

3.2.2 Data analysis and verification
Chloroplast sequence assembly pipeline

All steps, unless indicated, were carried out using the CLC Genomics Workbench (CLC-GWB)
software (CLC Genomics Workbench 7.0.4, http//www.clcbio.com). Whole genomic DNA of 16
Coffea samples was subjected to whole shotgun next generation sequencing (NGS) using the
[lumina HiSeq2500 to obtain 100 bp paired-end reads. All raw NGS reads for the seventeen
samples (fifteen species) were mported mto CLC-GWB. In addition, sequence of C. arabica
chloroplast genome from NCBI was also imported to CLC as a standard import and used as a
reference chloroplast sequence. Raw reads were subjected to Quality Control (QC) analysis which
was used as a guide for trimming the reads. Low-quality paired-end sequence reads were trimmed
using default parameters. The quality score Lmit was set to 0.05 (corresponding to Phred quality
value >15) and mmnimum number of nucleotides in reads of 15 bp. These trimmed reads were used
n the assembly of the chloroplast genomic sequence using two approaches: reference-guided

mapping assembly and de novo assembly.

+ For reference-guided mapping assembly, the trimmed reads were subjected to read
mapping using C. arabica as the reference sequence. In addition, the consensus sequence derived
from mapping step was also used as the reference sequence. Indel structural variants analysis was
performed based on the mapping files with P-Value threshold of 0.0001. The result of indel

structural variants was used as guidance-variant track for local re-alignment to create the stand-

37



alone mapping and the consensus sequence was then used as the mapping-derived chloroplast
assembled sequence. Trimmed reads were then mapped to the mapping-derived chloroplast

sequence to obtain the mapping-Cp-mapping file.

+ For de novo assembly, different combinations of settings for word sizes and bubble sizes
as well as minimum contig lengths were used to get the best contigs. The contigs were then
subjected to BLAST-analysis against the C. arabica chloroplast as the reference for the selection of
long contigs. The selected contigs were then aligned to the C. arabica chloroplast reference
sequence using Clone Manager (SciEd, USA) to determine the correct orientation and their
complete coverage of the reference chloroplast sequence. The selected and correctly oriented
contigs were updated using the Update Contig tool in the CLC genomics Workbench. The Updated
Contigs were aligned back to the reference sequence, the overlaps determined and stitching of the
contigs at the overlaps was undertaken to obtain a de novo-derived chloroplast sequence. The
trimmed reads were mapped to the de novo-derived chloroplast sequence to obtain corresponding de
novo-Cp-mapping file. The de novo-derived chloroplast sequence and the mapping-derived
chloroplast sequence were aligned to determine any discrepancies between these two assembled
chloroplast sequences. Any discrepancies observed were manually curated by observing the reads
mapped at the corresponding nucleotide position in the mapping-Cp-mapping file and the de novo-
Cp-mapping. Clone manager 9 was also used to align contigs, process the molecule (invert the

sequence). All analysis steps are presented in Figure 3.2.
Dealing with gaps in de novo assembly

Several samples obtained enough contigs to generate the whole chloroplast sequence after a few de
novo assemblies. However, other samples had gaps up to thousands of bases due to missing contigs.
In this case, more de novo assemblies were run with different settings of word sizes and bubble

sizes, and using contigs from several de novo assembly results to fill the gaps.
Dealing with conflicts between mapping consensus and de novo consensus

If after running the first local realignment, the first two consensuses from reference-guided mapping
assembly (C. arabica and consensus derived from mapping as reference) and consensus from de
novo assembly had numerous discrepancies, additional mapping of trimmed reads using the
consensus sequence from the preceding mapping steps as a reference sequence followed by local

realignments was used which led to further improvement to the consensus.
3.2.3 Phylogeny construction

To create a phylogeny of coffee species, several out-group species belonging to closely related

families were selected. Literature showed grape (Vitis vinifera) and tomato (Solanum lycopersicum)
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were close to coffee (Guyot et al, 2012) and they were used as out-groups in the phylogenetic
construction. Tobacco (Nicotiana tabacum) sharing the same family of Solanaceae as tomato and a
further plant Ardisia polyticta - a basal asterid genus - were also selected as out-groups in the
analysis. Final consensus of all species were removed the IRb region and then subjected to
Geneious 7.0.5 software platform (www.geneious.com/) for alignment under fasta file format using
the plug-in named MAFFT (Katoh et al., 2002). The alignment result was checked for credibility
then subjected to several plug-ins and methods to construct the phylogeny trees including PAUP 4.0
(Maximum Likelihood (ML), Maximum Parsimony (MP)), MrBayes and UPGMA. For PAUP -
Maximum Likelihood and MrBayes, the model tests were run with software jModeltest 2 (Darriba
et al, 2012) and Akaike information criterion to find the best-fit model of nucleotide substitution
prior to running the phylogenetic tree. Two models of GTR + G and GTR + | + G were chosen for
maximum likelihood calculation. ML, MP analyses were completed in PAUP* 4.0 Beta software
package (Swofford, 2002) choosing the heuristic search type to find the optimal tree, and using the
stepwise addition to obtain a starting tree. Branch-swapping algorithm was set for tree-bisection-
reconnection (TBR). Bootstrapping was performed with random seed type and number of
replications of 100. Gaps were treated as missing data. For ML, no assumed proportion of

invariable sites and equal distribution of rates at variable sites were set.
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Figure 3.2 CLC analysis workflow.
Bayesian analysis was performed using MrBayes (Huelsenbeck and Ronquist, 2001) through the

Geneious 7.0.5 software platform (www.geneious.comV). The evolutionary models used were GTR
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+ G (the General Time Reversible Model with G gamma-shaped for rate variation) and GTR + | +

G. The branch length prior was set to exponential with parameter 10. Settings for MCMC (Monte

Carlo Markov Chains) include chain length of 1,100,000; heated chains of 4; heated chain of 0.2;
subsampling frequency of 200; burn-in length of 100,000 and random seed of 30.403 (for GTR + |

+ G) and 12,035 (for GTR + G). Consensus nodal support was assessed by posterior probability
distribution. All trees were rooted using the outgroup method. The UPGMA method was applied for
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tree construction incorporating genetic distance models and bootstraps for resampling. Random
seed was set at 313,227 with 100 replicates to create the consensus tree. The percentage of support
threshold is 50.

3.3 Results and discussion
3.3.1 Reference-guided mapping assembly and de novo assembly

The analysis was performed with a big data set of more than 100 million reads (except C. canephora 1
using a different sequencing platform). After trimming, almost all samples had reads with a length of more
than 99 bases indicating a good quality of the sequence (Table 3.3). The number of de novo assemblies
performed for each sample varied from 3 to 12. A consensus was built from contigs of one de novo
assembly (7 samples) to 8 de novo assemblies (in P. mannii G). In some samples, only a few contigs
allowed generation of the whole chloroplast consensus (4 contigs in P. bengalensis, P. brassii, C.
racemosa and C. humblotiana) (Figure 3.3a) while others needed up to 17 contigs from different de novo
assemblies to complete the whole consensus (P. mannii G) (Figure 3.3b). The discrepancies among
different consensuses generated from reference-guided mapping assembly and de novo assembly varied
from only five (C. macrocarpa) to 39 (in P. bengalensis) (Table 3.3). When there were discrepancies
between the consensuses of reference-guided mapping assembly and de novo assembly, the latter seemed
to be more reliable after checking carefully with the mapping file (Figure 3.4a). However, in some cases,
the other gave much better and clearer results (Figure 3.4b). Every discrepancy of every sample was

checked to get the final consensus for each sample.

(a)

(b) | .

Figure 3.3 Number of contigs used to generate whole chloroplast consensus in (a) C. racemosa (4

contigs) and (b) P. mannii (17 contigs).
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Table 3.3 Quality parameters of reads and de novo assembly outcomes

No Species No ofreads Ave.length Noofde Noofde No of No of
after novo run novo contigs  conflicts
trimming used used
1 P.bababudani 165,748,509 99.8 9 5 13 16
2 P.bengalensis 163,620,144 99.8 3 1 3 39
3 P.brassii 144,329,882 97.6 6 1 3 19
4 P.horsfieldiana 163,133,183 99.7 6 3 12 24
5 P.mannii A 121,618,582 99.7 8 5 15 17
P. mannii G 111,543,674 99.7 12 8 17 20
6 P.ebracteolatus 169,186,834 98.3 5 2 7 17
7 C.canephoral 35,032,562 75.8 6 4 8 19
C. canephora2 331,774,597 99.8 4 3 16 11
8 C.stenophylla 151,177,652 99.7 3 1 5 31
9 C.humilis 143,478,290 99.7 6 2 5 12
10 C. pseudozangue- 151,973,371 99.7 11 2 6 16
bariae
11 C.racemosa 145,503,020 99.7 3 1 3 11
12 C.dolichophylla 150,138,476 99.7 6 1 5 9
13 C. humblotiana 135,572,346 99.7 6 1 3 12
14 C. macrocarpa 190,904,048 99.7 3 1 4 5
15 C.tetragona 129,525,188 99.7 4 2 7 15

(@)

(®)

Figure 3.4 (a) Mismatch in reference-guided mapping assembly (b) de novo

discrepancies to other consensus.

assembly shows

Chloroplast genome is structured into a single circular chromosome that contains a large single

copy region (LSC), a small single copy region (SSC) and two copies of an inverted repeat (IRs)

(Palmer 1991 in Liu 2013). Data on chloroplast genome structure of 16 species (18 genomes) were

presented in Table 3.4.
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Table 3.4 Information of the chloroplast sequence of all studied species

No Species Genome Total (bp) LSC (bp) IRs (bp) SSC
size* (pg) (bp)
1 P. bababudani NA 154,713 84,817 25,877 18,142
2 P. bengalensis NA 154,821 84,955 25,871 18,124
3 P. brassii NA 154,545 84,800 25,770 18,205
4 P. horsfieldiana NA 154,978 85,118 25,862 18,136
5 P. mannii 1 NA 155,016 85,113 25,874 18,155
P. mannii 2 NA 155,016 85,113 25,874 18,155
6 P. ebracteolatus NA 155,084 85,134 25,905 18,140
7 C. canephora 1 154,726 84,840 25,888 18,110
C. canephora 2 LSS T ®0m 5946 1817
8 C. stenophylla 1.28-1.35 155,087 85,228 25,854 18,151
9 C. humilis 1.76-1.84 155,129 85,277 25,858 18,136
10 C. pseudozangue-bariae 1.13-1.23 155,031 85,124 25,901 18,105
11  C. racemosa 0.95-1.05 154,951 85,136 25,849 18,117
12 C. dolichophylla NA 155,168 85,288 25,880 18,120
13 C. humblotiana 0.97 155,109 85,227 25,884 18,114
14  C. macrocarpa 1.17 155,186 85,271 25,882 18151
15 C.tetragona 1.07 155,134 85,273 25,880 18,101
16 C. arabica 2.47-2.61 155,189 85,166 25,943 18,138

* Genome size was estimated by 2 C nuclear DNA content (pg) in Cros et al. 1995, Noirot et al. 2003, Razafinarivo et
al. 2012. Total: Total length of chloroplast; LSC: Large Single Copy; SSC: Small Single Copy; IRs: Inverted Repeat

Regions.

P. Dbrassii had the smallest chloroplast genome (154,545 bp) while C. macrocarpa was highest
(155,186 bp) for the diploids studied (Table 3.4). The proportion of each region was not necessarily
even among the species. Compared to other closely related plants such as tomato (155,461 bp),
tobacco (155,943 bp) and grape (160,928 bp), coffee had a smaller chloroplast genome. It seems
that the size of the chloroplast genome (total length in bp) did not correspond to the size of the
whole genome (measured in pg). Nuclear DNA content estimated by flow cytometry showed C.
racemosa has smallest value (0.95 - 1.05 pg) and C. humilis has highest value (1.76 -1.84 pg) of
diploid species studied; other diploid species such as C. pseudozanguebariae (1.13-1.23 pg), C.
stenophylla (1.28-1.35 pg) and C. canephora (1.43-1.55 pg) have middle values. C. arabica is a
tetraploid species and has highest value of 2.47-2.61 pg (Cros et al., 1995; Noirot et al, 2003;
Razafinarivo et al., 2012). However, in this study, the chloroplast genome of C. racemosa (154,951

43



bp) was bigger than that of C. canephora 1 (154,726 bp) and C. humilis size was smaller than
several diploid species (C. tetragona, C. dolichophylla and C. macrocarpa). There was also
variation in the size between the two C. canephora samples (154,726 bp and 155,097 bp).
Razafinarivo et al. (2012) concluded that genome size and genetic divergence or genome size and
phylogeny have no relationship. In this study, it seems that the size of the chloroplast also did not

explain the relationship among coffee species.
3.3.2 Phylogenic relationships between species

The consensuses of all species were subjected to Geneious 7.0.5 software platform for alignment
and the alignment file was used to construct the phylogeny trees. Alignment statistics include:
length of 137,380 bases, identical sites of 106,538 bases (77.6%), pairwise identity of 95.6%, and
mean of ungapped sequence length of 129,231.6 bases with standard deviation of 383.2.

Although the topology may be different among four methods, the species within each clade or sub-
clade and relationship between small groups remain unchanged. All methods of Maximum
Parsimony (Figure 3.5a), UPGMA (Figure 3.5b), Maximum Likelihood (Figure 3.5c), and Mr.
Bayes (Figure 3.5d) gave consistent results which separate species into two clades with very high
bootstrap value and probability and clear distinction between coffee and the out-groups. The first
clade includes 4 Psilanthus species; the second clade consisted of two sub-clades: (1) two distinct
samples of C. canephora grouped with other two supposed Psilanthus from West/Central Africa,
and (2) other Coffea species. Species grouped according to their biogeographic origin such as
West/Central Africa, or East/Central Africa, or Madagascar, or Oceania (Figure 3.6). This is the
first phylogeny of Coffea constructed from whole chloroplast genome sequence which gives much
better resolution compared to other methods. P. brassii groups with three other Psilanthus
accessions from India and Indonesia to form one clade, which is similar to results reported by Davis
et al. (2011) in which Asian and Australian Psilanthus were grouped in one clade. Surprisingly, C.
arabica and C. canephora were far apart from each other, even though C. canephora is supposed to
be an ancestral parent of C. arabica. However, chloroplast inheritance is generally maternal so a
close relationship between C. arabica and C. canephora chloroplast genomes should not be
expected. This finding is in agreement with several studies using molecular markers which placed
these two species in different clades (Anthony et al., 2010; Cros et al., 1998). That C. canephora
had a cpDNA closer to Psilanthus than Coffea could seem to indicate that the ancestor of C.
canephora captured the chloroplast genome from a maternal Psilanthus donor (through
hybridisation). The hybridisation between P. ebracteolatus and C. arabica confirmed the close
relationship between P. ebracteolatus and Coffea species (Couturon et al., 1998). Similarly, in this

study, P. ebracteolatus was placed in the same sub-clade with C. canephora indicating that P.
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ebracteolatus was close to Coffea species and the previous classification may need to be justified.
The relationship between P. ebracteolatus and P. mannii was very inconsistent between studies.
While several studies showed distance between P. ebracteolatus and P. mannii (Anthony et al.,
2010; Cros et al., 1998), other studies which are in agreement with the current study show the close
relationship between them (Davis et al., 2011; Maurin et al., 2007). Sub-groups for C. racemosa
and C. pseudozanguebariae, C. humilis and C. stenophylla were always in agreement with other
studies (Anthony et al., 2010; Cros et al., 1998; Davis et al., 2011; Lashermes et al., 1997; Maurin
et al., 2007). The placement of C. arabica, C. humblotiana, C. dolichophylla, C. macrocarpa and C.
tetragona were slightly different among trees, especially the relationship among C. humblotiana, C.
dolichophylla and C. tetragona. Within Coffea, C. macrocarpa seems to be the most ancestral

chloroplast genome.

(©) (d)

Figure 3.5 Phylogenetic tree constructed by different methods: Maximum Parsimony (a), UPGMA (b),
Maximum Likelihood (c), and Mr. Bayes (d) using 4 out-groups of forest tree (Ardisia polyticta), grape

(Vitis vinifera), tomato (Solanum lycopersicum) and tobacco (Nicotiana tabacum).
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Figure 3.6 Relationship between coffee species using chioroplast genome corstructed by Mr. Bayes

method

3.4 Conclusions

To the student’s knowledge, this is the first phylogeny of Coffea constructed from whole
chloroplast genome sequence for coffee trees. While almost all previous studies did not show
distinct clades between Psilanthus and Coffea, and tend to subsume Psilanthus to Coffea, this study
discriminated coffee species to two clades with high bootstrap value and probability. Four
Psilanthus sources from Asia formed into one separate clade, while the other two Psilanthus
sources from Africa were included in a clade that grouped all Coffea. This suggested that the origin
of Psilanthus is probably in Asia. If Psilanthus and Coffea belong to the same genus, the origin of
coffee trees probably from Asia. Species grouped according to their biogeographic origin and
almost all sub-groups are in agreement with previous studies. The position of C. canephora is
interesting and should be considered as more complex than previously thought. As chloroplast
genome is maternal inheritance, it is likely that canephora has Psilanthus genome but received
nuclear genome from Coffea. Chloroplast genome showed that a hybridisation event between an

African Psilanthus and a canephora ancestor. The maternal genomes of C. arabica (arabica) and C.
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canephora (robusta) are divergent. This result is in agreement with the fact that the chloroplast

genome of Arabica should be that of the maternal parent i.e. C. eugenioides.

This study was based on sequence data available for a certain number of species. Due to a deceasing
trend in the cost of sequencing, more data from additional species is expected to be available from
various research groups in the future. This perspective would bring in a more concrete conclusion
on the genomic synteny between species, especially those close to the two domesticated species C.
arabica and C. canephora that can be utilised in coffee breeding programs. Especially, species
containing almost no caffeine including C. humblotiana, C. tetragona (close C. arabica) and P.
ebracteolatus (close to C. canephora) have been an important breeding focus. Promising results
have been reported for low-caffeine hybrids derived from Stenophyla hybridised with arabica
varieties (Mundo Novo and Catuai Red 1 and 2). Likewise, the caffeine level in C. canephora was
also increased in its hybrids derived from C. eugenioide (Clifford and Kazi, 1987). According to
Hamon et al. (2015), interspecies crosses are possible for Coffea species, but there may be high
variations in the success rate of hybridization. This first phylogeny of Coffea constructed from
whole chloroplast genome sequences contributes to the understanding of relationships among coffee
species that could help guide efficient hybridisation schemes in coffee breeding programs for

quality improvement.
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CHAPTER 4: GENETIC DIVERSITY OF ARABICA BASED ON BEAN MORPHOLOGY
AND BIOCHEMICAL COMPOUNDS 3

Abstract

Selection of improved quality coffee genotypes can be supported by the use of association genetics
linking phenotypic data (morphological and biochemical components in the coffee bean
determining coffee quality) with genotypic data. The choice of germplasm representing diversity is
critical for the success of an association study. The narrow genetic base resulting from a genetic
bottle neck during domestication and self-pollination of commercial arabica has been well
documented. However, the sub/spontaneous accessions have higher genetic diversity as assessed by
molecular markers in other research. Beans of 232 diverse arabica coffee accessions originating
from 27 countries were harvested from the germplasm collection at CATIE, Costa Rica. Substantial
variation was observed for bean morphology including 100-bean weight, bean length, width,
thickness, and bulk density. Non-volatiles including caffeine and trigonelline were analysed and
showed larger variation in range than has previously been reported. Results of targeted analysis of
18 wolatiles from 35 accessions also showed significant variation, with coefficients of variation
from 140% for 4-vinylguaiacol to 62% for geraniol. There were strong correlations between some
volatile compounds, suggesting that representative volatiles used in selection would save analytical
costs. However, no strong correlation was found between bean morphology and the levels of non-
volatile or volatile compounds, implying that it is difficult to select for low or high composition of
these compounds based on bean physical characteristics. Utilizing the large variation observed for
bean morphology and biochemical traits, it should be possible to select for desirable combinations

of traits in arabica coffee breeding.

% This chapter contains information thatis also published in: Tran, H. T. M., Vargas, C. A.C, Lee, L. S,, Furtado, A.,

Smyth, H., and Henry, R. (2017). Variation in bean morphology and biochemical composition measured in different
genetic groups of arabica coffee (Coffea arabica L.). Tree Genetics & Genomes 13, 1-14
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4.1 Introduction

C. arabica is known to have a very narrow genetic base (Charrier and Eskes, 2004) which is
probably due to the narrow geographical origin, the selection bottleneck and self-pollination
(summarised by Tran, 2005). A number of studies have focussed on assessment of arabica diversity
using diverse groups of materials such as cultivar, mutants, spontaneous/sub-spontaneous
accessions (terms defined in Charrier and Eskes, 2004) and hybrids as well as different marker
systems (Aerts et al., 2012; Aga et al, 2003; Dessalegn et al., 2008b). These studies indicated a
limited genetic variability available for arabica breeding programs, even with the wild accessions
(Aga et al, 2003; Anthony et al., 2001; WCR, 2014). Further assessment in a wider germplasm
collection is required to identify genetically diverse material to be then used as a useful sources for

improving arabica coffee quality.

Coffee quality is assessed based on both physical and organoleptic quality. The physical quality
characteristics include length, width, thickness or weight, shape or colour of coffee beans while the
organoleptic quality relates to the fragrance or aroma, flavour, sweetness, acidity or overall taste
(Leroy et al., 2006). Both the physical and chemical attributes of coffee beans are important criteria

which determine the value of arabica coffee beans in world markets (Belete, 2014).

For the physical bean quality, weight of 100 beans is used as an indicator of bean size.
Alternatively, the beans can be measured directly on the sieve in industry. Coffee with larger beans
usually get good grade and fetch higher price than smaller ones even though the former do not
necessarily produce desirable roast or liquor (Belete, 2014). Length, width and thickness or ratio of
length/width is the reflection of the bean shape. Data on bean size and shape of coffee as well as its
genetic research was not well documented. There is also limited information on the correlation
between physical bean and the chemical compounds or cup quality in coffee. The amount of
moisture in coffee parchment and beans is important because coffee too high or too low in moisture
will not maintain high cupping quality. Green coffee that is high in moisture (greater than 12% wet
basis) can deteriorate due to bacteria, mould, or yeast, especially if the seed is killed. If the seed
remains alive, enzymatic activity will cause the cupping quality to change. In any case, the
parchment coffee moisture level should be lowered to below 12% soon after harvest (Gautz et al.,
2008). International Coffee Organization (ICO) recommended the standard moisture for green bean
is 9-12% (Subedi, 2011).

Caffeine and trigonelline are key non-volatile compounds in coffee. Caffeine is one of the main
alkaloids contributing to the strength, body and bitterness of brewed coffee (Trugo, 1984).
Trigonelline is a pyridine alkaloid and considered to be important for both taste and nutrition (Ky et

al., 2001). High quality coffee correlated with high level of trigonelline in green and roasted coffee
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beans (Farah et al, 2006b). Trigonelline contributes indirectly to the formation of different

desirable aromas during the roasting process (Ky et al., 2001b).

Coffee flavour and its formation is extremely complex; however, a number of studies on coffee
flavour and its constituents have been reported. The contribution of volatile and non-volatile
compounds to coffee quality and their relationship to coffee sensory properties has been thoroughly

reviewed by Flament (2002) and more recently by Sunarharum etal. (2014).

The analytical methods for the determination of non-volatile (i.e. caffeine and trigonelline) and
volatile compounds (both non-targeted and targeted analysis) have been mentioned in Chapter 2

(2.3.2 Methods of non-volatile and volatile analysis in coffee).

To analyse volatiles in roasted coffee bean, green coffee bean must first be roasted, as roasting is a
crucial step towards a good cup of coffee. Factors affecting the volatile composition as well as its

variation during the roasting process been reviewed in Chapter 2 (2.3.1.2 Volatiles).

In this study, we report the analysis of genetic diversity of a C. arabica population collected from
one of the world’s largest coffee collections based on measurement of bean physical properties and
composition using state-of-the-art analytical technologies. The outcome would help guide breeding

programs in selection for favourable bean size, caffeine, trigonelline and volatile compounds.

As mentioned above, arabica has a limited genetic variability while association studies require a
diverse germplasm resource. The evaluation of genetic diversity of arabica germplasm collection is

the first step in association mapping. The aims of this study are:

1/ To collect a wide germplasm set of arabica coffee and evaluate their genetic diversity with
regards to bean morphology, non-volatiles (caffeine and trigonelline) and volatiles (analysed by

non-targeted and targeted approaches).

2/ To determine if there is any correlation between bean physical properties and chemical

composition (non-volatiles and volatiles), so that it can be used for indirect selection of desired
quality genotypes.

3/ To select desirable genotypes for use in breeding and association analysis to identify genes or

markers linked to coffee quality.

4.2 Materials and Methods

4.2.1 Materials

4.2.1.1 Genetic material conserved in CATIE/collection site and its diversity

CATIE (Centro Agrondémico Tropical de Investigacion y Ensefianza — Centre for Tropical
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Agricultural Research and Higher Education, Costa Rica) is holding one of the largest C. arabica
coffee genebank in the world, containing 1730 accessions (updated Nov 2014). It comprises wild
coffee trees collected in the centre of origin, varieties and mutants selected in various research
centres, as well as intra- and interspecific hybrids from 27 countries in total. This is the only gene
bank of coffee available in Latin American and Caribbean countries (Anthony et al, 2007). The
collection is located in an area of approximately of 8.5 ha at latitude 9° 53° 57” N, longitude -83°
39’ 43” W, and at an elevation of 616 m above sea level. It has an average annual rainfall of 2,779
mm and an average annual temperature of 22.2°C. Its soil has a pH of 4.76 and contains 3.62%
organic carbon, 0.32% total nitrogen, and 11.3 mg/l phosphorus (provided by CATIE, obtained in
2012). Most of the accessions were grown from seed each of which constitutes a genotype. Each
accession has four to eight trees. The spacing between rows and between trees within rows is
generally 2.5 m x 2 m. Erythrina popeppigiana trees were grown as shade trees at the spacing of 6
m x 6 m (Figure 4.1). The collection's maintenance was described in detail by Anthony et al. (2007).
Harvesting is conducted 4 times in a year from July to November. Each individual accession was
marked by a concrete board (Figure 4.1). Accessions were classified into three groups based on their
genetic origins: (1) Accessions from the diversity centre of C. arabica; (2) Accessions from Typica
and Bourbon-derived varieties and mutants; and (3) Accessions from introgressed lines selected from
interspecific hybrid progeny (C. arabica x Coffea spp.) (Anthony et al., 2007b). Genetic markers
revealed a higher genetic diversity in group 1 than in group 2 while group 3 is significantly different
from the other two groups, with especially high variation in bean chemical contents and cup quality
(Anthony et al., 2007D).

Figure 4.1 Coffee collected from Ethiopia by FAO and the concrete board to mark genotypes

4.2.1.2 The selection of germplasm

Materials for the study were selected based on these criteria: (1) they are listed in core collection, (2)
they are known for biochemical compounds or quality, (3) they came from different coffee growing
countries, (4) priority is given to wild type Ethiopia and hybrids, and (5) their fruits are available at
the collection time. A large diversity in tree morphology such as leaf, canopy, branch and fruit
appearance was observed at the collection field site (Figure 4.2 and 4.3).
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(Wild type Ethiopia) (San Ramon) (Mokka Hybrid)

Figure 4.2 Example of tree morphological diversity in the coffee germplasm collection at CATIE, Costa

0 888 * e

(1) 3) 4)

Figure 4.3 Example of diversity in fruit morphology: (1) common Arabica and Goiaba (2) Geisa and

Rica

Caturra (3) Sachimor and Catimor (4) Red and yellow Catuai
The selection of leaf and fruit followed these consecutive steps: (1) located the accessions, (2)
selected the tree within accession that was bearing fruits, (3) marked the selected tree with colour

band and a sign with name and code, and (4) collected leaf and fruit samples from the selected tree.

In total, 235 accessions originated from 27 countries were selected for this study (Table 4.1 and
Appendix Table S4.1). Among them, 232 accessions are C. arabica, two C. canephora and one C.

brevipes. The arabica collection was divided into three groups as showed in Table 4.2.
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Table 4.1 Coffee accessions used in the study and their countries of origin

Total Accessions Total Accessions
No | Countries accefssions collect_ed No | Countries acce_ssions coIIect_ed
available for this available for this
at CATIE study at CATIE study
1 | Brazil 293 19 15 | India 24 2
2 | Cambodia 1 1 16 | Kenya 20 4
3 | Cameroon 47 7 17 | Madagascar 1 1
4 | Sri Lanka 3 2 18 | Malawi 24 2
5 | Colombia 36 7 19 | México 26 2
6 | Congo 8 2 20 | Panama 1 1
7 | Belgan 43 3 21 | Portugal 163 5
Congo
8 | Costa Rica 291 16 22 | Puerto Rico 60 8
9 | Cuba 2 1 23 | Sudan 1 1
10 | Ecuador 4 2 24 | Taiwan 2 2
11 | El Salvador 24 5 25 | Tanzania 24 3
12 | Ethiopia 517 115 26 | The US 12 1
13 | Indonesia 73 10 27 | Venezuela 2 1
14 | Guatemala 28 12 Total 1730 235
Table 4.2 Constituents of the coffee germplasm collection
Species Group Types Quantity %
C. arabica 1 Wild type from Ethiopia 112 47.66
2 Variety 42 34.89
Cultivar 3
Selection 29
Natural mutant 8
3 Hybrid 38 16.17
C. canephora 2 0.85
C. brevipes 1 0.43
Total 235 100.00

4.2.2 Methods
4.2.2.1 Bean collection, processing and storage

Fruits were collected from one single tree per accession. Ripe cherry (as the mature fruit is called)
was harvested by hand, and then taken to a processing house for pulping. After removing the pulp,
fresh coffee bean was stored in nylon (PE) bags with water (due to the small amount of coffee bean)
for the removal of mucilage. After 12 hours, the fresh coffee bean was taken out of the plastic bag
and washed with clean water. Then the fresh cleaned bean was dried in the shade and open air for 1-
2 weeks. The parchment was then de-husked. The bean was measured for the moisture content
using a MD1229 SEEDBURO 1200S at 12°C, then placed in a hermetic box and shipped to the
University of Queensland (UQ), Australia. Bean was stored in the refrigerator at 4°C prior to

measurement, roasting and chemical analysis.

53



4.2.2.2 Bean physical measurement

Bean physical characteristics were measured by applying the method developed by IPGRI (1996)

with modification for the weight of 100 beans as follows:

- Weight of 100 beans at 12% moisture content = [(1-Xx%)/(1-12%)] * weight of 100 beans

calculated at x% moisture, measured in triplicate.

- Bean length and width (ratio of length/width), and bean thickness: Measured by the calliper in cm

at the longest, widest and thickest parts, respectively, and in quintuplicate.

- Bulk density of green bean (in duplicate): measured by weighing the dried beans in a 100-ml

cylinder, and then converted to kg/m?®.

- Moisture of green and roasted bean (in duplicate): measured by Coffee moisture tester named
Firmware 2.10 FX (EEPROM 8150 v 1.1 - Coffeelabequipement.com) and also by oven set at
100°C for 22 hours with 2 g of coffee bean.

4.2.2.3 Non-volatile analysis
4.3.2.3.1 Sample preparation

In total 235 samples of green bean and 38 samples of roasted bean were extracted in duplicate.
Samples were extracted using a method based on that of Casal et al. (1998) with minor
modification. Approximately 4.5 g of roasted or green coffee bean samples, which were stored in
the pouches at -20°C (roasted beans) or the fridge at 4°C (green beans), were subjected to milling
using Retsch Mixer Mill 4000, frequency 30/s for 25 s (roasted beans) and 1.2 min (green beans)
(Figure 4.7). Two grams of green (or roasted) coffee powder of each sample was placed in a 100 ml
Erlenmeyer flask with a magnetic stirrer and boiled in 20 ml of MilliQ water for 2.5 min, and then
allowed to cool for about 2.5 min before transferring the extract into a 100 ml volumetric flask. The
boiling cycle was repeated two more times and extracts mixed together in the volumetric flask and
diluted to a final volume of 100 ml with MilliQ water. The extracts was transferred into a 50 ml
tube and then cooled down by placing in a -20°C freezer for 12 min before filtered into HPLC vials
using 0.13 pm syringe filter. The cooled extract was first centrifuged at 1,500 rpm (252 xg) for 5
min at 4°C before the supernatant was filtered. The filtered extracts were stored in HPLC vials at -

20°C for further analysis. Analyses were conducted in duplicate with separated bean samples.
4.2.2.3.2 Instrumental Conditions

Samples were analysed on a HPLC/diode-array detector system. The HPLC conditions followed those
of Casal et al. (2000) using a Spherisorb S5 ODS2 (0.46 x 25.0 cm) column, with a pBondapak C18
(10 pm) guard column (Waters), and a Shimadzu chromatograph (modelLC-10 VP). The temperature
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of the column and the autosampler was 23°C and 4°C, respectively. The injection volume was 20
with a gradient as follows: (A) phosphate buffer (KH2PO,4) 0.1 M (pH 4.0), (B) methanol at 0 min
(7% B), 4 min (9% B), 6 min (25% B), 13 min (29% B), 21 min (50% B), 30 min (7% B) at a flow
rate of 1ml/min. Detection in both cases was achieved using a diode-array detector at 265 nm for
trigonelline and 273 nm for caffeine (Figure 4.5). The compounds under study were identified by
chromatographic comparisons with authentic standards (caffeine and trigonelline hydrochloride
standards were from Sigma-Aldrich, Sydney, Australia). Analytical grade methanol and KH,PO,4
were also obtained from Sigma-Aldrich (Sydney, Australia).

Quantification was based on an external standard curve. Four calibration points were used to create
a linear calibration curve in order to quantify the compounds (caffeine: 0.05-500 pg/ml;
trigonelline: 0.15-450 pg/ml) (Casal et al., 1998). The correlation coefficient between the external
standard concentrations and absorbance values for each standard curve invariably exceeded 0.999
(Figure 4.4).
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Figure 4.4 Calibration curves for trigonelline (left) and caffeine (right)

(The Xand Y axes representexternal standard concentrations and absorbance values, respectively).
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4.2.2.4 Bean roasting

To analyse volatiles, green coffee bean was roasted at Ashtan Place, Banyo, QLD 4014 by Peter
Wolff (Wolff Coffee Roasters) who has been at the forefront of the coffee industry in Australia for
more than thirty years.

The density and moisture of each green bean sample was measured in order to optimise the
temperature and time of roasting to accommodate for the variation in bean size across the samples.
In general, each sample was roasted at a starting temperature of 180°C then increased to 188°C,
adjusted to 185°C for 6-7 mins total time, and finally cooled for 4 min. The roasting machine used
was designed for research scale use and was a Coffee PRO, sample Pro 100 Gas, capacity 2 x 100 g,
date of production of Dec 2010 (Nexu International Ltd, coffeetrays.com) (Figure 4.6). Roasted

bean was measured for the percentage of weight loss, bean density and especially bean colour.
+ Percentage of weight loss calculated by the subtraction the weight before and after roast
+ Bean density was measured as for green bean.

+ The colour of the roasted bean was measured using a Roast Analyser — RoAmi, Roaster’s
Friend (TRUE systems, true-systems.com). The colour range was based on SCAA/Agtron (Agtron,
2004).




Figure 4.6 Bean roasting procedure: (a) samples preparation, (b) roaster, (c) checking roasting
temperature, (d) bean roasted, (e) cooling system, and (f) bean colour measurement.

Colour, density and % of weight loss of the roasted bean were used to control the consistency
among the samples. Coffee bean was subjected to volatile analysis after 24 hours of roasting. The
remainder was stored in the aluminium pouches and vacuumed, and then placed in the -20°C for
non-volatile analysis (Cheong et al, 2013) at the Health and Food Sciences Precinct, Coopers

Plains, Queensland.
4.2.2.5 Non-targeted volatile profile analysis.
4.2.2.5.1 Sample preparation and extraction

The 221 roasted coffee samples were prepared for volatile analysis within 48 hours of roasting.
Approximately 4-5 g of fresh roasted coffee beans of each sample were subjected to milling using
Retsch Mixer Mill 4000, frequency 30/s for 30 s (Figure 4.7). Two grams of ground coffee was
weighted and directly put into a screw capped glass headspace sample vial (20 ml) ready for
analysis.  The headspace of prepared samples were analysed by solid-phase microextraction
(SPME) using a Combi-PAL autosampler (CTC Analytics, Zwingen, Switzerland) controlled by
Cycle Composer software (CTC Analytics, version 1.5.2). The SPME fibre was a 50/30 pm
divinylboenzene / carboxen/ polydimethylsiloxane (DVB/ PDMS/CAR), StableFlex, Supelco,
Bellefonte, PA. Prior to headspace sampling, the vials containing the coffee samples were equilibrated
at 60 °C for 20 min. During extraction, the SPME fibre was exposed to the sample headspace for 30 min
at 60 °C, and then inserted into the GC inlet heated at 250°C and set to a 1:25 split ratio.

Figure 4.7 Coffee bean miller, samples extracted and GC-MS analysis

4.2.2.5.2 Instrumental conditions

SPME extracts were analysed using a Shimadzu GC-2010 gas chromatograph coupled with a
Shimadzu GC-MS-QP2010S mass selective detector (MSD). The system was controlled by
Shimadzu GC-MS Solutions software (version 2.53).

The GC column oven was fitted with a DB-Wax capillary column (60 mx 0.25 mm id., 0.25 um
phase) Agilent J&W, USA. The carrier gas was helium set to a flow rate of 1.6 mL/min, linear

velocity 32 cm/s. The initial oven temperature was 40°C for 1 min, then ramped at 10 °C/min to
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250°C and held for 15 minutes. The interface temperature was set to 280°C and the MSD set to scan

am/zrange of 20 to 300. The ion source was set at 70 eV and electron multiplier at 1350 V.
4.2.2.5.3 Data pre-treatment and analysis

For data analysis, the software GC-MS Solutions (version 4.2, Shimadzu Corporation) and the
database NIST21 and NIST107 were used. Two types of data were collected:

Total ion chromatographs (TICs) with full scan (35-350 m/z) electron ionisation mass spectral data

which was exported as time versus Total lon Current response from Chemstation to Microsoft Excel.

Extracted lon Chromatograms were also obtained with mass spectral ions (m/z) of specific or
particular interest, such as m/z 42, 67 and 135 common for many pyrazines, m/z for ketones (43) or
m/z for furans (95) were singularly extracted. In total about 10 extracted ions corresponding to 10
key compounds of coffee were exported to Microsoft Excel. Chemical identification was performed

via the respective mass spectrum using the NIST MS library and retention time (Rt).

Using Microsoft Excel, all chromatographic fingerprints were manually trimmed at the beginning
(before 3.75 min retention time) and at the end (after 21.4 min retention time) since there was no
useful information observable in these regions (Figure 4.14). Due to slight chromatographic shift
from run to run, peaks were manually aligned with reference to certain peaks which were identified
using the NIST library to ensure the alignments were correct (Figure 4.8). After a pre-treatment of
the GC chromatogram data including baseline correction and smoothing signal, data was subjected

to principal component analysis (PCA).
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Figure 4.8 Data smoothing: (a) original data (b) data after using Correlation Optimized Warping

(COW) (c) data after manual alignment/smoothing.

4.2.2.6 Targeted volatile profile analysis

35 samples showed contrasting characters for principal component 1 and 2 with some outlying wild
type genotypes based on chromatographic fingerprints (total ion chromatographs -TICs) were
selected for targeted analysis (SIDA combined with HS-SPME/GC-MS).
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The targeted method involved SIDA together with HS SPME/GC-MS for 18 important volatile
flavour compounds. The details of the extraction method, instrumental conditions, and calibration

parameters of the method applied are described in detail by Sunarharum (2016).
4.2.2.6.1. Sample and standard preparation and extraction

The 35 roasted bean samples were stored at -20°C until prepared for analysis. Samples were ground
using a Retsch Mixer Mill 4000 with a frequency of 30/s for 30 s and weighed (2 g) in triplicate into
a screw cap glass sample vial together with 2 ml of saturated brine (NaCl), 2 ml milliQ water and a
magnetic stirrer flea. Similarly, spiked standard addition calibration solutions were prepared and
weighed (2 @) into vials together with brine, water and a stir flta. A spike of internal standard
solution was added which contained isotope analogues of the target volatiles. Sample extraction
was conducted using a Gerstel MPS2 Autosampler (Gerstel, Germany). SPME fibre type,
extraction time and temperature was as described by Sunarharum (2016).

4.2.2.6.2. Development of calibrations and instrumental conditions

Instrumental analysis was performed using an Agilent 6890N gas chromatograph (GC) and an
Agilent 5975 series Mass Selective Detector (MSD) unit (Agilent Technologies Inc., California,
USA) witha MPS-2 multipurpose sampler (Gerstel, Germany) installed according to the
instrumental parameters and conditions described by Sunarharum (2016). All analyses were

performed in triplicate. A four-point calibration function was developed for each target compound.

Quantitation was achieved using selected ion monitoring and qualifying ions were used to
identify target compounds, together with matching retention times, with authentic reference
standards. Co-elution with other compounds was common as coffee has a great number of
volatile compounds; however, there wasno co-elution observed for target ions used for
quantification of each compound. The data were collected using the Enhanced ChemStation
software MSD ChemStation G1701EA revision E.02.02 and compound concentration data were

exported into Excel prior to analysis.

The analysis of volatile data was summarised in the following diagram (Figure 4.9)
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Figure 4.9 Analysis of volatiles in roasted coffee bean using non-targeted and targeted analytical

approaches.

) Samples that appeared to be more diverse were selected (see Figure 4.15 left, samples in circle); ¢ Samples at 2

extremes were selected (see Figure 4.16, samples in circle); ™) Samples at 2 extremes were selected (see Figure 4.17,

samples in circle).
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4.2.2.7 Data analysis

One-way analysis of variance (ANOVA) was performed using the software GenStat version 11
(Payne et al., 2008) using category of accessions (cultivars, hybrids and wild) as a factor. Mean values
between two groups were compared using linear contrasts. Spearman rank correlations was used to

examine the relationship between variables after testing for normality using Shapiro-Wilk test.

For each variable, the value of measurement for each individual was standardised by subtracting
it from the population mean and dividing by the standard deviation in order to reduce the
influence of the scale differences. The standardised data were then used in PCA performed with
the software XLSTAT (Addinsoft, 2007) for targeted analysis in which 18 variables (18 volatile
compounds) and 35 samples were included. For non-targeted analysis (supplementary data), due
to the large data set (100 selected chromatographic variables and 221 samples), principal
component analysis (PCA) multivariate exploration was conducted using The Unscrambler X,
version 10.3 (Martens et al., 1987).

4.3 Results and discussion
4.3.1 Variation in physical characters of green bean and its changes after roasting
4.3.1.1. Variation in green bean physical characteristics

Physical characteristics of green coffee bean have been reported to affect beverage quality to some

extent. In this study green bean physical characteristics and coffee quality of 232 arabica coffee.

Measurement of 232 arabica accessions for green bean physical characteristics showed that 100
bean weight (WZ100), length, width, ratio between length and width, thickness and bulk density were
on average 15.53 g, 9.62 mm, 6.83 mm, 1.41, 3.95 mm and 600 kg/m’, respectively. W100 and
bean length had the largest variation, with the coefficient of variation (CV) of 12.20% and 7.73%,
respectively (Table 4.3). There was a significant difference (P < 0.001) between accessions for all
variables. Although the three arabica groups had similar mean weighs of 100 beans (15.35, 15.80
and 15.57 @), the hybrid group comprising both intraspecific and interspecific hybrids had the
largest variation (CV = 15.54%), followed by the cultivar group (CV = 12.50%) and the least
variable was the wild type group (CV = 10.69%) even though this group accounts for almost half of
the population. This group was also the least variable for length (6.99% vs 8.33 and 8.34%) and
width (5.01% vs 5.27 and 6.13%). For thickness and bulk density, hybrids had the least variability.
However, the difference between groups was not significant for W100, length, and bulk density. For
the ratio between length and width, width and thickness, the wild type group was significantly
different to the cultivar and hybrid groups (P < 0.05), while there was no significant difference
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between the cultivar and hybrid groups. The wild group had slimmer beans and a greater thickness
than the cultivars and hybrids (Table 4.3).

Table 4.3 Variation in green bean physical quality measured in 232 arabica coffee accessions.

Variable Min Max Mean CV (%) LSDo.0s Literature
W100 (g) 10.16  23.13  15.53 12.20 0.54 9.77-21.82W
+ cultivar (n=83) 10.16 23.13 1535a 12.50

Y hybrids (n = 36) 1547527115808 15,54

+wild type (n=113) 11.87 1988 1557a 10.69

Length (L) (mm) 6.64  13.20 9.62 7.73 1.12  819-11.04
+ cultivar (n=83) 6.64 13.20 9.50a 8.33
+ hybrids (n = 36) 8.32 12.52 9.75a 834
+wild type (n=113) 801  12.05 966a  6.99
Width (W) (mm) 5.97 8.08 6.83 5.43 0.59 6.11 - 8.27 ©
+ cultivar (n=83) 5.97 8.07 6.91a 5.27
+ hybrids (n = 36) 6.22 7.92 694a  6.13
+wild type (n=113)  6.12 8.08 6.74b  5.01
Ratio L/W 1.11 1.75 1.41 7.68 0.15 1.33—1.35
+ cultivar (n=83) 1.11 1.67 1.38 b 7.13
+ hybrids (n = 36) 1.18 1.65 1.41b  7.58
+wild type (n=113) 1.22 1.75 1.44a 745
Thickness (mm) 3.27 5.18 3.95 7.04 0.49 4,60 -5.13®
+ cultivar (n=83) 327 484 388b 754
+ hybrids (n = 36) 341 449 387b 580

Ywild type (n=113) 342 518  40la  6.66

Bulk density (kg/m°) 454 679 600 4,57 20.86 635 - 707

+ cultivar (n=83) 458 675 603 a 5.24
+ hybrids (n = 36) 566 664 605a  3.76
+wild type (n=113) 505 679 597a 454

Values with the same alphabetalong the same column are notsignificantly different (P>0.05). CV (%): coefficient of
variation. LSD g¢s: Least Significant Difference at P value less than 0.05. Ranges of phenotypic values reported from
literature: ) Belete, 2014; Bertrand et al., 2005; Montagnon and Bouharmont, 1996; @ ®® ® ojukunle and Akinnuli,
2012; Ghosh and Gacanja, 1970; ® Franca et al., 2005; Rodrigues et al., 2003.

In this study green bean physical characteristics and coffee quality of 232 arabica coffee genotypes
was assessed and the relationship between these attributes was determined. For the physical bean
quality, the weight of 100 beans is used as an indicator of bean size. Alternatively, the bean size can
be measured directly on the sieve in industry. Coffee with larger beans usually gets a good grade and
fetches a higher price than coffee with smaller beans even though the former do not necessarily

produce a more desirable roast or liquor (Belete, 2014).

The large variation in bean size in the population studied based on visual assessment and weight of
100 beans (W100) (Figure 4.10 and Table 4.3) indicated the potential for selection in breeding. In
general, the population used in this study had a smaller average size compared to those in previous
studies, but the range of W100 and bean length was larger than that reported in the literature.

Previous studies showed that the weight of 100 beans of arabica hybrids and maternal lines ranged
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from 17.00 - 20.01g (Bertrand et al, 2005). A more diverse population of 148 accessions from
Ethiopia showed a mean 100 bean weight of 2 groups of 16.17 - 16.63 g with a minimum of 12.30
g and a maximum of 20.8 g (moisture content of 10%) (Montagnon and Bouharmont, 1996). A
larger variation in 100 bean weight was observed for 30 accessions at 4 locations in Ethiopia with
average of 13.12 to 19.13 with minimum of 9.77 g and maximum of 21.82 g (at 11% moisture
content) (Belete, 2014). With a lower limit for W100 of 10.16 g and upper of 23.13 exceeding other
studies at both ends of the spectrum, this study has captured a greater range of diversity in bean
weight than previous, smaller investigations. Accessions with exceptionally large bean size identified

in the current study could be a useful source for genetic improvement of arabica physical quality.

Bean length, width, length/width ratio, and thickness reflect the bean shape and also contribute to
the 100-bean weight. In a previous study involving 52 samples collected from Kenya, the average
bean length, width and thickness were reported as 11.04 mm, 8.27 mm and 5.13 mm, respectively
(Ghosh and Gacanja, 1970). Similarly, Olukunle and Akinnuli (2012) also reported the
measurement for beans collected from Nigeria with average length, width and thickness of 8.19
mm, 6.11 mm and 4.60 mm, respectively. The current study involving a much larger population

exhibited smaller mean size in each of these dimensions.

Density is a parameter that relates to bean weight as well as the roasting properties. The population
studied had relatively low density compared to previous studies (Franca et al., 2005; Rodrigues et
al., 2009). This may be the result of the higher moisture content of studied samples than that of the

standard which relates to bean weight and volume.

Among the three groups of arabica, the hybrids had the largest average bean size and the most
variable size (Table 4.3), which could be a result of cross breeding from both parents having large
bean size, or selection of hybrid population from a subset of the progenies of the cross which was
selected based on large bean size. The groups of cultivars and wild relatives had almost the same
value for bean size of 15.35 g and 15.57 g while the wild groups included more accessions and
would be expected to include more variation. However, among three groups, the differences are not
significant for weight of 100 beans, length and bulk density. For width and thickness which relates
to bean size and ratio of L/W which relates to bean shape, the wild type group was significantly
different from cultivar and hybrid groups suggesting its potential use in selection for bean size and
shape in quality breeding. Furthermore, the mean L/W ratio in our study was larger than reported in
the literature (Table 4.3), indicating a more elongated bean shape was observed when a large

diverse sample population was examined.
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Figure 4.10 Variation in bean size: small bean vs large bean (left); different sizes of bean from small-

medium to large.

(numbers are the code of the samples: 979 - W100 = 10.16 g; 4602 - W100 = 12.81 g; 4133 - W100 = 19.52 g; 3856 -
W100 = 22.71 g; 2138 - W100 =23.13 g; 1993 - W100 = 16.37 g)

The green bean size could be consider an important criterion for coffee plant selection aiming to
improve the green bean quality since the evaluations and comparisons have occurred in the same

environmental conditions and in the same post-harvest processing procedures.
4.3.1.2 Bean roasting and the change of bean physical properties after roast

The population studied has much higher bean moisture compared to that required by the coffee
industry with average of 13.97% (Table 4.4). The majority of the samples have moisture of 14 —
15%. The reason may be that after getting bean from Costa Rica, it was stored in the fridge at 4°C
waiting for further analysis. While this may affect the concentration as well as the profile of

compounds in coffee, it is expected that the quality of bean may not be affected at this temperature.

After roasting, the 42 samples’ bean moisture content reduced to 1.7% on average with range of
1.11-2.37% (Table 4.4) which was very close to that reported by Campos et al. (2014), ranging
between 1.5 and 2.2%.

Bulk density of green bean was also measured to modify the roasting profile, the higher density the
longer time of roast as high density beans are more resistant to  heat
(https://bootcampcoffee.convcoffee-density-roasting-strategy/).  Variation in  bulk density in the
population of 235 genotypes was quite high, ranging between 458 — 679 kg/m® (Table 4.4). The
accessions named Arabigo Puerto Rico had the lowest bean density (458 kg/m®) while a wild

accessions from Ethiopia called E-190 was the highest accession in bean density of 679 kg/m®. Only
221 genotypes were roasted, with the mean bulk density after roast of 482 kg/m®, reducing 21%
compared to bulk density of green bean. While the bulk density of the green bean was lower than

reported in the literature, the bulk density of roasted bean was much higher (Table 4.4). This may be
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the result of high moisture content in the green bean. According to Franca et al. (2005), bean
density was higher for the soft (high-quality) sample and lower for the rio (low-quality) sample. The
lowest quality sample (rio) presented the highest values of density after roasting and the lowest
increase in volume. This parameter should be taken into account to see if there is any link between

this type of bean property with bean biochemical compounds.

Table 4.4 Changes of bean properties after roast

Bean moisture

Green bean (235 samples) Roasted (42 samples)
Mean SD Range (%) Frequency Mean SD Range (%)
(%) <13% 13-15% | >15% | (%)
13.97 | 0.66 | 9.53-15.65 9 209 14 1.7 0.30 1.11-2.37
Bulk density
Green bean* (232 samples) Roasted bean (221 samples)
Mean SD Range Literature Mean SD Range Literature %
kg/m® kg/m?® @) kg/m’® kg/m’® 2) reduce
600 | 28.19 | 458-679 | 635-707 | 487 | 2983 | 400-590 | 2°0-369 | 21

Weight loss (221 samples)

Mean (%) 14% 16% 18% 20% 22%
17 8 79 98 35 1
Bean size
No of samples Length (mm) Width (mm) | Thickness (mm)
Green bean 232 9.62 6.83 3.95
Roasted bean 42 11.11 8.26 4,98
% of increase 13.48 15.53 20.60

Bean colour (221 samples)

Degree of Undeve- | Extra Very Light Med Med Med Dark | Very
roast** loped light light light dark dark
Colour 100 95 80-90 | 70-80 | 60-70 | 50-60 | 40-50 | 30-40 25
range

Frequency 0 3 31 122 63 2 0 0 0

bulked density for green bean was standardised at 12% moisture; ** see appendix Table S4.2 for more details

W & @: Franca et al. (2005) & Rodrigues et al. (2003). (SD: standard deviation); Green bean is the bean before roasting;
Roasted is the bean after roasting; Number in brasket is the number of samples measured.

After roast, percentage of weight loss of roasted bean, density of roasted bean and bean colour were
measured to make sure the samples were roasted consistently and in the range of the mdustry
requirement. For the population studied, the average weight loss of roasted bean was 17%, in which
80% of samples had weight loss of 16-18%, 8 samples have 14% and one sample has 22% of
weight loss. Even though the moisture of the green bean was higher than standard, the weight loss
of roasted bean was in the range of that of industry which is from 14-23% (Table 4.4) and other
studies (Campos et al, 2014; Gloess et al, 2014). These studies also found that weight loss of
roasted bean was higher for darker roast degrees or with the increase of roasting temperature.
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Measurement of 42 samples show that the increase in bean size was from 13.38% for length,
15.53% for width and 20.60% for thickness. In the study of Gloess et al. (2014), the gain in volume
of the beans ranged from 43% to 82%, being higher for darker roast degrees and lower for longer

roasting times.

One of the measurements reflecting the consistency of roast is colour of roasted bean. Bean should be
roasted from light to medium to develop proper flavour. In this study, almost all samples (97.74%)
were roasted from very light to medium light corresponding to colour range of 60 to 90 or Agtron tiles
of 65 to 85 indicating a comparable roasting of the samples had been achieved (Figure 4.11). Only

two samples were with medium roast and three samples with extreme light roast (Table 4.4)

Figure 4.11 Degree of roast and corresponding colour
Source: https://legacy.sweetmarias.convlibrary/content/using-sight-determine-degree-roast (based on Agtron Roast
Color Tiles)

4.3.2 Variation of non-volatile compounds in 232 arabica accessions
4.3.2.1 Variation of caffeine and trigonelline in green bean.

The green bean caffeine content of the 232 arabica accessions was on average 1.25% on a dry matter
basis (d.m.b), ranging from 0.82% to 1.76%, while the trigonelline content was 1.11% on average,
ranging from 0.80% to 1.38% . The coefficient of variation was 9.64% for caffeine and 9.55% for
trigonelline (Table 4.5). Significant genotypic variation (P < 0.001) in caffeine contents was observed
among accessions (Table 4.5); they appeared to follow a normal distribution that was slightly skewed
towards the lower value (Figure 4.12). The cultivar group had a significantly (P < 0.05) lower

caffeine content than the hybrid and wild groups (Table 4.5). With regards to within-group variation,
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the hybrid group was the most diverse in caffeine (1.01 — 1.76%, CV = 11.29%) despite having the
smallest number of accessions (38), followed by the cultivar group (0.82 — 1.52%, CV = 9.18%) and

the wild type group from Ethiopia (1.18 — 1.51%, CV = 9.15%) (Table 4.5). For trigonelline,
however, there was not a significant difference (P < 0.05) between the three groups.

Table 4.5 Variation in caffeine and trigonelline content among different arabica coffee groups

Caffeine (% d.m.b.)

Species Group Types Sizz Min Max Mean CV% LSD g5
C. arabica 1 Variety/ selection 83 082 152 1.23b 9.18 0.13
2 Hybrid 36 1.01 176 1.28a 11.29 0.07
3 Wild type 113 118 151 1.26a 9.15 0.11
Total/Average 232 0.82 1.76 1.25 9.64 0.12
C. canephora 2 1.19 2.48 1.84
C. brevipes 1 2.37
Trigonelline (% d.m.b.)
Species Group Types Sizz Min Max Mean CV% LSD g5
C. arabica 1 Variety/ selection 83 089 138 1.12a 9.66 0.11
2 Hybrid 36 089 131 1.13a 9.69 0.10
3 Wild type 113 094 131 1.10a 9.46 0.10
Total/Average 232 0.80 1.38 1.11 9.55 0.10
C. canephora 2 091 124 1.08
C. brevipes 1 0.76

Values with the same alphabetalong the same column are notsignificantly different (P>0.05). CV (%): coefficient of
variation. LSD g5: Least Significant Difference at P value less than 0.05.

Although caffeine and trigonelline content in coffee have been analysed in a number of reports, this
is the first study using a relatively large arabica population of 232 genotypes with many wild
accessions. Most other studies involved fewer accessions with different sample sizes and species
and focused more on caffeine than on trigonelline. Previous studies showed caffeine content
ranging from 0.62 — 1.82% (Anthony et al., 1993; Awelino et al., 2005; Ky et al., 2001b; Martin et
al, 1998; Mazzafera and Carvalho, 1992; Mehari et al., 2016; Taveira et al., 2014) which is very
similar to the current study (0.82 — 1.76%). The study by Silvarolla et al. (2000) showed a
substantial variation from 0.42 — 2.90% but included a very large population of inter and intra
hybrid progenies with 499 plants from 68 progenies (Kaffa region of Ethiopia) and 166 plants from
22 progenies (lllubabor region of Ethiopia). For trigonelline, the current study showed smaller
variation (0.80 — 1.38%) compared to previous studies, especially that reported in the study by
Mazzafera (1991) (1.52 — 2.90%). However, the current study gave results that were very close to
those of the recent study by Mehari et al. (2016) using 99 arabica coffee samples from eight
varieties from Ethiopia. The differences could be genetic or due to different methods of extraction
and/or analytical instrument used in different studies. For caffeine, the significantly lower
concentration in the cultivars relative to the hybrid and wild type groups indicated the result of

selection for lower caffeine in the cultivar group.
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The demand for decaffeinated coffee is increasing and now accounts for 10% of the total coffee
consumed in the world. Selection and breeding for low caffeine content is thus a new target of the
coffee industry. Accessions that had low caffeine content in this study may serve as a potential

source of desirable genes for development of varieties with low caffeine content.

For breeding, varieties with low caffeine and high trigonelline should be a target. Among the 232
accessions studied, the 10 lowest in caffeine content accessions were mostly from the variety group
(6 accessions), only two were from wild type group and two from the hybrid group (Table 4.6).
Laurina, a natural dwarf mutant of C. arabica cv. 'Bourbon' and controlled by Irlr alleles, which is
very famous for low caffeine (Baumann et al., 1998; Joét et al, 2010; Mazzafera and Carvalho,
1992), was found in the lowest caffeine group together with two other accessions from wild types.
Maragogype and its hybrid were also in this group with the lowest caffeine. These accessions could
be useful in breeding programs aiming to reduce caffeine in coffee. Although very low caffeine
content accessions originated from another Ethiopia germplasm collection were found (Benatti et al.,
2012), no breeding program would want to be restricted to a single parent line for a desired trait; it
makes it difficult to introgress desired traits that may be absent in that parent line, and a diversity of
parental lines is always a good strategy. Among the 10 highest in caffeine content, two accessions

were hybrids followed by six accessions from wild types and two from the cultivar group.

Table 4.6 Top 10 genotypes of lowest and highest caffeine content of studied population

Lowest No  Code Name Country Type Value
content . . Natural
1 2299 Laurina Costa Rica mutant 0.82
2 4755 E-232 Ethiopia Wild 0.93
3 4713 E-190 Ethiopia Wild 0.98
4 4276 Mibirizi 49-1848 Congo Belga  Selection 1.00
5 2676 Laurina Cameroon Natural 1.00
mutant
6 3722 Geisha Castafier, Puerto Rico x 54375 Puerto Rico Hybrid 1.01
7 3432 Maragogipe rojo Brazil x 47127 Brasil Hybrid 1.01
8 2733 SL34 Kenya Selection 1.02
9 2919  Jackson 2 Congo Selection 1.03
10 978 Maragogipe Guatemala Variety 1.04
Average 0.98
Highest No  Code Name Country Type Value
content 1 3622 Mibirizi : Belgium .
ibirizi No.49, Belgian Congo x 51149 Congo Hybrid 1.76
2 3545 No. 31 Etiopia x 48989 Ethiopia Hybrid 1.55
3 3956 Babbaka Ethiopia Variety 1.52
4 4875 E-508 Ethiopia Wild 151
5 43837 E-437 Ethiopia Wild 151
6 4569 E-146 Ethiopia Wild 1.49
7 21315  ET-59 Indonesia Wild 147
8 4133 Seleccion 353 4/5 CRRC 35/9 Portugal Selection 1.47
9 4555 E-482 Ethiopia Wild 147
10 4494  E-46 Ethiopia Wild 1.46
Average 1.52
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Seven out of the 10 accessions with the lowest trigonelline come from Ethiopia wild types (Table
4.7). The two common varieties, Maragogype (famous for large bean and special quality) and
Geisha (excellent reputation for quality) (Montagnon et al., 2012), should be considered as valuable
materials for breeding purposes as they possess low caffeine and high trigonelline content. It is
interesting to observe that there were fewer wild type accessions found in the groups which were
low caffeine and high trigonelline as expected. Accessions that had a low caffeine content (such as
Laurina, E-232, or the Maragogype hybrids or Geisha hybrids) or a high trigonelline content (such
as Maragogype amarillo, Geisha VC-496, Purpurascens) may serve as a potential source of
desirable genes for development of variety types with relatively low caffeine and high trigonelline
content. A biological replicate experiment designed for these accessions for further assessment

would give a more concrete conclusion.

From the distribution of population, if 10 genotypes of two extremes are selected, the difference
between two extremes of lowest and highest in caffeine content (0.98 and 1.52% for caffeine and
0.89 and 1.33% for trigonelline) will be more than 30% (Table 4.5, 4.7 and Figure 4.4). This
variation may be sufficient for association genetics.

Table 4.7 Top 10 genotypes of lowest and highest trigonelline content of studied population

Lowest No Code Name Country Type Value
content 1 16729 ET47 Ethiopia Wild 0.80
2 4900  E-531 Ethiopia Wild 0.82

3 4755  E-232 Ethiopia Wild 0.85

4 4685  Limnu E-171 Ethiopia Wild 0.85

Caturra rojo x Hibrido de Timor (INMC . .

5 12841 32.3) Cati#no ¢ Cenife ( Mexico Hybrid 0.89

6 4276 Mibirizi 49-1848 Congo Belga Selection 0.89

7 4483  E-305 Ethiopia Wild 0.93

8 17232  1-334 ET45 C7 Cameroon Wild 0.94

9 16690 ET02 Ethiopia Wild 0.94

10 16782 (7:;1tua| rojo UFV 2197/194 CH 2077/2 5- Brasil Selection 0.94

Average 0.89

Highest No Code Name Country Type Value
content 1 4080  Maragogipe amarillo Colombia Variety 1.38
2 2722  Geisha VC-496 Tanzania Variety 1.38

3 3411  Columnaris Panama Mutant 1.38

4 4133  Seleccion 353 4/5 CRRC 35/9 Portugal Selection 1.35

5 986 Purpurascens Guatemala Mutant 1.32

6 4712  E-189 Ethiopia Wild 131

7 4569  E-146 Ethiopia Wild 1.31

8 4497  E-67 Ethiopia Wild 1.30

9 4874  E-507 Ethiopia Wild 1.30

10 3628  Red tipped, Etiopia x 51356 Ethiopia Hybrid 1.30

Average 1.33

Environmental effects on caffeine and trigonelline content of coffee beans and genotype X

environment interactions have been reported (Avelino et al., 2005; Casal et al., 2000; Figueiredo et

al, 2013; Sridevi and Giridhar, 2013; Sridevi and Giridhar, 2014; Tawveira et al, 2014). Such
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Number of accessions

environmental effects may explain the difference in the range of concentrations of these non-volatiles
observed between the current study and others.
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Figure 4.12 The distribution of caffeine (A) and trigonelline (B) in the arabica coffee population (n =
232).

4.3.2.2 The change of caffeine and trigonelline content after roast.

Roasted coffee bean was also subjected to HPLC to examine the change of its caffeine and

trigonelline content after roasting. Results are presented in Table 4.8

Table 4.8 Caffeine and trigonelline content before and after roast observed in 36 samples

Caffeine (% d.m.b.)

Reduced (%0) Increased (%)
Green | Roasted No of Mean | Min Max No of Mean | Min | Max
samples samples
1.26 1.17 27 11.01 | 1.08 | 27.14 9 4.09 |0.15 | 10.86
Trigonelline (% d.m.b.)
Reduced (%) Increased (%0)
Green | Roasted
No of Mean | Min Max No of Mean | Min | Max
samples samples
1.05 0.85 36 18.74 | 1.93 | 44.03 0 0 0 0

After roasting, 76% samples reduced caffeine content from 1.08 — 27.14% after roast and 23.68%
samples had it increased in the range of 0.15 — 10.86%. Previous studies show that caffeine content
remains almost unchanged or even slightly increased in percentage due to the loss of other
compounds (Farah et al., 2006b; Oestreich-Janzen, 2010) or can be lost 30% (Franca et al., 2005).
Trigonelline content was reduced between 1.93 and 44.03% (Table 4.8) which was similarly to
previous studies (reviewed by Farah et al., 2006b). However, the reduction is smaller than previous
studies (reviewed by Farah et al., 2006b) which was up to 90%. These differences may be attributed

to distinct roasting conditions, which include differences in colorimetric standards, since
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trigonelline degradation was reported to be strongly dependent upon the degree of roast (reviewed
by Farah et al., 2006b). The result also indicates the selection of green bean or roasted bean for
genetic analysis should be considered carefully. Using green bean can reflect the original
concentration of the accessions and control the variables due to the roasting process, especially for
trigonelline. However, roasted bean could be also be used because the reason of selection could be
targeted at the accessions that less affected by roasting process for trigonelline (i.e. less reduced

trigonelline during roasting) and more affected for caffeine (i.e. reduced caffeine after roasting).
4.3.3 Variation in coffee bean volatile profiles using a non-targeted analytical approach.
4.3.3.1 Protocol improvement

4.3.3.1.1 Determination of sample size for roast

Since the cherry samples were harvested from single trees at one harvest time, the quantity available
was very limited, sample size ranging from 24 to 188 grams. A preliminary experiment was done to
determine the lowest sample size for roasting using Red Catuai variety from Brazil. The experiment
involved different roasting sample sizes at 25, 50, 75 and 100 g and assessed for aroma and volatile
compounds using Gas Chromatography - Mass Spectrometry (GC-MS). As a result, the sample
roasted with 25 g appeared to be different from the others, so the 50 g was taken as a standard
roasting size for all samples. The number of samples thus reduces to 221 (out of the 235 harvested).
The roasting of coffee bean was modified from sample to sample based on the moisture, density and

bean size. Higher moisture content and density required longer time of roast.

The roasting capacity of the roaster used in this study was 100 g. An initial roasting experiment was
conducted for 25, 50, 75 and 100 g. Two data types including total ion current (TIC) and extracted
ion chromatogram (EIC), and fast evaluation of the aroma and taste of ground and brew coffee were

used to determine the coffee sample size for roast.

Results of total ion current (TIC) using 239 data points showed that the batch size of 25 g was
grouped distinctly from the other 3 batch sizes based on the principal component analysis
(Appendix Figure S4.1). Data of extracted ion (El) for 10 selected compounds using peak area
(which correlates to relative concentration) also showed similar results (Appendix Figure S4.2). The
powder of roasted coffee was used to evaluate the aroma and taste of ground and brewed coffee
with the participation of five trained tasters. Similarly, general discussion and notes for each sample
was recorded and 25 g was noted as ‘different” “slightly burned” “smoky” and “more bitter”.
Analysis from different data types as well as aroma evaluation showed that the treatment of 25 g is
the most different from the other treatments and was not the acceptable size for roasting. Given the

varied small amount of beans in the samples collected, this information confirmed the validity of
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the minimum batch size of 50 g used for roasting most of the collection leading to the reduction of

total samples to 221.
4.3.3.1.2 Determination of bean freshness

Due to the large population size, for convenience, all samples were proposed to be stored in -20°C
after roasting awaiting measurement. This is a typical approach used for the compositional analysis
of large numbers of agricultural samples. While volatiles are particularly known to be effected by
frozen storage, the relative changes are usually consistent, and thus comparisons within a set of
samples stored the same way are possible. However, commercial advice from one roaster was that
coffee taste and odour analysis should be performed within 24 - 48 hours after roasting. Therefore,
an experiment was implemented to compare the profiles of bean compounds derived from the two

methods involving frozen or fresh sample.

Similar to the determination of sample size for roast, two data types including TIC and EIC were
used to determine the bean volatile differences. TIC data analysed by PCA showed that freshly-
roasted and frozen roasted beans were grouped differently and that more fluctuation was observed
in the latter (Appendix Figure S4.3), indicating that using freshly roasted samples might be more
reliable for volatile analysis.  Similarly, data from 10 selected compounds showed peak area was

different between fresh and stored samples (Appendix Figure S4.4).

Results from both TIC and EIC indicated that even stored at -20°C, the volatile profile was
changing, and thus the fresh samples were used for the analysis even though it was a logistical
challenge to conduct roasting and analyse within 24-48 hours. It should be noted, however, that
more careful consideration should be taken with this approach, which does not allow for internal
standards or calibration, as many other external factors may also affect the consitency of GC-MS
results.  This may include availability of instrumentation over such an extended period as this
approach required. The need for prepared samples to sit in the autosampler tray awating analysis
for varying durations was also less than ideal as volatile composition in the headspace of samples
themselves may change over time. Further, instrumental shift is well documented for mass spectral
instruments which require regular tuning. Mass spectrometers may indeed give variations in results
over time, and an approach requiring large time-gaps between samples sequences where the
instrument is sitting idle, is far from ideal. Indeed, these issues were encoutered during the
execution of this experiment, indicating the gap between industry advice and the scientific
approach. Thus, it is recommend that freezing samples is a more feasible and controllable approach

for volatile analysis.
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4.3.3.1.3 Verification of the ‘fingerprinting’ approach and its reproducibility.

In the current study, a novel chromatography ‘fingerprinting’ approach was applied for the rapid
detection of the entire volatile profile ‘fingerprint’ which allowed for variation in almost any of the
components across the coffee population to be observed. This approach has been used by others for
secondary metabolites in citrus fruits peels (Parastara et al., 2012), medicines (Custers et al., 2014)
and edible oils (Bagur-Gonzalez et al., 2015). The advantages of applying this approach in the
current study were:

(1) The aroma of coffee is not formed from a few target compounds, but rather a combination of
numerous (>1000) compounds (Sunarharum et al., 2014) so a total fingerprint of the volatile profile
would give a more ‘holistic’ picture of the diversity of components in each sample of the
population, (2) the population studied had almost no prior information or data on the volatile
compounds present with no known specific target compounds, so a fingerprint approach could be
suitable for identification of groups of samples with contrasting volatile profiles for further
investigation, and (3) with the large population of more than 220 samples, a targeted approach was
unsuitable as it takes extensive sample preparation and data processing time to develop the method
for even a small number of target compounds. Rapid whole chromatographic fingerprinting
therefore could provide a potential fast approach to exlore and select representative samples for a

more targeted volatile analysis.

Due to the fact that the fingerprinting approach is not a typical application for gas chromatography,
data from target components of likely importance to coffee flavour, were extracted from the
chromatograms and also used to check the reproducibility of the fingerprinting approach. TIC data
of 1,347 points plotted on PCA showed that the majority of samples (21 out of 26 samples, or 85%)
showed consistent data between two replicates, indicating the method was fairly reproducible
(Figure 4.13). However, this result was for duplicates in consecutive runs; that of non-consecutive

runs was lower (Table 4.9).
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Figure 4.13 Method reproducibility test based on PCA of the duplicates (suffixes A and B) measured by
fingerprinting approach.

The method reproducibility was also examined by using EIC data for specific target compounds.
When running GC-MS, vials of duplicates were placed close to each other (for consecutive runs) or
far apart from each other (for non-consecutive runs). Not surprisingly, results of non-consecutive
duplicates showed more variation than those of consecutive duplicates (Table 4.9). Among 10
selected compounds, five compounds (2,5-dimethylpyrazine, 2,3-dimethylpyrazine, 2-ethyl-3,6-
dimethyl-pyrazine, 2- furaldehyde and 3-methylbutyric acid) always gave low CV% indicating the
reliability of the method, and these compounds could be selected for further analysis. The reason why
larger variation was observed for 2,3-butanedione, and 2,3-pentanedione is likely due to these

compounds being highly volatile and early eluting components (Akiyama et al., 2003).

According to Dart and Nursten (1985), the volatile composition is very complex and influenced by
a large number of factors, particularly species, degree of roast, previous and subsequent processing
and storage. The first three factors are more readily controlled than the fourth, and the short shelf-
life of freshly roasted coffee is due primarily to the rapid changes which occur to the volatiles after
roasting. The volatiles differ enormously in aroma quality, potency, concentration, and the influence
each has on the other volatiles present. This explained why the replicates varied and the duplicates
of non-consecutive samples (replicates far apart from each other) had more variation than the
duplicates of consecutive samples (replicates next to each other) on the GC-MS tray when running.
We suggest that the duplicates should be placed close to each other, and the fewer samples placed in
the GC-MS tray waiting for being analysed the better, as there are 32 vials/tray which take more
than a day to be analysed. The variation between samples may not be entirely from the genetic
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variation, but to some degree from the change and interaction of volatiles during this extended
waiting period.

Table 4.9 Duplicate variation based on peak area of selective compounds extracted from TIC data

Rt Compound name Consecutive run Non consecutive run
(class) (39 samples) (18 samples)
Mean SD C\V% Mean SD C\V%
3gp5 ~ Acetaldehyde 1,478,056 40,708 2.65 1,579,966 137,521 10.25
(aldehyde)
6025  23-Butanedione 1018368 134123 1359 1,015,094 164454 16,01
(Ketones)
2,3-pentanedione
7458 (tones) 1,551,263 166,617 10.72 1,526,029 181,284 11.84
11312 2Sdimethylpyrazine 2,050,122 35,207 1.73 2,008,868 73271 361
(Pyrazines)
11667  23dimethylpyrazine 260,815 4532 1.73 265,215 10,276 3.90
(Pyrazines)
2-ethyl-3,6-
13050  dimethylpyrazine 207,440 7,125 271 236,543 17,844 7.13
(Pyrazines)
13333 2 furaldehyde (Furans) 4,388,589 56,166 1.25 4,204,808 151.304 374
15.842 ?A’L‘?ézg"b”ty”c acid 1.246,434 43276 327 1,276,722 95,687 7.79
19.950 Furaneol (Furanones) 117,672 7,738 6.67 121,259 10,822 9.08
21478  “vinylguaiacol 292,046 15,436 5.23 270,143 29,679 12.07

(Phenolic compounds)

For coffee, GC-MS with HS-SPME method has been used in several studies to discriminate
arabica/robusta blends coming from different geographical origins based on their volatile profiles
(Freitas et al., 2001; Zambonin et al., 2005). The method has also been used in identification of
compounds in coffee brew based on coffee varieties and preparation methods (Rocha et al., 2003)
or to differentiate coffee of different origins or in mixtures of different compositions (Bicchi et al.,
1997) or defective beans from healthy roasted coffee beans (Agresti et al., 2008).

Rocha et al. (2003) mentioned about the combined technique of headspace SPME/GC/PCA as a
lower-cost, fast, and reliable technique for the screening and distinction of coffee brews. Nebesny et
al. (2007) used HS-SPME-GCMS for robusta coffee roasted by three different methods to find the
effects of roasting methods on the formation and retention of volatile aroma compounds. The study
found there were contradictory observations between results obtained by SPME-GC analysis and by
evaluation of sensory attributes. Bertrand et al. (2012) applied the same technique and analysis
instrument to determine the influence of different climatic conditions on coffee beverage and
volatile compounds in green coffee. Results showed that high temperature has negative effect on
coffee beverage and some volatile compounds could be used as indicators for growing conditions.
However, those studies used EIC with authentic standards, none of them using a total volatile
fingerprinting for a large population. This study used the chromatographic fingerprinting approach

with inclusion of specific target compound data for selection of the subset of samples for further
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analysis — quantification approach, and result showed consistency. However, as mentioned above,
one should take into account the problems of availability and certainty of the instrument, and the
analysis time gap among samples to get the consistency between analyses. In addition, as mentioned
in the method (see 4.2.2.5.3.) and next section (see 4.3.3.1.3), chromatographic fingerprinting faced
the issue of shifting retention time (Rt) (see Amigo et al., 2010 for the drawbacks of fingerprinting
approach). Due to the very novel nature of this approach, there has been no automatic procedure
available that can help overcome this shifting problem even though COW (an option in the
Unscrambler to align the chromatogram data) was applied (Figure 4.8b), the shifting in Rt was not
necessarily proportional across the chromatographic period. Manual aligment/smoothing therefore
was required (Figure 4.8c) which was impossible for such a large data set (32 minutes with 3,840
data points in total) with a single shift. This problem leads to the narrowing down of the number of
data used in analysis as only the certain peaks (which were clear and shiftable) and data points
nearby were used in the analysis and thus did not reflect the full fingerprinting. It seems that the
method of using chromatographic fingerprints is in its infancy, and in need of further development
before it can be used reliably for large sample population comparisons. Certainly, it has proved in
this study to only be suitable for the first step in rough selection of important volatiles or the most

diverse genotypes in the coffee population for the targeted SIM method.

4.3.3.2 Variation revealed by TIC and Selective compounds (EIC)

1atal: 45214 qgd D ataz: 4514, qgd Datas: 4288 qgd [ atad: 3956, qgd
(10,0000, 000} Max Intensity : 21,005, M6
2.5 Time - 12165 Scan# 1,101  Inten. 9,317
N PO RErow Frwn| I J U SV R S S B
5.0 7.5 10.0 12.5 15.0 175 20.0 225 25.0 275 30.0 325
(x10,000,000) Max Intensity : 21,005,016
i Time 2438 Scan# 654 Inten. 7,218,538|

Figure 4.14 Example of volatile chromatographic fingerprints of 4 arabica coffee accessions.
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Unexpectedly, the comparison among chromatographic fingerprints of volatiles of the arabica
population shows that they seemed identical between individuals (Figure 4.14) even though
genotypes used were selected from a diverse germplasm. The difference among samples is the peak
area which was not measured correctly by this method. At first, full chromatogram (scanning 35-
350 m/z) of 1,347 data points was used to examine the distribution of the population based on
volatile chromatographic fingerprints (Figure 4.15). The population was divided into three groups
and the most diverse groups come from wild type Ethiopia genotypes expressed by the outlying
genotypes from the group (Figure 4.15, left). These genotypes were treated as outliers and removed
from analysis and the new results were also with other wild type Ethiopia genotypes indicating the
diversity or difference of these genotypes from the population. It would be interesting to quantify
volatiles of these genotypes by SIM to confirm their variation. Because too many data points were
used, the resolution was not good enough to identify which Rt corresponding to which compounds
contributing most or influencing most to the population (Figure 4.15, right). The data was then
narrowed down to the compounds that were identified as key compounds in coffee (Table 4.9).
Among 140 peaks identified in full scan, 20 were clearly seen in the chromatography, had a high
match to the NIST library and were in the list of key compounds (Table 4.10) and five data points
around each of the compounds formed a set of 100 data points for use in PCA of the population
(Figure 4.16). ldentification of compounds was done by similarity searches in the NIST mass

database and verified with retention indices.

Scores

Figure 4.15 PCA of the population based on full chromatographic data (left) and the variables (Rt)

(right).
Table 4.10 List of key coffee compounds identified from full scan.

%

No Rt Cas# Compound name Class MW et Aroma description®
1 3.717 75-07-0 Acetaldehyde Aldehydes 44.05 88 fruity, pungent
2 5.900 431-03-8 2,3-Butanedione Ketones 86.09 95 buttery, buttery-oily
3 7.008 600-14-6 2,3-Pentanedione Ketones 100.12 92 buttery, buttery-oily
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burnt rubber, rancid,

4 9.008 110-86-1 Pyridine Pyridines 79.10 95 ] .
fishy amine
5 9.333 138-86-3  D-Limonene Terpenes 136.24 84 ‘s’\'fvgjei orange, fresh
6 10167  3188-00-9  SH)-Furanone dihydro- b ngnes 100,12 95  sweet caramel
2-methy|l
7 10258 109-080  Pyrazine, methyl- Pyrazines 94.11 95 z:gg:y roasty, nutty-
8 11.125 123-32-0 Pyrazine, 2,5-dimethy| Pyrazines 108.14 94 nutty
9 11.208 108-50-9 Pyrazine, 2,6-dimethy| Pyrazines 108.14 94
sweaty, peanut butter,
10 11.292 13925-00-3 Pyrazine, ethyl Pyrazines 108.14 86 musty, nutty, woody,
roasted cocoa
11 11.483 5910-89-4 Pyrazine, 2,3-dimethy |- Pyrazines 108.14 90 chocolate
12 12042  15707-23-0  -yrazine, 2-ethyl-3- Pyrazines ~ 122.17 84  earthy
methy|
13 12.825 431-03-8 2,3-Butanedione Ketones 86.09 92 buttery, buttery-oily
bread, caramel, sweet
14 12.933 98-01-1 Furfural Furans 96.09 94 woody, almond, fragrant,
baked bread
15 13.775 600-14-6 2,3-Pentanedione Ketones 100.12 89 buttery, buttery-oily
16 13.842 623-17-6 2-Furanmethanol, acetate Furans 140.14 93 sweet fru_lty, banana,
horseradish
) ) spicy, candy, slight
17 14.458 620-02-0 2-Furancarboxal-dehy de, Furans 110.11 93 caramel, spice, caramel,
5-methy|
maple
18 15325 98-00-0  2-Furanmethanol Furans 98.1 gp  Sweetfruity, banana,
horseradish
19 15.492 503-74-2 Butanoic acid, 3-methyl Acids 102.13 85 acidic, sweaty
20 21250  7786-61-0  4-vinylguaiacol Phenolic 150.18 9  Spicy,phenolic, clove-
compound like

(*) Summarised by Sunarharum et al. (2014)

Figure 4.16 PCA of the coffee germplasm collection based on 100 selected chromatographic data

(Blue: Accession code; Red: Retention time; Circle: accessions attwo extremes).
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The Rt value of 11.292 corresponding to pyrazine showed the most influence on the population
distribution followed by Rt values of 10.258 and 9.008 corresponding to pyrazine and pyridine,
respectively (Figure 4.16). This result guides the selection of a subset of samples at two extremes
for measurement of these variables or compounds using a quantification method (SIM). It is not
really surprising that the extreme phenotypes are from wild types, because domestication would
have primarily selected for preferred morphology (observable traits). The genotypes with lowest
pyrazine and pyridine (on the left of the Y axis) were 17231, 17223, 17208 and 21264, all being
wild types from Cameroon. The genotypes with the highest above mentioned compounds (on the
right of the Y axis) were 4133, 4631, 4555, 4629 and 4376, three of which were wild type from
Ethiopia. It would be worth quantifying the concentration of these samples to confirm their values
for quality breeding. Even when the morphology and non-volatile (caffeine and trigonelline) data
were added in the analysis, the distribution of the population kept almost unchanged as the

substantial influence of the aforementioned Rt values to the population (Appendix, Figure S4.5).

For the EIC data, among 10 selective compounds, five of them appeared most stable. They were
used for PCA to check if the subset of samples at two extremes were consistent between two data
types (TIC vs EIC). Results showed that a number of samples at two extremes (in circles) were in
common between two data types (Figure 4.16 and 4.17).

The volatile fingerprinting results showed that arabica is fairly similar in the presence of peaks or
number of peaks presenting in each sample. Fast evaluation of the coffee powder aroma shows clearly
that each genotype has different aroma. However, using this method, no difference regarding presence
and absence of the peaks or number of peak was detected among the population. The difference may
come from peak height or peak areas which link to the concentration of each compound. Other
reasons could be due to the combination of the compounds, or the presence of important compounds
(dominant aroma) below their detection threshold. As mentioned in Dart and Nursten (1985), the
aroma of roasted coffee is very complex, being composed of a large number of volatiles with different
odour qualities, some pleasant, some unpleasant, and many probably below their detection threshold.
The concentration, proportion and influence of one volatile on another all affect the final aroma
quality. For example, 2,4,5-trimethyloxazole has an earthy, potato-like aroma but in the presence of
2,3-butanedione the aroma is like sweet pyridine. This illustrates the fact that the aroma is not due
simply to an additive effect of the volatiles, but involves synergism and antagonism. The effects that
one volatile has on another are not well understood, and nearly impossible to elucidate in a mixture as
complex as the volatile fraction of coffee, where several hundred compounds are present at widely

different concentrations (Dart and Nursten, 1985).
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If the reasons were from the difference of concentration of compounds, not the number of peaks
presenting in each sample, this qualitative and semi-quantitative method would not have given the
exact answer. Therefore, two groups of samples from two extremes on the axis (Figure 4.16 and
4.17) were selected for the quantification method (SIM). Outliers in the PCA, which are mainly
wild type from Ethiopia, were also selected for quantification (Figure 4.15, left and Appendix,
Figure S4.5).

The variables of the PCA showed pyrazines, furans and ketones mostly influenced the PCA
grouping in which accessions with contrasting bean volatile fingerprinting were mostly clustered in
different groups (Figure 4.16). Data from EIC also showed compounds belong to these classes are
quite stable and consistent (Table 4.9) and were thus selected for SIM approach (Appendix, Table
S4.4). In total, 35 samples were selected for quantification including 15 from low compounds group
(four from group of cultivation/selection, four from hybrid group, seven from wild type), 15 from
high compounds group (four from group of cultivation/selection, two from hybrid group, eight from
wild type, and one robusta) and five from outlying wild type accessions (Appendix, Table S4.4).
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Figure 4.17 Population distribution based on PCA involving five selective compounds (EIC)

(Accession code: blue; Selective compounds: red)
4.3.4 Variation in volatiles using targeted analysis

As mentioned above, the principal components analysis of the chromatographic fingerprints derived
from the non-targeted scanning of 221 samples allowed identification of 35 accessions with
contrasting distribution. Targeted analysis of these accessions showed significant variation (P <

0.001), with CV% varying from 14% (for 4-vinylguaiacol) to 62% (for geraniol). The volatile
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concentration ranged from 9 ppb for beta damascenone to 53,300 ppb for 2,5-dimethylpyrazine, and

all volatiles quantified were far above their reported sensory threshold concentration which verifies

their importance as target aroma volatiles in arabica (Table 4.11).

Table 4.11 Variation in 18 key volatile compounds measured in a representation of 35 arabica

coffee accessions selected from non-targeted analysis.

" . Sensory
Min Max Mean LSD Literature Aroma
Compounds % CV threshold S
P (po) () (o) 005 (ppb) i description
buttery?® oily,
Ketones 48,400 - a ; 3
2 3-butanedione 1,426 9,158 4,255 48 3,158 50,800° 0.3 frunylikce%zamel
. 3,540 - . buttery oily?,
2,3-pentanedione 2,256 271932 12,258 48 4,330 39,600° 20 caramel-like™
Aldehydes 1050 4773 234 3 850 320 - 430° 3 buttery oily®
2-methylpropanal
210 - a malty®, chocolate®,
3-methylbutanal 896 3,723 2,014 33 541 18,600* ° 0.35 caramel-like®
200 - a chocolate®,
2-methylbutanal 257 1,052 523 36 169 20.700° 13 caramel liked
Phenolic . b
P 2,000 - a phenolic, bunt®,
;(l)Jr:imaCl;?ds 381 3,384 1,479 43 504 17.970° 25 smoky, phenolicd
] ) 800 - a spicy?, sweet®,
4-ethylguaiacol 64 371 186 44 63 24,800° 25 smoky. phenolicd

. . 8,000 - a spicy®, clove-like®,
4-vinylguaiacol 22,723 38,773 30,253 14 4818 64.800% 0.75 smoky, phenolicd
—D—E;gz(;nﬁgggf)ne 7 14 9 19 2 195 — 255° 0.00075°  honey-line, fruity®
Pyrazines 4,550 — a )
25-dimethylpyrazine 19,201 123,612 53,312 38 19,484 14,070° 80
2-ethyl-3,6- 2,570 - a
dimethylpyrazine 2,685 12320 6,390 36 20 2 980 8.6 -

- 1 -y - a
2,3-diethyl-5 M 134 75 31 25 73 - 95 0.09° nutty-roast’,
methylpyrazine earthy
23-dimethylpyrazine 3131 33662 11963 50 10192 %%%%a; 800° -
2-ethyl-3,5- " a nutty-roast?,
dimethylpyrazine 479 2,136 996 34 326 55 — 840 0.04 earthyd
fréstﬁg)‘j%;fazme 7 38 14 56 6 59 — 97 0.002° peasy?, earthy’

a
Terpenes 15 143 57 52 20 780-1310° 0.17° flowery”, floral,
linalool fruity (citrus)
geraniol 5 75 36 62 16 - 1.1 -
limonene 29 169 80 44 43 1080-1320° 42 -

CV (%): coefficient of variation. LSD g¢s: Least Significant Difference at P value less than 0.05.
& summarised by Sunarharum et al., 2014; b, Amanpour et al., 2015; : Piccino etal., 2014; d: Belits et al., 2009

Five of the 18 compounds (2,3-pentanedione, 3-methylbutanal, 2-methylbutanal, 4-vinylguaiacol

and 2,3-diethyl-5-methylpyrazine)

had concentrations in the range previously reported. Eight

compounds (2,3-butanedione, 3-methylbutanal, guaiacol, 4-ethylguaiacol and beta damascenone, 3-

isobutyl-2-methoxypyrazine, linalool, limonene) had concentrations lower than those reported in the

literature. Four compounds belonging to the pyrazines class (2,5-dimethylpyrazine, 2-ethyl-3,6-
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dimethylpyrazine, 2,3-dimethylpyrazine and 2-ethyl-3,5-dimethylpyrazine) and aldehydes (2-
methylpropanal) had concentrations far exceeding those reported in literature (Belitz et al., 2009;
Cheong etal., 2013; Czerny etal., 1999; Piccino et al., 2014).

Significant variation in volatile concentrations among the 35 diverse accessions indicates their
potential in quality improvement. Among 18 compounds quantified, five had concentrations in the
range previously reported, and eight were lower than that reported in the literature. However, these
studies were limited in the number of accessions examined (Cheong et al, 2013; Czerny et al.,
1999; Czerny and Grosch, 2000; Piccino et al., 2014; Semmelroch and Grosch, 1996; Semmelroch
et al, 1995). It is interesting that most compounds belonging to the pyrazines class (2,5-
dimethylpyrazine, 2-ethyl-3,6-dimethylpyrazine, 2,3-dimethylpyrazine and 2-ethyl-3,5-
dimethylpyrazine) were much higher than in the literature (summarised by Sunarharum et al., 2014)
even with the same roast degree (light to medium), for example 2,5-dimethylpyrazine of 53,312 ppb
in this study vs 662 ppb or 2,3-dimethylpyrazine of 11,963 ppb vs 119 ppb in another study (Toci
and Farah, 2014). A study investigating the influence of environment on coffee volatiles found that
aldehydes and ketones appeared to be positively linked to elevated temperatures and high solar
radiation (Bertrand et al., 2012). The coffee used in the current study was collected from an
elevation of 616 m (above sea level) and average annual temperature of 22.2°C. This may partly
explain the reason for the lower concentration of these compounds compared to those in the
literature and the high pyrazines. Low variation among replicates (or %CV) suggests the reliability
of the volatile analysis and that these volatiles such as 4-vinylguaiacol, beta damascenone, a few
volatile pyrazines (2-ethyl-3,6-dimethylpyrazine and 2,3-diethyl-5-methylpyrazine) and aldehydes

(3-methylbutanal) can be used as criteria for breeding purposes.

Although the concentrations were lower or in the range previously reported for some volatiles, they
are all above the sensory threshold (see definition in Lawless and Heymann, 2010, pl127) and
significantly varied among arabica accessions. Other volatiles in the pyrazines class (2,5-
dimethylpyrazine, 2-ethyl-3,6-dimethylpyrazine, 2,3-dimethylpyrazine and 2-ethyl-3,5-
dimethylpyrazine) and the aldehydes class (2-methylpropanal) had concentration ranges exceeding
those reported in the literature (Table 4.10), which could be good sources for quality improvement

in breeding.

Principal components analysis of 18 volatiles measured in 35 accessions showed that the first two
components PC1 and PC2 explained 61% of the total variation (Figure 4.18). The population was
distributed along the PC1 with contrasting volatile profile, either low or high in almost all volatiles,
but mostly affected by pyrazines (2,5-dimethylpyrazine, 2-ethyl-3,5-dimethylpyrazine and 2-ethyl-
3,6-dimethylpyrazine) and aldehydes (2-methylpropanal , 3-methylbutanal and 2-methylbutanal)
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(Figure 4.18). PC2 showed that coffee accessions that were either higher in phenolic compounds
(quaiacol, 4-ethylguaiacol) and lower in linalool (terpenes) and 3-isobutyl-2-methoxypyrazine
(pyrazines) or vice versus. Almost all volatile compounds of the same chemical class were clustered
into groups such as aldehydes, phenolic compounds, pyrazines, and ketones. Some accessions
showed high concentrations in most compounds (e.g., 4857, 4909 and 4918) while others (e.g.,
4288, 3483, 3747 and 4387) were low in most compounds. Accessions 1993 and 2268 were highest
in linalool (terpenes) and 3-isobutyl-2-methoxypyrazine (pyrazines) and lowest in phenolic

compounds (guaiacol, 4-ethylguaiacol), while accessions 4631, 4634 and 4693 were the opposite.
Biplot (axes F1 and F2: 61.34%)

4-ethylguaiacol

guaiacol

3-methylbutanal

-methylbutanal

4634 4693
2-methylpropanal
4288 * . . 2 4909 viprop
520 o 4857

04376 g _ ]
3483 % - 2,3-dimethylpyrazine
2-ethyl-3,5-dimethylpyrazine

F2 (14.78%)
w
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~J
[ ]
[

16784 N N 4918 2,5-dimethylpyrazine

s -ethyl-3,6-dimethylpyrazine

[ ) 3 _di _E_ .
1903 2126% 2,3-diethyl-5-methylpyrazine

] 2,3-pentanedione
®2,3-bltarkedione Limonene

Mvinylguaiacol
geraniol

beta dalnascenone

3-isobutyl-2-methoxypyrazine

linalool

F1 (46.57%)
Figure 4.18 Principle component analysis of 18 volatiles measured in roasted coffee bean for 35 arabica

accessions using targeted analysis

(Red lines and dots are volatile compounds, blue dots are accessions codes)

The multivariate analysis (PCA) of the 18 volatiles showed that almost all volatile compounds of
the same chemical class were clustered into groups as expected indicating the reliability of the
method used. The population was distributed with contrasting volatile profile (along the PC1),
either low or high in almost all volatiles suggested that the selection of samples for low or high
volatiles for breeding is possible. It is interesting to observe that samples with high volatiles

contributing most to the PC1 were from the wild type group such as 4857 (E-457, Ethiopia, Wild),
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4909 (E-540, Ethiopia, Wild), 4918 (E-549, Ethiopia, Wild) and 17231 (L334 et 45 c7, Cameroon,
Wild) while samples with low volatile were mainly from the variety/cultivar group and hybrid
group, for example 4288 (Irgalen Kella Sidano, Belgian Congo, cultivar), 3747 (San Rafael, Costa
Rica, Variety), 4387 (Hibrido de Timor CRRC 1343/80, Portugal, Hybrid) and 16784 (Sarchimor
F3 IAC 1669/31-1 CIFC H-361/971-10 Villasarchi x 832/2, Brazil, Hybrid). This indicates that the
previous selection of varieties for cultivation was mainly based on bean morphology and that wild
type accessions could be a valuable source for breeding. Similarly, accessions contributing most to
PC2 which are higher in phenolic compounds (guaiacol — phenolic, burnt and 4-ethylguaiacol -
spicy) and lower in linalool (terpenes) - flowery aroma and 3-isobutyl-2-methoxypyrazine
(pyrazines) - peasy such as 4631 (E-358, Ethiopia, Wild), 4634 (E-361, Ethiopia, Wild), 4693
(Limnu  E-188, Ethiopia, Wild) and 1993 (Goiaba coleccion 11 (552), Brazil, selection), or
accessions which were opposite in the concentration of these compounds such as 2268 (San Martin,
Guatemala, Cultivar), 21264 (ET-08, Indonesia, Wild), could be useful materials for genetic
improvement of the corresponding compounds.

4.3.5 Trait correlations and implication for quality breeding

Spearman rank correlation analyses of the green bean morphology and non-volatiles among 232
accessions showed that there were strong correlations between bean physical parameters (Table
4.12). However, there was a small but significant positive correlation between caffeine and
trigonelline (r = 0.141, P < 0.05) and between caffeine and 100 bean weight (r = 0.199, P < 0.001),
while trigonelline had a slight negative correlation with 100 bean weight (r = -0.157, P < 0.05)
(Table 4.12).

Table 4.12 Spearman rank correlation between caffeine and trigonelline content (in green bean) and

green bean physical characteristics (n = 232).

Variables Caffeine Trigonelline W100 Density Length Width
Trigonelline 0.141*

W100 0.199** -0.157*

Density -0.106 0.000 -0.232%**

Length 0.077 0.041 0.567*** -0.195**

Width 0.118 -0.106 0.564***  -0.217***  0.267***

Thickness 0.160* -0.056 0.598***  -0.222***  (0.445***  (.382***

* ** *x* Significantly different from zero at the 0.05, 0.01 and 0.001 significance level, respectively.

The lack of strong correlation between physical bean properties and chemical compounds in this

study agrees with other reports. Trugo et al. (1983) found no significant correlation between

caffeine and trigonelline contents in 13 instant coffees. Similarly, Casal et al. (2000) analysed 20

roasted robusta coffees and 9 roasted arabica coffees and found that while there was a strong
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negative correlation between caffeine and trigonelline when all data from both arabica and robusta
samples was analysed simultaneously, their correlation was not significant when coffee varieties
were analysed separately. Kathurima et al. (2009) studied the relationship between beverage quality
and green bean physical characteristics of 42 arabica coffee genotypes from Kenya and found a
relatively better beverage quality in the beans with low 100-bean weight compared to that of larger
beans, but the correlation was not significant. Similarly, Dessalegn et al. (2008) indicated beans
with a low 100-bean weight had relatively more caffeine than heavy beans in 42 C. arabica
genotypes from Ethiopia. This study also showed that correlations between caffeine content and
green bean physical characteristics were not significant while caffeine content had a significant
negative correlation with all cup quality attributes of coffee such as acidity, body, flavour, and

overall standard of the liquor. However, these studies were implemented with only 42 genotypes.

The large variation observed for bean size of the germplasm collection (Table 4.3) provides a useful
opportunity for improving genetic gain, as it is also a highly heritable trait and may have an effect
on quality. Giomo et al. (2012) used 24 Coffea arabica genotypes from Brazil to evaluate physical
characteristics of the green beans and to describe the sensory profile. The results indicated that there
were significant genotype effects both on coffee bean size and overall sensory quality, and the
genotype X environmental interaction was not significant. Thus, the green bean size could be
consider an important criterion for coffee plant selection aiming to improve the green bean quality
since the evaluations and comparisons have occurred in the same environmental conditions and in
the same post-harvest processing procedures. In our study, however, the correlation between 100
bean weight and caffeine and trigonelline, and between caffeine and trigonelline was not highly
significant when investigating in a larger number of samples (n = 232). This implied that it is
difficult to select for low or high non-volatile compounds such as caffeine and trigonelline based on
bean physical characteristics. However, it also indicates that the selection for this trait will not be
affected by the selection of the others, or that it is possible to select at the same time a variety that
combines large bean size, low caffeine and high trigonelline. Development of molecular markers
for each of these traits would enable them to be selected simultaneously in breeding. The
investigation of a smaller subset of samples (n = 35) based on two volatile extremes show a strong
negative correlation between weight of 100 beans and trigonelline (r = -0.57, p<0.001) indicating
that trigonelline as aroma precursors may link to volatiles presented in the samples such as furans,
pyrazines, pyrroles, pyridines (Franca et al., 2005). Based on the phenotypic data generated for this
diverse arabica germplasm collection, further genotyping of the population will enable marker-trait

association analysis for application in marker-assisted selection.
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Among the 35 accessions selected for volatile-compound analysis, there was no strong correlation
between volatile profiles and either bean morphology or non-volatile levels, except for a strong
correlation between bean roasting degree (or roasting colour) and 4-ethylguaiacol (r = -0.79, P <
0.001) or guaiacol (r = -0.75, P < 0.001) (i.e., higher 4-ethylguaiacol or guaiacol in darker roasted
bean) or less strong correlation with 3-methylbutanal (r = -0.42, P < 0.001). Strong correlations
existed between compounds belong to the same class (aldehydes, phenolic compounds, pyrazines) (up
to r = 0.93, P < 0.001) or between compounds of different classes, such as aldehydes and ketones (r =
0.73, P < 0.001), aldehydes and phenolic compounds (r = 0.82, P < 0.001), and aldehydes and
pyrazines (r=0.72, P < 0.001) (Table 4.13).

To the student’s knowledge, this is the first report where correlations between bean volatile
compounds have been examined. A number of previous studies merely focused on the relationship
between bean non-volatile and cupping quality which was controlled by the volatiles. Franca et al.
(2005) and Farah et al. (2006b) found caffeine had a positive correlation with high quality
beverages in arabica. Similarly, Figueiredo et al. (2013) reported that higher trigonelline was found
in the best sensory score genotypes, and Barbosa et al. (2012) confirmed that both trigonelline and
caffeine correlate with better sensory scores. However, Figueiredo et al. (2013) showed no
correlation between caffeine content and beverage quality. Similarly, Awvelino et al. (2005) studied
arabica grown in two regions of Costa Rica and found both caffeine and trigonelline were not well
correlated with the sensory characteristics. The effect of environment to beverage quality score was
also reported in several studies (Avelino et al., 2005; Barbosa et al., 2012; Rodrigues et al., 2009).
The current study showed that both caffeine and trigonelline have weak positive and negative
correlation with almost all volatiles even though trigonelline was considered as an important
precursor of volatile compounds that link to coffee aroma and taste (Malta & Chagas 2009 in
Barbosa et al., 2012). This would be hard to link to the sensory attributes as the complexity and the

interaction of the volatiles in the aroma matrix exists.

He et al. (2015) found that darker roast correlated with aromatic compounds such as heptyl ether, 4-
ethyl-2-methoxyphenol, 5-methylfuran-2-carbaldehyde and 1-(furan-2-ylmethyl)-1H-pyrrole, while
Belitz et al. (2009) reported that 2-furfurylthiol and guaiacol increase with increasing degree of
roasting. Mayer et al. (1999) found that pyrazines (2,3-diethyl-5-methylpyrazine, 2-ethenyl-3-ethyl-
5-methylpyrazine,  3-isobutyl-2-methoxypyrazine),  4-vinylguaiacol, vanillin,  2-methyl-3-furanthiol
and dimethyl trisulfide had almost no significant change with degree of roasting while propanal,
2(5)-ethyl-4-hydroxy-5(2)-methyl-3(2H)-furanone,  guaiacol,  4-ethylguaiacol,  2-furfuryithiol,  3-
methyl-2-buten-1-thiol and methanethiol were affected by roasting. However Toci’s study (2014)

showed almost all pyrazines concentration was decreased with roast degree. Holscher and Steinhart

86



(1992) indicated that ketones (2,3-butanedione and 2,3-pentanedione) and aldehydes (2-
methylpropanal, 3-methylbutal, 2-methylbutanal) were decreased with degree of roasting. In the
current study, we found that colour of roasted bean had a strong correlation with 4-ethylguaiacol
and guaiacol, and intermediate correlation with 3-isobutyl-2-methoxypyrazine and 3-methylbutanal
(Table 4.13) which is in agreement with Belitz et al. (2009) and Mayer et al. (1999) for guaiacol
and most of pyrazines. However, it was different from the study of Holscher and Steinhart (1992)
for ketones and aldehydes. The results again implied that the roasted bean colour could serve as a

simple indicator for selecting certain favourable volatiles.

From the breeding perspective, the 35 individuals selected based on their distinct variation in
complete volatile fingerprints can serve as useful founder parents for genetic improvement of
volatile compounds. The strong and significant correlations (Table 4.13) between targeted volatile
compounds that belong to the same class (aldehydes, phenolic compounds, pyrazines) or between
compounds of different classes (aldehydes and ketones, aldehydes and phenolic compounds, and
aldehydes and pyrazines) suggests the selection of certain compounds for analysis should be the
indication for many more other volatiles present in this germplasm subset. Such indirect selection
could help reduce the labour, effort and cost for volatile analysis by focusing only on representing
compounds that are easier and more stable to measure. For aldehydes, 3-methylbutanal can be
selected for analysis as it is highly correlated with 2-methylbutanal (r = 0.91, P < 0.001) and 2-
methylpropanal (r = 0.91, P < 0.001), and has lower variation among replicates. For phenolic
compounds, 4-vinylguaiacol had a weak correlation with both guaiacol and 4-ethylguaiacol, while
4-vinylguaiacol had a highly reproducible result, it can be selected for analysis along with either
guaiacol or 4-ethylguaiacol, which were strongly correlated. For pyrazines, among the six volatiles
that were strongly correlated, 2-ethyl-3,6-dimethylpyrazine and 2,3-diethyl-5-methylpyrazine had
the least variation among replicates (i.e., most reproducible) and thus could be used for analysis of

this chemical class.
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Table 4.13 Spearman rank correlation between bean morphology, non-volatiles and volatiles of 35 samples.

(1) (2) (3) 4) (5) (6) (M (8) (9 (@0 (@1 @12 (@3 (14 (@5 @16 (@7) (@18 (19 (200 (21) (22) (23)
2  -0.12
?3) 0.13 -0.22 Bean morphology
(4) 0.23 -041 0.25
(5) 0.07 0.44 -0.08 -0.08 }
(6) -0.47 0.37 -0.26 -0.06 0.20 Non-volatiles
7) -0.11  -0.29 0.15 -0.03 -0.21 -0.31
(8) 0.10 -0.21 0.07 -0.04 -0.16 -0.37 0.68 }Ketones
9) 0.12 -0.12 0.01 -0.22 -0.09 -0.28 0.53 0.82
(10) -0.04 0.04 -0.06 -042 -0.07 -024 050 075 0.93 Aldehydes
(11)  -0.09 -0.03 0.01 -0.27 -0.14 -023 054 073 092 0.92
(12) -0.28 0.30 -0.28 -0.75 0.02 0.04 0.20 0.35 055 0.69 0.57
(13) -0.20 0.44 -0.39 -0.79 0.16 0.13  -0.09 0.05 0.31 0.49 0.35 0.86 Phenoliccompounds
(14) 0.18 -0.29 0.36 0.01 -0.09 -0.18 0.32 0.37 0.27 0.25 0.22 0.19 0.13
(15) 0.17 -0.30 0.41 0.08 -0.11 -0.24 0.40 0.56 0.46 0.38 0.36 0.11  -0.06 0.51 Norisoprenoids _
(16) -0.03 -0.09 0.14 -0.11 0.13 -0.14 0.48 0.67 072 0.68 058 051 025 038 054
(17) -0.01 -0.08 0.06 0.09 0.30 -0.04 041 0.52 055 048 043 034 0.07 030 0.38 0.81
(18) 0.00 -0.08 0.02 0.16 0.35 0.00 0.26 0.34 038 031 025 0.26 0.03 018 0.21 0.69 0.93 L Pyrazines
(19) 0.11 -0.11 0.23 -0.21 0.03 -0.06 0.13 0.27 0.48 0.38 0.37 0.42 0.28 0.34 0.45 0.61 0.41 0.38
(20) -0.08 0.00 -0.01 -0.15 0.25 -0.08 0.44 0.56 0.66 0.64 0.56 0.57 0.33 0.33 0.37 0.87 0.94 0.86 0.52
(21) 0.27 -050 050 0.37 0.09 -0.24 0.10 0.05 -0.07 -0.18 -0.18 -0.30 -0.39 047 0.37 0.13 017 0.20 0.12 0.03 -
(22) -0.03 -035 044 012 -0.17 -0.13 0.44 050 032 0.27 0.23 0.06 -0.26 032 0.62 050 042 033 032 0.38 0.43 (Terpenes)
(23) -0.12  -0.24 0.25 -0.04 -0.26 -0.03 0.37 0.27 0.28 0.21 0.24 0.19 -0.03 0.07 0.46 0.38 0.21 0.15 0.37 0.26 0.29 0.72
(24) -0.12  -0.12 0.14 0.05 0.03 -0.22 0.33 0.46 0.40 0.38 0.44 0.29 0.04 0.16 0.22 0.47 0.36 0.33 0.21 0.42 0.10 0.43 0.32

(1) Weight of 100 bean (2) Beanmoisture loss during roasting (3) Roasted bean density (4) Beanroasting colour (5) caffeine (6)trigonelline (7)2,3-butanedione (8) 2,3-pentanedione (9) 2-methylpropanal (10) 3-methylbutanal
(11) 2-methylbutanal (12) guaiacol (13) 4-ethylguaiacol (14)4-vinylguaiacol (15) beta damascenone (16) 2,5-dimethylpyrazine (17) 2-ethyl-3,6-dimethylpyrazine (18) 2,3-diethyl-5-methylpyrazine (19) 2,3-dimethylpyrazine

(20) 2-ethyl-3 5-dimethylpyrazine (21) 3-isobutyl-2-methoxypyrazine (22) linalool (23) geraniol (24) limonene (values in bold are different from 0 at the 0.001 significancelevel).
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4.4 Conclusions

The observed high diversity in bean morphology, non-volatiles and volatiles in the worldwide
arabica collection demonstrated its potential application as a valuable genetic resource to quality
improvement in coffee breeding. For bean morphology, substantial variation was observed for
weight of 100 beans, bean length, width and thickness, and bulk density. Non-volatiles including
caffeine and trigonelline also showed large variation in the range previously reported. There was
small variation among different groups of arabica in both caffeine and trigonelline content. The
genotypes with both low caffeine and high trigonelline were not found in any wild type coffee
accessions even though they presented in a large number and were more genetically diverse than the
cultivated collection as reported in the literature. The analysis allowed identification of accessions
with contrasting levels of caffeine and trigonelline. These groups will be bulked and subject to
whole genome sequence for identification of trait-associated DNA markers to assist arabica coffee

breeding.

Non-targeted analysis revealed a low diversity in the entire arabica population based on
chromatographic fingerprints but more variation was observed in the wild type as expected. These
results were also confirmed by targeted analysis of 18 volatiles from 35 selected accessions, in
which most volatiles were lower or in the range previously reported, except for several compounds
in the pyrazine and aldehyde classes that could help identify useful sources for genetic improvement

of coffee quality.

There was insignificant correlation between bean morphology and non-volatile or volatile
compounds, or between caffeine and trigonelline content. This implied that biochemical analysis
would still be needed to quantify both volatile and non-volatile compounds because bean
morphology cannot be used as their predictor based on our correlation analysis. The lack of strong
correlations also indicates that it should be possible to breed for desirable combinations of traits
independently (i.e. large bean size, low caffeine, high trigonelline, and favourable volatiles). The
strong correlations existing within several volatile groups provide useful direction for targeted
analyses focusing on reproducible and representing compounds so as to improve analytical accuracy

and efficiency in coffee bean quality research and industry application.
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CHAPTER 5: ADRAFT GENOME SEQUENCE OF C. ARABICA FOR DOWNSTREAM
GENOMIC ANALYSIS *

Abstract

Despite the fact that C. arabica accounts for higher proportion of the world’s coffee production than
C. canephora, only recently has the first high-quality draft genome of C. canephora coffee been
completed while C. arabica still lags behind. Obtaining a whole genome sequence for Arabica
coffee will assist in identifying new options for the genetic improvement of coffee. A whole
genome assembly of K7 — the most popular arabica coffee variety in Australia was achieved by
sequencing using both Illumina short reads (Pair-End and Mate-Pair) and PacBio long reads.
Assembly was performed using a range of assembly tools resulting in 76,409 scaffolds with a
scaffold N50 of 54,544 bp and a total scaffold length of 1,448 Mb. Validation of the genome
assembly using different tools showed high completeness of the genome. BWA analysis
demonstrated that > 98% of the short reads mapped to the genome and > 93% were marked as
properly paired; GMAP analysis indicated that > 99% of the CDS and transcriptome sequences
mapped to the C. arabica draft genome and 89 % of BUSCOs were present. The assembled
genome was annotated using AUGUSTUS vyielded 99,829 gene models. The outcome of the study

could be beneficial for downstream genomic analysis in C. arabica.

4 This chapter contains information that is in Tran, H. T. M., Ramaraj, T., Furtado, A., Lee, L. S., and Henry, R. J.

(2018). Use of a draft genome of coffee (Coffea arabica) to identify SNPs associated with caffeine content. Plant

Biotechnology Journal. https://doi.org/10.1111/pbi.12912.
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5.1 Introduction

Coffee is an important crop and world coffee production relies on only two species: Coffea
canephora (robusta) and C. arabica (arabica). Recently, the first high-quality draft genome of
robusta coffee was completed (Denoeud et al., 2014). This genome sequence provides a reference
for analysis of the genomes of other Coffea species and genotypes. However, C. canephora is a
diploid species while C. arabica is tetraploid. Obtaining a whole genome sequence for Arabica

coffee will assist in identifying new options for the genetic improvement of coffee.

In recent years, sequencing technologies and assembly methods have been rapidly developed. Short
read technology (lllumina) has been the most popular due to the low cost, simplicity, accuracy and
high throughput (Mavromatis et al., 2012). However, short read sequencing technologies have been
problematic when dealing with genomes that have large repetitive regions even within relatively
small genomes (Nagarajan and Pop, 2013). This leads the incomplete assembly of genomes due to
high fragmentation in regions of repeat sequences (Chain et al, 2009). The benefit of long-range
mate-pairs was demonstrated in the assembly of the sacred lotus (Nelumbo nucifera) genome
(Abbott and Butcher, 2012). Long sequencing reads generated by single-molecule sequencing
technology offer the possibility of dramatically improving the contiguity of genome assemblies
(Zimin et al., 2016). Combination of different sequencing platforms has become popular and recent
studies have combined data of different read length and from several different sequencing platforms
(Koren et al., 2012). Long sequencing reads alone can be used to generate complete and accurate de
novo assemblies of the genomes of bacteria (Brown et al., 2014; Chin et al., 2013; English et al.,
2012; Koren et al, 2013), chloroplast genome (Ferrarini et al., 2013; Li et al., 2014; Stadermann et
al., 2015), and plant and human genomes (Berlin et al., 2015; Pendleton et al., 2015).

The completeness of genome assembly depends on several factors including genome size, repeat
content, paralogy, and heterozygosity (Michael and VanBuren, 2015; Sims et al., 2014). Compared to
animal genomes, plant genome are often more complex due to their larger genome size, higher ploidy
(occurs in 80% of all plant species, but only a few of them have been sequenced), and higher rates of
heterozygosity and repeats and complex gene content. This is further complicated by the presence of a
large number of chloroplasts and mitochondria organelles and the challenge of producing from plants
the high quality DNA required for sequencing (Schatz et al., 2012). Plant species have different levels
of ploidy. For example, C. arabica - a tetraploid species - has multiple genome copies which will
become a major challenge for discovering true polymorphisms between genomes and for
discriminating them from artificial polymorphisms between genome copies within the same genotype
(Trick et al., 2009).
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Assembly paradigms such as greedy approaches, graph-based approaches, OLC graphs, De Bruijn
graphs and String graphs, and corresponding assembly software as well as validation of genome
assembly have been well developed (Nagarajan and Pop, 2013; Paszkiewicz and Studholme, 2010;
Simpson and Pop, 2015). Genome assembly typically has two-stages: assembly of reads to contigs,
and joining contigs into scaffolds (Hunt et al., 2014). Additional steps are gap closing to fill gaps
generated by the scaffolding, and anchoring onto a genetic map to build the final pseudo-molecules
(Madoui et al., 2016). Several assemblers (mappers and scaffolders) and their weaknesses as well as
strengths have been evaluated (Hunt et al, 2014; Salzberg et al,, 2012; Zhang et al., 2011). There
was a large variation in the quality of results found depending on the tool and dataset used. The
quality of assembly depends largely on sequence depth, sequencing methodology and genome
complexity (Hunt et al., 2014). Algorithms and software for genome assembly have been developed
to addresses these issues. Examples include, software for genome assembly using PacBio long reads
alone (Koren and Phillippy, 2015) or to overcome the problem of high heterozygosity (Kajitani et al.,
2014; Pryszcz and Gabaldon, 2016), or to deal with the issue of inappropriate collapsed contigs in
polyploid plants by estimating the ploidy of contigs based on the allele proportion (ConPADE)
(Margarido and Heckerman, 2015).

Evaluating the outputs of a de novo assembly can be difficult in the absence of a reference genome
and additional genetic resources. Commonly used statistics such as N50 only provide sizing
information, with no indication of correctness (Abbott and Butcher, 2012; Ekblom and Wolf, 2014).
Information from remapped paired-end or mate-pair data can be used to detect errors in the
assembly (Ekblom and Wolf, 2014). Using available genomic resources such as CDSs, cDNA,
ESTs or protein data of the same species or closely related species is another approach to validate
sequence accuracy and for correcting the scaffolding where genes span across contigs (Ekblom and
Wolf, 2014). CEGMA (Core Eukaryotic Genes Mapping Approach) (Parra et al., 2007; Parra et al.,
2009) and BUSCO (Benchmarking Universal Single-Copy Orthologs) (Simao et al., 2015) are
comparative genomic approaches and complement the commonly used N50 length to assess
completeness of genome assembly for genomes that may have little or no annotation. CEGMA is
based on a set of 248 core proteins that are highly conserved in a wide range of eukaryotes (Parra et
al., 2009), while BUSCO uses 3,023 genes for vertebrates, 2,675 for arthropods, 843 for metazoans,
1,438 for fungi and 429 for eukaryotes (Simao et al, 2015). Genome annotation includes two
distinct phases: the ‘computation” phase where available genomics resources such as ESTs, cDNA,
proteins are aligned to the genome and ab initio and/or evidence-driven gene predictions are
generated; and the “annotation” phase where these data are synthesised into gene annotations
(Yandell and Ence, 2012).
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This chapter describes steps involved in arabica coffee genome assembly, validation and annotation.
Outputs of different genome assemblers were also compared. The results would enable downstream
genomic analysis toward genetic dissections of arabica coffee quality, and also allow this genotype

to be linked to international coffee genomics research outcomes.
5.2 Materials and Methods
5.2.1 DNA extraction and sequencing

A leaf sample of Arabica variety — K7 — the most widely grown coffee variety in NSW and a
Kenyan commercial variety (Omondi et al, 2016) was collected from Green Cauldron 330 Federal
Rd, Federal NSW 2480 in Oct 2014. DNA extraction was performed following the method
described by Healey et al. (2014) with some modification in storage time and the use of 2-
mercaptoethanol (0.3%) and PVPP (2%). The DNA from several extractions was mixed and
precipitated to obtain an adequate concentrated of DNA required for Illumina and especially Pac

Bio sequencing. DNA quality and quantity was assessed using a Nanodrop and agarose gel
electrophoresis (Figure 5.1 and 5.2).

Measurement Results

2268 260/280| 1.80

Measurement Results

Units. Units

ngful

ngiul =]
689.0

ngpul  [+]
1134

A-280| 1257 nm 1 abs. A-280| 7514 nmlabs| 1374 260/280 183

A280| 22568 260/230/ 157 ngtul A260 1378 260/230 166

am1 [ 260 [2 Overlay control | Clear graph each Sample [+ Overley contral Clear graph sach Semple [=]

Legend Legend
25,15~

15.23-
A\ K7 newafier A\
2 1400 T
22,01 \
2001 71N 12
18.00-\ / \ \ / \
Ny \ o
£
B~/ 3 S
3 1201 \ n \
5 b B 60
5100 5 6
2 5o A 5;" \
i 400
2 \\ \
40 21
2,01 \
be 200
i pe— e — (7 —— e
220 230 240 250 260 270 280 290 300 310 320 330 340 350 EA BN ERN ) Y ) B RN S el R e ) )

Wavelength nm

Figure 5.1 DNA quantity and quality measured on Nanodrop

C-CofK7IL C-CofK7IL 100
(1u) (3l ng

200
ng

ot ¥

Figure 5.2 DNA quality and quantity measured on agarose gel

93

C-CofK7PB

\Wavelength nm

o
C-CofK7PB
(3u)

' e

(1u)



5.2.1.1. lllumina sequencing: At least 25 pg of total DNA was dissolved in 10 mM Tris and used to
prepare sequencing libraries. Sequencing was performed using an Illumina HiSeq 2000 with three

libraries including:

(1) C-CofK7IL for Truseq PCR free Library HiSeq 2X 100bp paired-end sequencing using
adapter 04 with an insert size of 350 bp, concentration of 355 ng/ul with volume of 60 W to make a
total of 21,300 ng of DNA;

(2) C-CofK7IL3 for Nextera 3kb mate pair (indexed) library using adapter 13 and then
HiSeq 2X 100bp paired-end sequencing, concentration of 447 ng/ul with volume of 90 pl to make a
total of 40,230 ng DNA

(3) C-CofK7IL8 for Nextera 8kb mate pair (indexed) library using adapter 18 and then
HiSeq 2X 100bp paired-end sequencing, concentration of 422 ng/Wl with volume of 90 pl to make a
total 37,980 ng of DNA.

For more precise measurement of DNA quality and quantity, DNA was examined on Qubit QC to

confirm sufficient quantity for sequencing (Table 5.1):

Table 5.1 DNA passed the Qubit QC.

Sample Name Stock Sample Volume Total DNA
Concentration Available (ul) Available (ng)
(ng/ul)
C-CofK7IL 355.0 60.0 21300
C-CofK7IL3 447.0 90.0 40230
C-CofK7IL8 422.0 90.0 37980

Gel portions for the 3kb and 8kb bands cut from the gel during library preparation were estimated to
have an average size of 5.3kb and 10.4kb, respectively using a Bioanalyzer. The two Nextera Mate
Pair libraries were run together in one lane and de-multiplexed evenly with 49% of reads identified

for each library. The single TruSeq PCR-Free library was run in a lane of its own.

5.2.1.2. Pac Bio sequencing: A sample at a concentration of 303 ng/pl (Qubit QC) and total DNA
of 31.8yg was sequenced in 15 SMRT (Single Molecule Real-Time) cells using P6-C4 chemistry
(20 KB protocol) resulting in 927,726 reads with an N50 read length of 13,127 bp and a mean read
length of 8,312 bp (Table 5.2).
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Table 5.2 Information of PacBio sequencing

QC 20 KB protocol P6-C4 Chemistry
<1% Short inserts (11-100 bp) 0.01%
Approx. 50K Number of reads 927,726
N50 read length 13,127
Ave. 10 KB Mean read length 8,312

5.2.2 Genome Assembly

5.2.2.1. Assembly of Pair End (PE) and Mate Pair (MP) lllumina data: Initially, assemblies of
lllumina PE and MP reads were generated using CLC Genomics Workbench Version 9.5 (CLC Bio,
www.clchio.com). The same dataset was assembled with alternative assembly algorithms such as
AByYSS (Simpson et al., 2009), PLATANUS (Kajitani et al., 2014) and SOAPdenovo2 (Luo et al.,
2012). SOAPdenovo?2 resulted in improved assembly statistics, and was subjected to GAPCloser (a
module in SOAP), then SSPACE Standard (Boetzer et al., 2011) for scaffolding, then GAPCloser

again using lllumina PE reads.

5.2.2.2. Assembly of PacBio data: The final Illumina assembly was further scaffolded with PacBio
long reads using SSPACE-LR (Long Reads) (Boetzer and Pirovano, 2014) for scaffolding, followed
by GAPCloser using lllumina reads, and finally gap filled with PBJelly2 (English et al., 2012) using
PacBio long reads (Figure 5.3)

5.2.2.3. Settings of each assembler:

CLC settings: Raw reads of Illumina data were imported to CLC GWB for de novo assembly using
different settings as follows: Mode: Fast (create simple contig sequence) and slow (map reads back
to contigs). Word size, bubble size and minimum contig length: 45-98-1000 and 64-120-1000
applied scaffolding and no scaffolding.

ABySS, PLATANUS, SOAPdenovo2: To attempt assembly of Illumina reads, three short read
assemblers, ABySS (Simpson et al., 2009), PLATANUS (Kajitani et al., 2014), and SOAPdenovo2
(Luo et al., 2012) were selected based on their heavy use in the genome assembly community. All
three were primarily developed to assemble short reads (50 — 200 base pairs) from next generation
sequence data, mainly Illumina sequencing technology. They all use de bruijn graph theory to
effectively handle and assemble millions of short reads. For graph- based methods, the choice of k-
mer size (base string length) can affect the contiguity and/or completeness of an assembly (Chikhi
and Medvedev, 2014)

Firstly, ABySS assembler version 1.3.7 was used to assemble Illumina reads with different k-mer

values (from 50 bp up to 95 bp with interval of 5 bp). The rest of the parameters were set to default.
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Secondly we used PLATANUS to assemble Illumina reads with number of CPUs set to 16 and
memory limit for k-mer distribution was set to 100 GB. The rest of the parameters were set to
default. Lastly we used SOAPdenovo2 to assemble the Illumine data set using default settings.
Assemblies from these three assemblers were compared in terms of basic assembly metrics, such as
(1) Number of sequences, (2) Genome size, (3) N50, and (4) Max and Min sequence length.
GAEMR (Genome Assembly Evaluation and Metrics Reporting) was used to generate the basic
assembly metrics. Comparison clearly indicated that assembly from SOAPdenovo2 was superior to
assembly from ABySS and PLATANUS based on the basic assembly metrics. Hence

SOAPdenovo2 assembly was used for all further downstream analysis.

GAPCloser, SSPACE and PBJelly2: During the process of assembling short reads it is very
common for assemblers to introduce N’s to scaffold two or more contigs (referred to as the
scaffolding process). Final assembly from any one of the short reads assemblers (in this case, final
assembly from SOAPdenovo2) will contain several stretched of N’s. One common practice in
genome assembly process is to try to replace these N’s with actual base pairs (A, C, G, T). There
are several tools that can accomplish this. We used GAPCloser, which takes as input, the final
assembly and a configuration file which has details on the read length, read type, insert size and the
path to the short reads from which the assembly was constructed. GAPCloser was designed to work
only with short reads data. Attempting to use long reads from technologies like, Sanger, 454,
PacBio, MInION results in a failled run. GAPCloser maps short reads back to assembly in
attempting to replace N’s with A, C, G, or T. In this process most of the gaps were filled in but

larger gaps still remain since Illumina short reads cannot span those really long regions.

SSPACE (Boetzer et al, 2011; Boetzer and Pirovano, 2014) has two modes, SSPACE-
STANDARD & SSPACE-LR. SSPACE-STANDARD is used for scaffolding using short reads
mainly data from Illumina sequence technology. SSPACE-LR, LR stands for Long Reads which is
used for scaffolding NGS assemblies using data from long read technologies such as PacBio and
MIinION. Here, the gap filled SOAPdenovo assembly is further scaffolded using SSPACE-
STANDARD program. It takes in as input the gap filled SOAPdenovo assembly and a configuration
file which has details on the read length, read type, insert size and the path to the short reads. The
final output will be an assembly FASTA file which will also have stretches of N’s that got
introduced during the SSPACE-STANDARD scaffolding process. After this another GAPCloser
was run for the second time in an attempt to fill in gaps now introduced during the SSPACE-
STANDARD scaffolding step. Following this, 6X PacBio data was incorporated into the assembly
process by using it to scaffold the assembly from the previous step using SSPACE-LR.

96



Finally to finish the assembly, the assembly generated from SPPACE-LR was gap filled with
GAPCloser (lllumina Data) and PBJelly2 (PacBio Long Reads). PBJlelly2 software is used to fill
gaps in the assembly using PacBio long reads. The program is designed to handle PacBio data
taking its error model into consideration. It uses a PacBio read data specific aligner called BLASR
(Chaisson and Tesler, 2012) to map PacBio reads to the assembly and attempt to replace N’s with
A, C, G, orT. The final output from PBJelly2 was the first draft version of the genome.

5.2.3 Validation of genome assembly
Validation of assembly was assessed using three different approaches:

(1) PE Illumina reads were remapped to detect errors in the assembly using BWA (Burrows-
Wheeler Aligner) (Li and Durbin, 2009).

(2) Awvailable coffee genomic resources such as C. canephora CDS sequences (http://coffee-
genome.org/coffeacanephora) and C. arabica (K7) PacBio transcriptome data (not published) were
used to map back to the draft genome using GMAP (Genomic mapping and alignment program)
(Wu and Watanabe, 2005).

(3) The BUSCO (Benchmarking Universal Single-Copy Ortholog) (Simao et al., 2015) strategy was
used to test the completeness of the genome assembly and gene space using the plant specific

profile. This approach makes use of single copy genes expected to be present in plants (956 genes).
5.2.4 Genome annotation

Final genome assembly was repeatmasked using REPEATMODELER (Smit and Hubley, 2008-
2015) and REPEATMASKER (Smit et al., 1996-2010). MAKER-P (Campbell et al., 2014) was run
on the repeatmasked genome with SNAP (Korf, 2004) and AUGUSTUS (Stanke and Morgenstern,
2005). The gene prediction programs, SNAP and AUGUSTUS used Arabidopsis thaliana HMM
(Hidden  Markov ~ Model) and  tomato  respectively. ESTs of C. arabica
(http:/Avww.ncbi.nim.nih.gov/nucest), and CDSs of C. canephora (http://coffee-

genome.org/coffeacanephora) and 96,521 in-house C. arabica (K7) PacBio transcriptome

sequences were used as evidence to guide the annotation process.
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5.3 Results and discussion

5.3.1 Sequencing details

A total of 385.10° reads of 100 bp Illumina PE estimated at 64x coverage (insert size of 350 bp) and
220.10° reads (equivalent to 36x) and 223.10° reads (equivalent to 37x coverage) of 100 bp Illumina
MP of insert size of 3 kb and 8 kb, respectively were generated on an Illumina HiSeq 2000. Over
1.37 million PacBio reads, equivalent to 6x genome coverage were also generated using the SMRT

P6-C4 chemistry (Table 5.3 and Figure 5.4). These data sets were the input sequence used for

hybrid assembly of C. arabica.
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Table 5.3 Parameters of lllumina data and PacBio data

Platform Library Insert Read length No of Coverage GC Ave.
size (bp) (bp) reads *) content  Phred
score
[llumina Pairedend 350 100 385.10° 64 X 37% 39
Mate pair 3 Kb 100 220.10° 36 x 40% 39
8 Kb 100 223.10° 37X 39% 39
PacBio SMRT (15) - Noof bases: 7,688,079,960 1,377,852 6 X 37%

- N50 read length: 8,180
- Mean read length: 5,579

(*) Based ona genome size estimate of 1.3 Gbp
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Figure 5.4 Length distribution of extracted subreads.

(The length distribution of all the subreads extracted from the complete dataset by using SMRT Analysis. Subread
length is given in bp).

Phred score is an indicator of the read quality, Phred score of 30 indicates a probability of 0.1% of a
wrong base call (Dohm et al., 2008). In this study, the Phred score of 39 for both paired end and
mate pair indicated good quality of reads. GC content in K7 arabica variety is relatively low (37-
40%). The GC content difference is a primary factor for non-random sequencing-depth distribution
(Li et al, 2010a). The GC content was found related to read coverage and to the effect of GC bias
which has an effect on the completeness of assembly (Chen et al., 2013). Both very low (<20%) and
very high GC regions (>80%) had a relatively lower sequencing depth. However, these regions only
account for a minor fraction (e.g. 0.004% for the panda genome, 0.079% for dog genome, 0.095%
for human genome and 0.015% for mouse genome) (Li et al., 2010a). The sequencing irregularities
due to sequence-dependent coverage biases and non-uniform error rates will cause unexpectedly
low coverage regions (e.g., Illumina sequencers have lower coverage in low-GC regions) and

consequently more gaps in an assembly (Schatz et al., 2010).

The coverage of lllumina data of 137x (both PE and MP) should be sufficient for assembly (Table 5.3)

based on literature. Ekblom and Wolf (2014) suggested that the total read coverage should be more than
ele



100x for large and complex genomes, while for bacteria and yeast it required only 35x — 50x (Desai et
al, 2013). Illlumina input data are short reads which may result in fragmented assembly (Schatz et al.,
2010), but this is complemented by an additional long reads of PacBio albeit with a low coverage (6.0x).
According to Faino and Thomma (2014), a combination of different sequencing platforms including
Illumina reads at 30x coverage (PE reads of 100 —150 bp derived from a library with 500 bp inserts and
MP reads of 50-100 bp from a 5 kb insert library) and 5-10x coverage using SMRT sequencing of a 20

kb insert would give optimal assembly statistics.
5.3.2 Genome assembly
5.3.2.1 Comparison among different genome assemblers using Illlumina data

Genome assembly was done using different software. First, CLC GWB was employed. CLC GWB
is commercial software for genome assembly which is usually more user-friendly than freely
available programs and thus readily used by researchers with limited bioinformatics skills.
However, its drawbacks are licensing cost involved, and it acts even more like ‘black box’ solutions
as the algorithms are unknown (Ekblom and Wolf, 2014). Other highly used assembly software that
relies on De Bruijn graph algorithms includes ABYSS and SOAPdenovo, and more recently,
PLATANUS. The assembly outputs of these four assemblers are provided in Table 5.4.

Table 5.4 Assembly statistics among different assemblers with lllumina sequencing reads

Parameters CLCWY ABYySS PLATANUS ™ SOAPdenovo2 *’
Contig metrics
# contig 189,330 628,389 62,453 276,322
Contig N50 5,490 1,188 3,627 6,284
Ave contig size 798.3 2,631.1 2,944.1
Scaffold metrics
# scaffold 189,330 139,505 101,960 120,578
Scaffold N50 5,490 8,987 17,991 16,694
Min scaffold size 985 1,000 1000 1000
Max scaffold size 105,805 218,433 501,363 176,350
Ave scaffold size 4230 4.265.7 4,654.4 8,154.9
incl. gaps
Ave scaffold size w/o 1,263 3,596.0 4,295.5 6,746.9
gaps
Genome incl. gaps * 800,384,967 595,091,719 290,679,196 983,303,576
Genome 604,221,306 501,664,397 268,267,094 813,528,413
w/o gaps **

* Total genome length including gaps; ** Total genome length without gaps; " De novo settings ofslow mode, word
size, bubble size and minimum contig length of 64-120-1000, and including scaffolding; ) k-mer of 80 bp, minimum
scaffold size of 1000 bp, scaffolded with MP; ® ® minimum scaffold sizes of 1000 bp.

The CLC GWB applied to both PE and MP reads assembly, yielding a total length of 800,884,967
bp (61.61% of the genome size) and a fairly good N50 value (5,490 bp) (Table 5.4). According to
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Ribeiro et al. (2012), MP libraries are capable of resolving repetitive regions and structural variants
while increasing the accuracy and size of assembled contigs. In this study, the MP helps improve
both contig N50 and genome length. The CLC assembler has previously been used to assemble
bacteria genomes (Brown et al., 2012; Hwang et al., 2014) and more complex plant genomes, such
as barley (International-Barley-Genome-Sequencing-Consortium et al., 2013) and rubber (Rahman
et al, 2013). However, in the present study, the output of this assembler seems to be not
satisfactory. Besides, this assembler is not suitable for hybrid assembly where Illumina reads and
PacBio long reads can be combined to improve assembly quality (i.e. resolved ambiguities). Other

assemblers were therefore performed for improvement.

ABySS is a de novo, parallel, paired-end sequence assembler that is designed for short reads and
large genomes, and low RAM occupancy as it transfers the sequence reads into binary format. The
ABYSS algorithm proceeds in two stages. First, all possible substrings of length k (termed k-mers)
are generated from the sequence reads. The k-mer data set is then processed to remove read errors
and initial contigs are built. In the second stage, mate-pair information is used to extend contigs by
resolving ambiguities in contig overlaps (Simpson et al., 2009). Although a number of previous
studies found that ABYSS assembler generated some of the best assembly statistics when only PE
lllumina reads were used for different bacteria (Boetzer et al., 2011; Boisvert et al., 2010; Utturkar
et al, 2014) or 20 Gb white spruce (Birol et al., 2013), the present study showed that ABySS
assembler seems to fail giving sufficient results. After the second step of scaffolding, the scaffold
N50 was reasonably high (8,987 bp). However, the total genome length without gaps only covered

38.5% of the estimated genome of arabica, which is too low.

PLATANUS, another assembler for short reads recently developed by Kajitani et al. (2014) to
assemble heterogeneous diploid genomes, was used to seek improvement. The number of scaffolds
and scaffold N50 in PLATANUS were slightly better than others, however, the total genome length
was small, only covering 20.6% of the expected genome size (Table 5.4). Patel et al. (2015)
compared PLATANUS with ALLPATHS-LG in genome assembly of highly heterozygous grape
species using sequences from three libraries (180, 600, 3000 bp). Results showed that the number of
N/L50 and length the scaffolds and contigs were greater for PLATANUS than found for the
ALLPATHS-LG assemblies. However, Chin et al. (2016) found genome assembly results using
PLATANUS were poor for Arabidopsis, grape and fungus, especially only less than 1% of the
expected genome size assembled for grape. PLATANUS was also tested on yeasts, fungus and
Arabidopsis using PE and MP reads (Pryszcz and Gabaldon, 2016). Results showed that
PLATANUS deals well over the full spectrum of loss of heterozygosity, but it fails at divergences

above 10%. Moreover, the assemblies returned by PLATANUS are more fragmented than those
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produced by another new assembler called Redundans (Pryszcz and Gabaldon, 2016). When using
additional Illumina mate-pair reads and long reads from PacBio, the neem tree genome quality was
improved with PLATANUS, and PLATANUS performed better than SOAPdenovo?2 in regards to
assembly statistics for this heterozygous genome (Krishnan et al., 2016). In this study, as the results
of assembly using PE and MP were not promising, PacBio reads were not used and therefore

another assembler was performed.

SOAPdenovo2 outperformed other assemblers with a total genome length (without gaps) of
813,528,413 bp covering 62.6% of the estimated genome size of 1.3 Gb even though the scaffold
N50 (16,694 bp) and number of scaffold (120,578) were slightly lower than PLATANUS (Table
5.4). SOAPdenovo2 performed well on short reads (Zhang et al, 2011) and being a popular
software (Ekblom and Wolf, 2014). SOAP was first developed by Li et al. (2010b) and it was
compared with other assemblers (ABySS, Velvet, EULER-SR, SSAKE and Edena) on human
genome data. Results showed SOAP obtained better N50 contig, higher genome coverage and
shorter running time, higher assembly accuracy; however, it requires a much higher peak memory
usage (Li et al., 2010b). SOAPdenovo2 was then designed to (1) reduce memory consumption in
graph construction, (2) resolve more repeat regions in contig assembly, (3) increase coverage and
length in scaffold construction, (4) improve gap closing, and (5) optimise for large genomes (Luo et
al., 2012). According to Simpson and Durbin (2012), SOAPdenovo2 gave N50 smaller than ABySS
and lower assembly completeness, but higher assembly accuracy on nematode genome assembly. In
this study, SOAPdenovo2 outperformed other software and was applied to next steps for assembly

improvement.
5.3.2.2 A draft genome assembled using both Illumina and PacBio reads

GAPCloser (a module in SOAP) was deployed to address some of the gaps (N’s) emerging from
scafolding steps in SOAPdenovo2. SSPACE Standard (Boetzer et al., 2011) was then used for
scaffolding, followed by GAPCloser again to fill N regions in the scaffolds using Illumina PE and
MP reads. Basic assembly metrics (i.e. Contig N50, scaffold N50, total genome length, the total gap
length) were improved after each step of gap filling and scaffolding (Table S5.1). The addition of
PacBio data, even with low coverage, showed improvement in terms of assembly metrics and

resulted in the draft genome as presented in Table 5.5.

The total size of the assembled contigs was 1,167 Mb which was 90% of the estimated genome size
(ie. 1,300 Mb) while that of scaffolds was 1,448 Mb - 11% larger than the estimated genome
(Table 5.5). The draft genome included 76,409 scaffolds with N50 scaffolds of 54,544 bp and
longest scaffold of 769,411 bp. The draft genome had a total size of gaps of 281 Mb, accounting for

21% of the estimated genome.
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Table 5.5 Characteristics of the K7 arabica draft genome assembly

Estimated genome size (Mb) 1,300
Chromosome number (2n = 4x) 44

Total size of assembled contigs (Mb) 1,167
Number of contigs 265,687
Largest contig (bp) 186,701
N50 length (contigs) (bp) 12,184
Number of scaffolds 76,409
Total size of assembled scaffolds (Mb) 1,448
N50 length (scaffolds) (bp) 54,544
Longest scaffold (bp) 769,411
Number of gaps 189,278
Mean gaps length (bp) 1,485
Total size of gaps (Mb) 281

GC content (%) 37

GapCloser was a module of SOAPdenovo2 which assembled sequences iteratively in the gaps to fill
large gaps (Luo et al, 2012). SSPACE and SOAPdenovo2 are fast to run on all datasets and
perform well with respect to correct versus incorrect joins. SSPACE comfortably has the most
citations of any of the scaffolding tools and is also the easiest of the tools to install and run.
SOAPdenovo2 and SSPACE were found to generally outperformed other scaffolders (Hunt et al.,
2014). SOAPdenovo was also used to assemble the giant panda (~2.4 Gb) with short reads resulting
in an assembled N50 contig size reaching 40 kb, and an N50 scaffold size of 1.3 Mb and with 54.2
Mb remained unclosed (Li et al., 2010a).

PacBio long-read data has emerged as a way of filling N regions in scaffolds (English et al., 2012).
According to Ekblom and Wolf (2014), the coverage and sequencing platform selection are specific to
each project which requires basic knowledge on genome size, sequencing error rates, repeat content
and the degree of genome duplications to make decision. If the genome has a high repeat content or a
high degree of duplications, a larger amount of long-insert data is needed for correct assembly
(Ekblom and Wolf, 2014). In this study, PacBio data has low coverage and was used for scaffolding
using SSPACE Longreads. The output of this step was subjected to GapCloser again using llumina
(PE and MP) reads. The PBJelly method (English et al., 2012), a gap-filling approach that takes
scaffolds generated by SSPACE Longreads and fills scaffold gaps using long reads. PBJelly2 can use
long reads to correct erroneously scaffolded contigs and to close gaps, provided that a quality score is
associated to each read (English et al., 2012). The addition of PacBio data, even with low coverage,
showed a significant improvement in terms of assembly metrics (Table S5.2). With the addition of
only 10x coverage of PacBio longreads (20-kb library) to the lllumina assembly, genome assembly
statistics for fungus showed the contig N50 length increased up to 25 times while the gaps reduced

approximately three times (Faino and Thomma, 2014). In the current study, scaffold N50 was only

103



double with the addition of 6x PacBio longreads. The total scaffold length was 11% higher than
estimated genome size of arabica of 1.3 Gb. This expansion phenomenon was also observed in several
crops such as grapevine genome assembly (4.8%) (Jaillon et al., 2007), walnut genome assembly (10-
24%) (Martmez-Garcia et al., 2016) or in pineapple (32-48%) after the first and second draft assembly
(Redwan et al., 2016). One reason could be that the high ploidy level or the high heterozygosity rate
in arabica made the genome assemblers assume that the genome is diploid (Redwan et al., 2016).
Another reason could be that SOAPdenovo2 over-estimated gap sizes during scaffolding. The gap (N
content) seems to be slightly high, but since several rounds of scaffolding were performed, this issue
could be happened. Besides, it is most likely that these gaps are complex regions that the assembler
could not resolve, or there was not enough sequence coverage, which could be overcome by adding

more sequence data.

In summary, the K7 arabica genome assembled was higher than estimated arabica genome. After
being optimised with many steps using different assemblers, scaffolders, and gap closers and with
different sequencing reads, the gap length was still large and accounts for 21% of estimated
genome. This is however an encouraging outcome given the challenges in arabica genome assembly
such as high ploidy level, heterozygosity, low coverage and fairly large genome. Fragmented
genome assembly was also reported for C. canephora (13,345 scaffolds) (Denoeud et al., 2014) and
other species. In date palm with half the genome size of arabica, the draft genome was still in
57,277 scaffolds and N50 scaffold of 30,480 bp (Al-Dous et al, 2011). Similarly, walnut with half
the genome size of arabica, the draft genome was with 186,636 scaffolds (Martmez-Garcia et al.,
2016). For larger genome size like rubber (2.15 Gb haploid genome), the genome assembly was
with 608,017 scaffolds and N50 scaffold of 2,972 bp (Rahman et al., 2013). Even the Arabidopsis
genome, which is arguably the best-assembled plant genome, is still in 102 contigs with a total gap
length of at least 185,644 bp (Michael and VanBuren, 2015). In the study of panda genome, Li et al.
(2010a) estimated that around 3.6Mb (0.15%) of tandem repeat sequences might be missing in the

current panda genome assembly.

Genome assembly for ploidy crop like arabica is faced with certain challenges including genome
size, repeat content, paralogy, and heterozygosity (Michael and VanBuren, 2015). In addition, the
low coverage of input data in the present study made the arabica genome assembly even more
challenging. Arabica has the genome size estimated at 1.3 Gb (Kochko et al., 2010) which is fairly
large compared to other common genome species such as Arabidopsis, rice, grape and sorghum
(Michael and VanBuren, 2015). A large and complex genome has large repetitive elements and
covers a large fraction of the genome resulting in ambiguities in the scaffolding step (Madoui et al.,
2016). A tetraploid species like arabica has different “copies” which tend to be less similar while
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the algorithms and software developed for assembly were mainly developed for haploid or diploid
genomes may lead to the risk of information loss when using it for genome assembly in polyploid
crops (Margarido and Heckerman, 2015). Since arabica is an allotetraploid crop, it is expected to
show heterozygosity conditioned by two different alleles derived from two different progenitors
(Mishra et al., 2011). Paralogous regions and heterozygous sites create ‘bubbles’ during genome
assembly where two or more regions that are highly similar assemble together, and the adjacent
dissimilar regions assemble separately but eventually merge again (Michael and VanBuren, 2015)
make it hard for assembly. It is suggested that coverage for finished assemblies was 50x for long
reads (Koren and Phillippy, 2015) while there was only 6x coverage for PacBio data in the present

study.
5.3.3 Validation of genome assembly

lllumina short reads (PE) were aligned back to the assembled genome using BWA to evaluate the
genome completeness and to detect errors in the assembly. More than 98% of the short reads

mapped to the genome and more than 93% were marked as properly paired (Table 5.6).

The C. canephora CDS sequences and C. arabica (K7) PacBio transcriptome data were used to map
back to the draft genome using GMAP. More than 99% of the CDS and transcriptome sequences were
mapped to the C. arabica draft genome in which 85.1% of the CDS sequences and 88% of

transcriptome sequences with >= 90% identity and query coverage were mapped (Table 5.6).

Table 5.6 Validation of draft genome using BWA, GMAP and BUSCO

Results of read remapping using BWA

Read alignment metrics

Total number of reads mapping back 98.4%

Reads properly paired 93.0%

Gene capture analysis using GMAP (C. canephora CDS sequences)

Parameters

CDS sequences in
C. canephora

Transcriptome of
C. arabica (K7)

Total number of sequences 25,574 96,521

Total number of sequences mapping to C. > 99.0% > 99.0%

arabica (draft genome)

Total number of sequences mapping to C. > 85.0% > 88.0%

arabica (draft genome) (>= 90% identity

and query coverage)

BUSCO analysis

Parameters Number of BUSCOs Percentage
mapped

Complete single-copy BUSCOs (C) 858 89%

Complete duplicated BUSCOs [D] 553 57%

Fragmented BUSCOs (F) 23 2.4%

Missing BUSCOs (M) 75 7.8%

Total BUSCO groups searched (n) 956
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BUSCO analysis against a plant-specific database of 956 genes was also used to assess the
completeness of the draft genome and identified 858 (89 %) complete BUSCOs, of which 553 (57
%) were duplicated. A further 23 fragmented BUSCOs were identified (Table 5.6)

Although the assembly metrics such as N50 and contig numbers are widely used for the assembly
evaluation, they may not accurately reflect the quality of an assembly (Baker, 2012; Nagarajan and
Pop, 2013). They merely indicate contiguity and contain no information on assembly accuracy
(Ekblom and Wolf, 2014). To assess the genome completeness or to detect errors in the assembly,
lllumina short reads (PE) were aligned back to the assembly outcomes using BWA (Li and Durbin,
2009). The genome quality assessment was evaluated by remapping short reads to the final draft
using BWA. Results showed high percentage of reads mapped back to the draft suggesting that most of

the reads were incorporated into the genome and thus most of the genome were assembled.

Validation of the assembly or gene space completeness can be based on the genomic resources
available for coffee such as C. canephora genes or ESTs data base of C. arabica (187,739 ESTs
from NCBI) aligned to C. arabica draft genome using GMAP. In this study, C. canephora CDS
sequences and C. arabica (K7) PacBio transcriptome data were used to map back to the draft
genome. High percentage of the CDS and transcriptome sequences were mapped to C. arabica draft
genome (99%) with high identity (>= 90%) and query coverage (90%) indicating the completeness
of the draft genome (Table 5.6).

Another approach to assess the completeness of genome assembly was running CEGMA (Core
Eukaryotic Genes Mapping Approach) (Parra et al, 2007; Parra et al, 2009) or BUSCO
(Benchmarking Universal Single-Copy Orthologsplant conserved genes) (Simao et al, 2015) in
order to identify putative core eukaryotic genes (CEGs) and universal single copy orthologs
(USCOs) in the assembly. CEGMA has been replaced with BUSCO which is newly developed and
more comprehensive than CEGMA (Simao et al, 2015) and was used in this study. BUSCO
analysis against a plant-specific database of 956 genes identified 858 (89 %) complete BUSCOs
(Table 5.6). The high percentage of BUSCOs mapped to the draft genome indicated the high
completeness of the assembly. According to Simao et al. (2015), the high amount of duplicated
complete BUSCOs indicated the erroneous assembly of haplotypes. However, Lee et al. (2016)
proved that this links to genome duplication or recent hybridisation between seagrass species which
is also the case of arabica (Lashermes et al., 1999; Tesfaye et al., 2007). Sayadi et al. (2016) also
stated that this may represent allelic variation (heterozygosity) in the sample used to construct the
assembly, gene duplication and/or mechanisms such as alternative splicing. Using different
approaches of genome completion assessment indicted the completion of the genome assembly. The
draft genome was then subjected to annotation to facilitate the downstream analysis.
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5.3.4 Genome annotation

The gene prediction programs, SNAP and AUGUSTUS were used with tomato genome as
reference. ESTs of C. arabica and CDSs of C. canephora and 96,521 in-house C. arabica (K7)
PacBio transcriptome sequences were used as evidence to guide the annotation process. Altogether,
24,478 gene models were predicted consistently with different parameters when using MAKER.
When performed with SNAP and AUGUSTUS, the number of gene models reached to 99,829 using
tomato as reference. Mean length of gene was 2,612 bp with min length as low as 49 bp to max
length of up to 51,554 bp (Table 5).

Table 5: Statistics of genome annotation using Blast2GO

Type Total number
CDS (Median : Mean; Min-Max) 384,252 (138 : 228;2 - 9,191)
Genes (Median : Mean; Min-Max) 99,829 (1,523 : 2,612; 49 - 51,554)
Intron (Median : Mean; Min-Max) 292,819 (258 : 590; 5 - 26,764)
Start codon 92,584
Stop codon 93,413
Transcript 99,829

The number of genes in the first annotation is lower than expected as it is close to the number of
one of its ancestor C. canephora (25,574 protein-coding genes) (Denoeud et al., 2014). The low
number of genes is probably because the genomic database used was limited. In the final
annotation, when using other public databases as reference, especially with tomato — the closest
plant species to coffee, the number of genes was almost four times higher than its double haploid
progenitor. This number may be explained by the “true” tetraploid nature of K7 which is four times
larger in genome size compared to the double haploid canephora. Compared to other close related
plant species such as grape (30,425 genes), tomato (34,771 genes) and potato (35,004 genes)

(Tomato-Genome-Consortium, 2012), K7 arabica is almost three times higher.

Functional annotation probably reveals more insight the K7 genome, especially when comparing

with one of its progenitors — C. canephora.
5.4 Conclusion

The C. arabica whole genome has successfully been sequenced using short read (lllumina) and long
read (PacBio) technology. Using the hybrid approach in assembly with several assemblers, gap
fillers and scaffolders resulted in 76,409 scaffolds with scaffold N50 of 54,544 bp. The total
scaffold lengthwas 1,448 Mb which is 11% higher than the estimated arabica genome (1.3 Gb).
This expansion could be attributable to the effect of ploidy and heterozygosity levels in arabica,
which could not be resolved using the existing genome assemblers. Development and deployment
of software that is suitable for highly heterozygous genomes or polyploidy combined with longer-
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read sequencing technology (e.g., Nanopore) may help to reduce the expansion and fragmentation
of the sequenced genome. Validation of the genome assembly using different tools showed high
completeness of the genome. BWA analysis demonstrated that > 98% of the short reads mapped to
the genome and > 93% were marked as properly paired; GMAP analysis indicated that > 99% of the
CDS and transcriptome sequences mapped to the C. arabica draft genome and 89% of BUSCOs
were present. Altogether, 99,829 gene models have been annotated when using public database as
reference which is four times higher than that of the double haploid canephora. Currently, there are
several groups working on arabica genome assembly using different genotypes, sequencing
platforms, assemblers and scaffolders (Deynze, 2017; Gaitan et al., 2015; Morgante et al., 2015;
Strickler, 2015; Yepes et al., 2016). It seems that the progress was slow as it is a challenging
genome to work with, and none of these genomes have been published in any peer-review journals
and none are open source for public access. Future access to those pending resources would help
refine the genome assembly reported in this study by a mapping approach. Those resources could
also help to detect the variation among arabica germplasm. A reference genome sequence for C.

arabica will have an important impact on coffee genetics and breeding.
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CHAPTER 6: ASSOCIATION MAPPING AND SNP DISCOVERY IN EXTREME
PHENOTYPES SELECTED FROM C. ARABICA POPULATION °

Abstract

Association analysis was performed at the whole genome level to identify loci affecting the caffeine
and trigonelline content of C. arabica beans. DNA extracted from extreme phenotypes was bulked
(high and low caffeine, and high and low trigonelline) based on biochemical analysis of the
germplasm collection (Chapter 4). Sequencing and mapping using the combined reference genomes
of C. canephora and C. eugenioides (CC and CE) identified 1,351 non-synonymous SNPs that
distinguished the low- and high-caffeine bulks. Gene annotation analysis with Blast2GO revealed
that these SNPs corresponding to 908 genes with 56 unique KEGG pathways and 49 unique
enzymes. Based on KEGG pathway-based analysis, 40 caffeine-associated SNPs were discovered,
among which nine SNPs were tightly associated with genes encoding enzymes involved in the
conversion of substrates (i.e. SAM, xanthine and IMP) which participate in the caffeine
biosynthesis pathways. Likewise, 1,060 non-synonymous SNPs were found to distinguish the low-
and high-trigonelline bulks. They were associated with 719 genes involved in 61 uniqgue KEGG
pathways and 51 unique enzymes. The KEGG pathway-based analysis revealed 24 trigonelline-
associated SNPs tightly linked to genes encoding enzymes involved in the conversion of substrates
(i,e. SAM, L-tryptophan) which participate in the trigonelline biosynthesis pathways. Analysis of
the K7 arabica reference genome (Chapter 5) identified several additional SNPs linked to genes
encoding enzymes involved in caffeine and trigonelline synthesis pathways. These SNPs could be
useful targets for further functional validation and subsequent application in arabica quality
breeding.

® This chapter contains information thatis in manuscript submitted to Tree Genetics and Genomes (accepted subjectto

minor revision): Tran, H. T. M., Furtado, A., Lee, L. S., Smyth, H., Vargas, C. A. C. and Henry, R. (2018). Association
mapping and SNP discovery using extreme phenotypes fornon-volatile compounds selected from a C. arabica diversity
population
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6.1 Introduction

Caffeine and trigonelline are two of the five most important non-volatiles in the coffee bean.
Trigonelline is an important precursor of volatile compounds that link to coffee aroma and taste
(Malta & Chagas 2009 in Barbosa et al., 2012) and strongly correlated with high quality (Farah et
al., 2006b). Caffeine is also a compound of the consumer’s concern as it contributes to the strength,
body and bitterness of brewed coffee (Trugo, 1984). Decaf coffee can be obtained by the
decaffeination process. However, the flavour tends to be influenced by this process. Thus,
development of low-caffeine cultivars can help preserve other natural flavor compounds for various
consumer preferences. The identification of single nucleotide polymorphism (SNPs) associated with
bean caffeine content in diverse populations will support the manipulation of this compound in
arabica coffee utilising molecular markers. The biosynthetic pathways of these two compunds have
been well documented (reviewed in Chapter 2 sections 1.3.1.1) (Ashihara et al., 2011; Ashihara et
al., 2011b; Ashihara et al., 2008). Genes involved in the metabolism of caffeine have been widely
studied and described (Ashihara, 2006; Ogawa et al., 2001; Ogita et al., 2004; Ogita et al., 2003;
Salmona et al., 2008; Uefuji et al., 2003), some of these have been mapped to subgenomes (e.g. C.
canephora or C. eugenioides) (Perrois et al., 2015). In particular, a nucleotide mutation in the
CADXMT1 gene (Maluf et al., 2009) coding for an N-methyliransferase (NMT) enzyme which
caused a natural caffeine-free mutation (called “caffeine-free”) in an C. arabica plant (Silvarolla et
al., 2004) has been reported. For trigonelline, enzymes catalysed the conversion of nicotinate to
trigonelline, coffee trigonelline synthases (termed CTgS1 and CTgS2), have been isolated and
characterized (Mizuno et al., 2014). However, these caffeine/trigonelline biosynthesis genes were
identified based on sequences derived from a limited number of specific arabica cultivars (e.g.,
Caturra and Laurina). Sequencing of a broader germplasm would help discover gene
polymorphisms underlining quantitative variation that may be detected by association mapping.

Association mapping, or population mapping, involves searching for genotype-phenotype

correlations in unrelated individuals. The main advantage of population mapping is that it exploits

all of the recombination events that have occurred in the evolutionary history of a sample, which
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almost invariably results in a much higher mapping resolution compared to family mapping. The
use of unrelated populations is particularly significant for research on organisms that are difficult to
cross or clone, or have long generation intervals (Nordborg and Weigel, 2008) as is found in tree
crops like coffee. Association mapping has advantages of increased mapping resolution, reduced
research time, and greater allele number (Yu and Buckler, 2006). One of the limitations of
association mapping approaches is that they require genotyping of large numbers of individuals,
which may be expensive for large populations, even with the cost reduction in sequencing
technology. Recently, a method called “extreme-phenotype genome-wide association study” (XP-
GWAS) has been developed (Yang et al., 2015) that allows pooling or bulking the individuals from
a diverse population that exhibit extreme phenotypes to reduce the cost of genotyping every
member of the population while ensuring the high resolution of mapping of trait-associated variants
(TAVS) (Yang et al., 2015). The method was built on previous suggestion by Sun et al. (2010) that
pooled DNA analysis could be used for two contrasting groups of individuals from any population,
not just for those from bi-parental segregating populations used in bulked segregant analysis (BSA)
(Michelmore et al., 1991). Individuals with extreme phenotypes from natural populations have been
bulked for sequencing and genome wide association study (GWAS) (Bastide et al., 2013; Turner et
al, 2010; Yang et al, 2015). Schiotterer et al. (2014) also used the terms ‘“Pool-seq” or “Pool-
GWAS” for this approach and promoted its best practice in terms of the number of individuals
included in a pool, depth of coverage, sequencing technology and downstream analysis. With XP-
GWAS, allele frequencies in the extreme pools are measured, thus enabling discovery of
associations between genetic variants and traits of interest. Empirical study showed that XP-GWAS
outweighed conventional QTL mapping by reducing the number of samples while ensuring
detection of small-effect loci if a sufficient number of samples per pool are used, enriching for rare

alleles and increasing allele effects (Yang et al., 2015).

This chapter aims to apply XP-GWAS to identify SNPs associated with bean caffeine and
trigonelline content. The wide phenotypic variation observed for these traits in the C. arabica
germplasm collection (Chapter 4) enables selection of extreme phenotypic groups for use in this
method. The reference genomes of C. canephora (published) (Denoeud et al, 2014) and C.
eugenioides (not yet published and provided by Coffee Consortium) combined with the C. arabica
draft genome developed as part of this thesis (Chapter 5) will provide a framework for sequence
comparison between DNA bulks for subsequent identification of TAVs and genes that may be

involved in the biosynthetic pathways of caffeine and trigonelline.
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6.2 Materials and Methods
6.2.1 Biological materials

A total of 72 individuals, each representing one accession, were selected for bulk sequencing from a
diverse population of 232 arabica accessions as described in Chapter 4,. They were divided into
four bulks containing 18 individuals from each extreme phenotypic group (lowest/highest caffeine,

and lowest/highest trigonelline) (Appendix table S6.1 and S6.2)
6.2.2 DNA extraction, pooling and quality

Leaf samples were collected from the germplasm plantation at CATIE. They were stored in two
forms: preserved and fresh leaves. For the preserved form, 1.5 mg of coffee leaf from each tree was
finely ground with liquid nitrogen in a pre-chilled mortar and pestle. The ground tissue was
transferred into a 15 mL falcon tube, then 13 mL of extraction buffer was added to the ground tissue
and mixed by inversion. The extraction buffer contained 100 mM Tris-HCI pH 8.0
(C4H11NO3*HCI), 25 mM EDTA pH 8.0 (CioHisN20g) and 1.5 M NaCl and 2% CTAB
(C19H42BrN). Each tube was sealed with tape around the cap to avoid leakage of the extraction
buffer. For the fresh-leaf form, coffee leaves of each genotype were wrapped in moistened tissue
and placed in plastic bags. Each preserved/fresh sample was labelled with unique sample names,
botanical names, collection date, and contact details. They were wrapped in bubble plastic sheets,
placed in a foam box and shipped to the University of Queensland subject to international

guarantine processes.

Before performing the next steps as described by Healey et al. (2014), 3% mercaptoethanol and 2%
PVP (polyvinylpyrrolidone) ((CsHgNO)n) were added to the preserved samples. DNA quality and
quantity were measured on Nanodrop, agarose gel and Qbit meter for every sample. The
concentration was then standardized and diluted to include an equal amount of DNA for all
individual DNA samples. The 18 samples in each extreme-phenotypic group were finally mixed to
form a DNA bulk, resulting in four DNA bulks in total. The DNA quality and quantity of each bulk
was then checked using Nanodrop, agarose gel and Qbit meter (Figs. 6.1 and 6.2, Table 6.1) before

sequencing.

Figure 6.1 DNA check on Nanodrop
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Ladder Sample 2 100ng  150ng Sample 3 Sample 4

(Lul) (3ul) (ul) (3ul) (1ul) (3ul)

Figure 6.2 DNA check on agarose gel
Table 6.1 DNA quality and quantity

Samples 260/280  260/230  Conc. on Qubit  Final volume  Total amount
(ng/ul) in TE (ul) (ng)
Low caffeine 1.81 1.34 46.9 95 4712
High caffeine 1.83 1.47 53.0 95 5035
Low trigonelline 1.85 1.42 55.0 95 5225
High trigonelline 1.79 1.30 57.0 95 5415

6.2.3 Library preparation and sequencing

DNA samples were sequenced as 4 indexed PCR-free libraries, using a HiSeq 2000 (v4) flowcell of

an lllumina platform (Queensland Brain Institute (QBI), University of Queensland).
6.2.4. Trait-associated SNPs discovery

Paired-end reads with msert sizes of 150 bp from four DNA bulks were imported to CLC Genomics
Workbench Version 10.0 (CLC Bio, www.clcbio.com). The whole genome sequences of Double

Haploid (DH) C. canephora (published), C. eugenioides (provided by Coffee Consortium) and C.

arabica (assembled as part of my research and explained n Chapter 5) were also imported to CLC
as a standard import and used as a reference for mapping. Raw reads were subjected to Quality
Control (QC) analysis which was used as a guide for trimming the reads. Low-quality paired-end
sequence reads were trimmed using default parameters. The quality score lLimit was set to 0.05
(corresponding to Phred quality value >15) and mmimum number of nucleotides in reads of 15 bp.
These trimmed reads were mapped independently to the two references (1) Combined C. canephora
(CC) and C. eugenioides (CE) genome; (2) C. arabica draft genome. The mapping was performed
using default settings (match score: 1; mismatch cost: 2; insertion cost: 3; deletion cost: 3) except

the length fraction (LF) and similarity fraction (SF) being set at 1.0 and 0.8, respectively. Indel
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structural variants analysis was performed based on the mapping files with P-Value threshold of
0.0001. The output of indel structural variants was used as guidance-variant track for local re-
alignment to improve on the alignments of the reads in an existing read mapping with setting of the
Multi-pass local realignment of 2. The output of the local re-alignment was the stand-alone

mapping which was used to call variant, and also to create track to examine the variant calling.
6.2.5. SNPs identification and filtering

The stand-alone mapping file was used for variant calling. Variants were called using the “Basic
variant detection” tool with ploidy level of 4. Various settings for SNPs call were implemented in
order to determine the optimal settings. To ensure that the SNPs identified were of high quality, two
types of filters were applied including general filters and noise filters. There are two types of
general filters: reads filters (ignore broken pairs and ignore non-specific matches) and coverage and
count filters which were set at different settings (Table 6.2). There are two types of noise filters:
base quality fitters and read direction and position filters which were applied as default settings
except for read direction frequency (Table 6.2). In summary, the SNPs were selected as follows: (i)
minimum coverage of at least 20 and maximum coverage of 1,000, (i) broken pairs and non-
specific matches were removed, (iii) minimum of reads to be called as a variant of 4 to 6 or 15-30%
(Table 6.2), (iv) base quality fitter was applied with minimum central quality of 20, neighbourhood
radius of 5, minimum neighbourhood quality of 15, and (v) read direction and read position filters

were applied with read direction frequency of 0.0%, 20% and 35%.

Table 6.2 Different settings of coverage and count filters

" " Minimum Read direction
Parameters Minimum coverage  Minimum count frequency (%) frequency (%)
Setting 1 20 6 30 35
Setting 2 20 6 30 0
Setting 3 20 4 20 20
Setting 4 20 4 15 35
Setting 5 20 4 15 0

6.2.6. Identification of trait-associated SNPs

The tool “Identify known mutations from sample mappings” was used to identify variants between
two bulks of the same trait (i.e. caffeine or trigonelline) in which variant files from bulks of targeted
trait (i.e. low caffeine and high trigonelline) were used as reference variant tracks. The minimum
coverage and detection frequency were set consistently with those in variant calling step. Broken
pairs and non-specific matches were removed. The outputs of this mutation test were filtered with
the zygosity (i.e. homozygous or heterozygous) to create a list of SNPs under four categories: 1)
hom Bl- hom B2; 2) hom Bl- het B2; 3) het B1- hom B2; 4) het B1 — het B2 (where hom:
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homozygous; het: heterozygous; B1: Bulk 1; B2: Bulk 2). Similar approaches were applied for B3
and B4. Only alleles that had frequency of > 97% were considered as “hom”. All categories were
analysed with the tool “Amino acid changes” which required a number of mnput annotation tracks
(ie. CDS track, genome sequence track, and mRNA track of corresponding genome) (Figure 6.3a)
to detect the coding region change, amino acid change and non-synonymous substitution of the
SNPs. In the case of the SNPs identified in the category “het Bl — het B2”, SNP identified and their
frequency details were exported to an Excel spread sheet. The chi-square test was applied to the
“het-het” allele frequencies from two bulks. The “If command” tool in Excel was used to select the
non-synonymous SNPs that distinguish two bulks. Each SNP was manually checked using “track
tools” which integrated the variant call track (for each bulk) and the mapping track to examine the
accuracy of the SNPs called (Figure 6.3a). The entire process for SNP identification and filtering is
described in Figure 6.3b
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Figure 6.3a lllustration of how a non-synonymous SNP was manually checked to ensure the accuracy of
the SNIPs called by using “track tools”

(Red line indicates the location of SNP; pair reads were in blue in mapping; forward reads were in green in mapping;

reverse reads were in red in mapping; non-specific reads were in yellow in mapping).

6.2.7. Functional annotation of SNPs.

The final set of non-synonymous SNP were extracted from the annotation track to obtain CDS
sequences and imported into Blast2GO (version 4.0.7) (Conesa et al., 2005) so as to obtain more
information on the functional annotation and biological role of these SNPs. Steps involved in this

analysis (including blast, interproscan, mapping, and annotation) were run using default settings.
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The Blast2GO output included Gene Ontology names, Enzyme Codes, Kyoto Encyclopedia of
Genes and Genomes (KEGG) mapsand statistics of biological process, cellular component and
molecular function of SNPs. Output data of all KEGG pathways were examined thoroughly in order
to identify those involved in caffeine and trigonelline biosynthesis, as well as those involved in the
metabolism of substrates that eventually enter into the caffeine and trigonelline biosynthetic

pathways (Figure 6.3b).
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Figure 6.3b The workflow for SNP detection and filtering using CLC Work Bench and functional

annotation of SNPs using Blast2GO.
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6.3 Results and Discussions
6.3.1 Genotype selection, bulking and sequencing

For each trait (caffeine and trigonelline), the lowest and highest groups selected for XP-GWAS
were about 34-35% different in the average content (Table 6.3), which is similar to that reported for
the kernel row number between bulks used in maize XP-GWAS (Yang et al, 2015). Details of
selected accessions per group were provided in Appendix (Tables S6.1 and S6.2). The low caffeine
group comprised mainly individuals from the cultivar/selection/natural mutant collection, while the
high caffeine group included mainly wild accessions (Table 6.3), indicating that high caffeine was
more common in the wild. In contrast, high trigonelline was more common in the
cultivar/selection/natural mutant accessions (Table 6.3). Anyhow, the presence of all types of
arabica in each bulk reduced the risks of population stratification causing spurious allelic

association (Cardon and Palmer, 2003; Price et al., 2006).

Table 6.3 The population constituent and sequencing statistics of four DNA bulks for low/high
caffeine and trigonelline

Caffeine Low High
Total individuals 18 18
(Groups 1, 2, 3)* (11; 2; 5) (2; 4;12)
Content (% dmb) 1.03 1.48
Total of reads after trimmed (#) 230,140,744 324,144,616
Average coverage (X) 28 40

GC content (%) 36 36
Average Phred score 37 37
Average length after trim (bp) 147 147
Trigonelline Low High
Total individuals 18 18
(Groups 1, 2, 3) (2; 8;8) (10; 4; 4)
Content (% dmb) 0.93 1.31
Total of reads after trimmed (#) 306,657,574 193,093,468
Average coverage (X) 38 24

GC content (%) 36 36
Average Phred score 37 37
Average length after trim (bp) 148 147

*Group1: Cultivar/selection/natural mutant; Group 2: Introgression/Hybrids; Group 3: Wild

Sequencing of each DNA bulk resulted in more than 190 million high-quality reads, with the
coverage (depth) ranging from 24 to 40x (Table 6.3). This met the recommended depth for pooled
sequencing, which should be at least equal to or higher than the number of individuals in a pool
(Magwene et al,, 2011). According to Ries et al. (2016), sequencing coverage of 30x for each pool
would allow the identification of causative SNPs without requiring prior knowledge or additional

sequencing of single offspring genotypes or parental lines. High sequencing depth is a key
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consideration in genomic analysis for polyploidy like arabica coffee. Generally, for tetraploids, a
sequencing depth greater than 20x, as obtained from bulk sequencing in this study, would have

minimal impact of random polymerase errors on variant calls (sumarised by Olson etal., 2015).

According to Clevenger et al. (2015), to accurately identify SNPs in a polyploid, one should also
take into account the sequencing technology, read length, library preparation. Among several
sequencing technologies, Illumina paired-end sequencing was used in this study due to its
affordability and ability to produce the high read depth required for unambiguously detecting alleles
in a polyploidy, and for the improvement of read mapping and assembly accuracy (Clevenger et al.,
2015). The use of paired-end library preparation methodology can also reduce variant calling error
as it reduces duplicate mapping errors (Olson et al., 2015; Schibtterer et al., 2014). These authors
suggested longer reads (paired-end 150 or greater) were suitable for species with highly similar
subgenomes (e.g. allopolyploids with lowly diverged progenitors like C. arabica) (Lashermes et al.,
2014; Pearl et al., 2004) in that their homeologs can be distinguished. Sequencing reads used in the
current study were 151 bp in length before trimming and 4 bp shorter after trimming, which is very

close to the above recommended read length.

The use of PCR-free protocols to generate libraries for sequencing in this study reduced the
erroneous polymorphisms due to PCR error, which can be easily mistaken as true allelic or
homeologous SNPs within a polyploid species that possesses little genetic variation within and
among subgenomes (Clevenger et al., 2015). The pre-processing of reads by trimming was also
performed so as to reduce the error rate towards the 3” end of Illumina reads that could impair
downstream analyses such as variant calling (Schibtterer et al., 2014). As a result, Phred score (an
indicator of the read quality) was 37, which is higher than the recommended Phred score of 30
giving a 0.1% probability of a wrong base call (Dohm et al., 2008). The GC bias (GC-poor or GC-
rich), which is related to uneven read coverage across genome (Chen et al, 2013), should be
considered. The GC content of the current study (37%) was not in the range of GC-poor (< 20%) or
GC-rich (> 80%) (Li et al., 2010a).

6.3.2. Mapping of reads to reference genomes

The correct alignment of reads to the genome reference provides a framework for SNP detection. Since
the reference genome of C. arabica has not been completed (currently in the form of contigs), its
ancestral species (C. canephora and C. eugenioides) were first used as references for read
alignment. In fact, for the inbreeding allopolyploids with known ancestral relationships like coffee,
derivation of reference genomic sequences for each subgenome and their diploid counterparts is
both desirable and feasible (Kaur and Francki, 2012).
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Read alignment with the C. canephora reference using different length fraction and similarity fraction
settings showed the length fraction (LF) of 1.0 and similarity fraction (SF) of 0.8 were the best settings
which gave rise to more than 80% mapped reads and 57x average coverage (Appendix Table S6.3). The
default setting (LF 0.5 and SF 0.8) gave the highest percentage of mapped reads (> 95%). However, it
seems that this setting was not stringent enough and might result in low quality mapping, and
consequently result in the large number and possible false SNPs identified. More stringent settings in
mapping (LF 1.0 and SF 0.9 or 0.95) would help eliminate false SNPs. However, because the genome
reference used in the current study are partly related to the arabica samples, applying these stringent
settings resulted in the reduced number of mapped reads and SNPs identified arising from the other

subgenome. So, the less stringent setting of LF 1.0 and SF 0.8 was then used for mapping.

According to Olson et al. (2015), the two most common sources of true read mapping errors are
genomic duplication and structural variation. A careful evaluation of mapping parameters eeoe has
resulted in guidelines that will considerably reduce errors due to alignment problems (Schibtterer et al.,
2014). Therefore, in this study the mapping file was subjected to Indels and structural variants analysis
which was used as guidance for local realignment to improve mapping results. This advantage was
confirmed by Liu et al. (2012) in which efficiently reduce the false-positive rate was -efficiently

reduced for high coverage regions.

When C. canephora and C. eugenioides were used separately as references in the mapping, the
percentage of mapped reads were comparable between two genomes (88.34% and 86.85%
respectively) (Appendix table S6.4), indicating that they and the arabica genome share a
considerable syntenic regions. Indeed, Cenci et al. (2012) analysed nucleotide substitutions among
the three orthologous regions and found the similarity between sequences resulting from the two C.
arabica subgenomes was 95% (based on 780 kb). Yu et al. (2011) also found a high level of

sequence similarity between BACs from C. arabica and C. canephora.

When the two genomes C. canephora and C. eugenioides were combined, the percentage of
mapped reads (93.75%) was higher than those when analysed separately) (Appendix table S6.4).
This percentage of mapped reads was also equivalent to that derived from the alignment using C.
arabica as reference (93.06%, Appendix table S6.4). Therefore, the mapping files derived from
alignment to C. arabica and the combined C. canephora and C. eugenioides genomes were used for

variant calling.
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6.3.3. Identification of caffeine-associated SNPs
6.3.3.1. SNP detection using CC and CE genomes as reference

SNPs that distinguish the low- and high-caffeine bulks (TAVs) were identified using different
variant-calling settings (Table 6.4). A combination of different settings was assessed to maximise
the accurate detection of SNPs which may otherwise be masked due to different subgenome
homologs. Since the average coverage of two bulks of low/high caffeine is 28 and 40 (Table 6.3),
setting for minimum coverage therefore was at 20 which is higher than in several studies of
allotetraploids (only 4 to 8) (Byers et al., 2012; Nagy et al., 2013; Peace et al., 2012; Schmutzer et
al, 2015). For tetraploid species like C. arabica, identification of high confidence SNPs is
challenging as one locus could potentially have up to 4 alleles (i.e., allele frequencies could be 25,
50, 75 or 100%) (Castle et al., 2014). However, in pool-sequencing, the allele frequency will not
follow the theoretical scenarios due to possible experimental noise during sampling, chemical
analysis and DNA mixture which might result in unbalance representation of individuals in the
pool. Schittterer et al. (2014) found that the impact of differential representation of individuals on
the accuracy of allele frequency estimates is not large if appropriate sample sizes are used. The
identification of the threshold of SNP frequency that is significantly different between bulks
therefore becomes challenging and needs standardisation involving assessing the use of various
combinations of settings for variant calling. In the present study, the minimum count or minimum
of reads to be called as a variant was set at more stringent setting of 30% (6 per 20 reads) to less
stringent of 20% or 15% (or 4 per 20 reads) to examine for the presence of tri-alleles or tetra-alleles
in a locus. The balance between forward and reverse reads (F/R balance) was set from 0.0%, 20% to
35% to allow high quality reads (paired reads) in the mapping (Table 6.4).

Table 6.4 Number of SNPs distinguishing the low- and high-caffeine bulks based on different

settings of variant calling.

S ettings Type (%) No of Non- Di-allele Tri-  %tri-  Filter Check Correct
g ype variant synonymous allele allele **) mapping call (%)
Setting 1 HomB1-HetB2 564 8 8
HetB1-HomB2 3,711 57 4
20-6-30-
0.35 HetB1-HetB2 393,056 6,036 6,036 0 0 339 339
Total 397,331 6,101 351 87
Setting 2 HomB1-HetB2 765 11 11
HetB1-HomB2 9,443 149 17
20-6-30-
00 HetB1l-HetB2 921,335 13,954 13,954 0 0 778 778
Total 931,543 14,114 806 86
Setting 3 HomB1-HetB2 1,909 40 35
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20-4-20- HetB1-HomB2 15,891 182 34

0.20 HetB1-HetB2 1,201,432 18,408 18,380 28 0.15 1,282 1,282
Total 1,219,232 18,630 1,351 90
Setting 4 HomB1-HetB?2 2,603 68 32
HetB1-HomB?2 11,289 91 8
20-4-15-
0.35 HetB1-HetB2 710,321 10,577 10,567 10 0.09 624 624
Total 724,213 10,736 664 85
i HomB1-HetB2 3,458 81 42
Setting 5
HetB1-HomB2 39,496 286 38
20-4-15-
0.0 HetB1-HetB2 2,037,081 29,523 29,451 72 0.24 1,708 1,708
Total 2,080,035 29,890 1,788 86

(*) Hom: Homozygous; Het: Heterozygous; B1: Bulk 1; B2: Bulk 2; (**) Filtered by using Chi-square testand If
command to keep the SNPs that are significant difference in frequency between two bulks and being non-synonymous
between two bulks.

Setting 1 was the most stringent and thus resulted in the least number of TAVs (6,101 non-
synonymous SNPs), whereas setting 5 was the least stringent resultng n more TAVs (29,890 non-
synonymous SNPs) (Table 6.4). The setting 1 required at least 20 reads at the position of SNPs was
called with minimum count of 6 (30%) and it also required F/R balance of 35%. When checking
with mapping, this setting showed reliable variant call as it only called the main alleles of the locus
which would be kept if the two bulks were actually different. However, because the minimum was
set at high percentage (30%), alleles with low frequency were not called thus unable to compare the
frequency of the alleles between two bulks. In addition, SNPs were not called at the loci that the
F/R balance was less than 35%. This led to the risk of missing out the important SNPs that
presented in low frequency or did not pass the F/R balance. In theory, the marker alleles can be
present in different dosages, ranging from O (nulliplex) to 4 (quadruplex) in tetraploid species
(Voorrips et al, 2014) and each allele will account for 25% on average. However, no tetra-alleles
were observed in any setting even when the frequency was set as low as 15% to be called a variant.
No tri-alleles were observed in setting 1 and 2 when the frequency was set at 30%, and even with
the least stringent setting (settingS), the percentage of tri-alleles was very low (0.24%). Since
C. arabica was constituted by two subgenomes C. canephora and C. eugenioides and C. canephora
was highly heterozygous (Denoeud et al., 2014), it is expected that C. arabica gets heterozygosity
from C. canephora leading to the common status of tri-alleles. However, the low percentage of tri-
allelic loci observed in this study indicates that the two subgenomes of C. arabica might be both
homozygous. This result is consistent with previous findings using cytological or molecular
markers (Cenci et al, 2012; Lashermes et al., 2014; Pearl et al, 2004) and that C. arabica has a
diploid-like meiotic behaviour (Krug and Mendes, 1940; Lashermes et al., 2000b; Teixeira-Cabral

et al, 2004) would facilitate the identification and interpretation of the SNPs. This also suggests
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that it is sufficient to set the mmnimum count at 20 or 30%.

There was no hom-hom between two

bulks (e.g. A in Bulkl and G in Bulk 2) observed. The most common type was het-het which

accounted for 95% i most settings while the hom-het or het-hom is more meaningful. For the

category of hom-het or het-hom, the variant file was subjected to amino acid change analysis to

identify non-synonymous SNPs since the difference in allele types and frequency between two

bulks was significant. For the het-het category, applying the chi-square test and “If’ command
resulted in a considerable reduction in the number of significant TAVs (1,282 from the 18,408 in
setting 3) (Table 6.4). Chi-square test is applied to ensure the difference between two bulks are

significant while the “If command” tool n Excel (allele one or two in bulk 1 must be > 50% while

the corresponding allele in the other buk must be < 50%) was applied to select the non-

synonymous SNPs (caused by changing amino acid) between the two bulks and not between each

bulk and the reference. The final SNPs were checked manually using the mapping and variant

calling files in the form of tracks to gain confidence (Figure 6.4). Among five settings, setting 3
gave highest score for correct call (90%) with 1,351 TAVs (Table 6.4) and was subjected to
Blast2GO for functional analysis.
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Figure 6.4 Examples of highly confident TAVs for caffeine that distinguish between two bulks

B2) in the types of hom-het (A) and het-het (B)
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(A) hom-het type: B1 was homozygous with 100% of T with coverage of 21, F/R balance of 0.29 and average quality of
35.67; B2 was heterozygous with 63% of T and 37% of C with coverage of 32, F/R balance of 0.45 and average quality
of 36.50 (B) het-het type (both bulks are heterozygous) Bl with 22% of A and 78% of C with coverage of 32, F/R
balance of 0.43 and average quality of 34.57 while B2 with 47% of A and 53% of C with coverage of 34, F/R balance
of 0.24 and average quality of 37.06. Red lines are the location of SNPs

6.3.3.2. Distribution of the caffeine-associated SNPs across subgenomes of arabica.

The analysis detected 1,351 TAVs with high average sequencing depth of 31x for Bulk 1 and 46x
for Bulk 2. This indicates the confidence of variant call as the minor alleles (at the setting of 20%)
would have 6 to 9 reads. The high value of F/R balance (0.38) showed the high read quality at the
SNP location. The base quality assigned to each base is the probability that the base in question is
not an over-call and no SNP call should be made from a single allele with a base quality lower than
30 (1 in 1,000 bp error rate) (Quinlan et al., 2007). However, it is very common that this parameter
was set at threshold of > 20 in several studies for tetraploids (Nagy et al., 2013; Peace et al, 2012;
Schmutzer et al., 2015). In the present study, the average base quality score (36 and 34 for Bulk 1

and 2, respectively) was higher than the recommended threshold.

The detected TAVs were plotted to reference genomes of C. canephora and C. eugenioides to
examine their distribution. There were slightly more SNPs on the subgenome of C. canephora (700
SNPs) than C. eugenioides (651 SNPs) (Fig. 6.5), probably due to the closeness of C. arabica to C.
eugenioides. There were more SNPs on chromosome 0, 2, 3 and 11 for CC, and chromosome 0, 2, 6
and 7 for CE. Chromosome 0 and 2 had highest number of SNPs for CE and CC, respectively (144
and 93) (Figure 6.5). The unequal distribution of TAVs between two subgenomes of arabica
provides additional evidence for the phylogenetic contribution of each sub-genome revealed by
other genomic research. Arabica coffee is a recent allotetraploid (C°E® genome). It is estimated that
the two genomes diverged approximately < 50,000 years ago (Cenci et al., 2012; Lashermes et al.,
1999). Examination of C* - E* homeologous genome regions at the DNA sequence level reveals the
two parental species are closely related, and the two subgenomes have low sequence divergence
(Cenci et al., 2012; Yu et al, 2011). Lashermes et al. (2014) using C. arabica mRNA-seq in
comparative analysis of the number of SNPs per unigenes and found the number of SNPs between
the two diploid progenitors was rather similar. However, other studies (Cotta et al., 2014; Vidal et
al, 2010) showed the two subgenomes contained in the C. arabica allotetraploid genome
(subgenome C. canephora - CaCc and subgenome C. eugenioides - CaCe) do not contribute equally

to the transcriptome.
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Figure 6.5 Genome-wide distribution of TAVs for caffeine in the two subgenomes C. canephora (CC)
and C. eugenioides (CE) of C. arabica

The distribution of TAVs across the genome indicates the presence of multi-genes controlling the
caffeine trait. Het-het in the form of bi-allele accounted for 95% of the total SNPs indicated the high
heterozygous rate in arabica. As C. arabica is well known for having a narrow genetic base and
being a self-pollinating species, it is expected to be highly homozygous. However, due to its
allotetraploid origin, C. arabica contains a considerable amount of fixed heterozygosity and shows
high levels of heterozygosity at individual loci (Lashermes et al, 1999). Similarly, Mishra et al.
(2011) suggested that since arabica is an allotetraploid crop, it is expected to show heterozygosity
conditioned by two different alleles derived from two different progenitors. Heterozygosity within
the two ancestral genomes appears to have been lost, since only one allele from each genome
remains in arabica, indicating a possible lack of recombination between the ancestral genomes,
while recombination within each genome occurs normally (Cubry et al, 2008). More specifically,
Perrois et al. (2015) found that the three genes involved in caffeine biosynthesis (XMT, MXMT,
DXMT) are clearly encoded and assigned to each subgenome in arabica. This helps determine their
respective importance for caffeine accumulation. In addition, great differences in caffeine

metabolism depending on the organ and the species were found (Perrois et al., 2015).
6.3.3.3 KEGG pathway-based analysis using progenitor genomes as reference

There were a large number of SNPs on the same CDS resulting in only 908 CDS from 1,351 SNPs.
Blast2GO outputs showed only 176 SNPs/genes encoded enzymes mapped to KEGG pathways
accounting for 19%, in which 56 pathways were unique. 104 enzymes were involved in 176 KEGG
pathways with 49 unique enzymes (Figure 6.6 and Appendix table S6.5). Among 908 CDS, only
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one was shared between hom-het and het-het. The majority of SNPs (93%) linking to caffeine was

different in frequency of the same alleles in each locus in the bulk, not the type of alleles.

HomB1-HetB2 HetB1-HomB2

34

847

| Yy
HetB1-HetB2

No of SNP  No of CDS Genes with Unique KEGG No of enzyme in  No of unique
KEGG pathways pathways enzymes
1,351 908 176 56 104 49

Figure 6.6 Metrics on number of SNPs, CDSs, KEGG pathways and enzymes associating with caffeine.
In the present study, all KEGG pathways recorded were examined thoroughly to narrow down to
only pathways and enzymes involved directly or indirect to caffeine biosynthesis pathways. This
method has originally been developed to identify disease-related pathways. It uses prior biological
knowledge on gene functions to facilitate more powerful analysis of GWA study data sets and
examine whether a group of related genes in the same functional pathway are jointly associated
with a trait of interest (Wang et al., 2010). The key intention of pathway-based analysis is to
identify novel pathways associated with traits instead of candidate causal pathways that represent

the way in which the candidate causal SNPs affect traits (Zhang et al., 2011).

Among the 56 KEGG pathways recorded, purine metabolism is the most common pathway with 36
sequences and 7 enzymes involved, followed by thiamine metabolism with 30 sequences. The other
pathways with large number of SNPs were biosynthesis of antibiotics (9 sequences), Pyrimidine
metabolism (6 sequences) and Starch and sucrose metabolism (5 sequences) (Appendix table S6.5).
The 56 KEGG pathways were thoroughly examined to record the processes and enzymes linking to
caffeine biosynthesis. There were 10 pathways with 11 enzymes present in 63 sequences or SNPs
lnked to caffeine biosynthesis through seven substrates or precursors that entered the caffeine
pathway (Table 6.5 and Figure 6.7).
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Figure 6.7 Substrates involved in caffeine biosynthesis pathways and its other related pathways.
(A) The SAM (S-adenosyl-Lmethionine) cycle (the activated methyl cycle) in plants (Adapted from Ashihara and
Suzuki, 2004); (B) The biosynthetic pathways of caffeine from xanthosine (Adapted from Ashihara et al., 2011b); (C)

The “provider pathways” for xanthosine synthesis in purine alkaloid forming plants (Adapted from Ashihara and
Suzuki, 2004); (D) De novo biosynthetic pathway of IMP in plants (Adapted from Ashihara and Suzuki, 2004); Circles:
Location of substrates/precursors which were formed in the KEGG pathways catalysed by enzymes encoded by genes
carrying the TAVs identified from this study; Red circles: detected using CC and CE as reference; Blue circles:
detected using draft arabica as reference; (*) (**) (***) indicated the alternative locations of the same substrate of THF,
ATP-ADP and SAM, respectively.

Out of 63 sequences, 39 were unique (CDS) with 40 unique SNPs (Appendix table S6.7). The majority
of SNPs (37 out of 40) corresponding to enzymes that are involved in the caffeine biosynthesis pathway
were the het-het form. This indicated that the difference in frequency of allele at each locus between two
bukks of low and high caffeine is common. According to Schibtterer et al. (2014) if the pools of
individuals are large enough and the population under study is randomly crossing, genetic variants that
do not contribute to the trait are expected to have the same frequency in both pools while the causal

variants or linked polymorphisms will differ in frequency between pools.

The average coverage at the location where SNPs were called was very high for the two bulks (30x
for Bl and 45x for B2) compared to a number of studies both pooled-seq (Das et al., 2015; Takagi
et al, 2013) and non-pooled-seq (Byers et al, 2012; Clarke et al, 2016; Hamilton et al., 2011;
Hulse-Kemp et al., 2015; Zhu et al, 2014) indicating the high quality and confidence of these
SNPs. The confidence was supported with the high F/R balance in reads (0.38 in B1 and 0.39 in B2)
and the average base quality score (36 in B1 and 35 in B2) as these are a reflection of read quality
used in SNP detection. The parameter of average base quality score was much higher than what was
usually suggested (i.e. 20) (Clevenger et al., 2015; Das et al., 2015; Nagy et al., 2013). Only three
out of 40 SNPs were hom-het which lnk to an enzyme (EC:6.3.1.2 — synthetase) that form L-
gluitamate which enter to the IMP biosynthetic pathways (Figure 6.7 — D and Table 6.5), and two
enzymes (EC:3.6.1.3 — adenylpyrophosphatase and EC:3.6.1.15 — phosphatase) in purine
metabolism pathways that converts ATP to ADP which entered into xanthosine synthesis pathways
(Figure 6.7 - C and Table 6.5).

Among the 10 candidate pathways linked to caffeine, the purine metabolism was the most common
and generated four substrates (Table 6.5) entering the caffeine pathway. This is not surprising as
xanthosine is synthesised via purine. Caffeine is one of the purine alkaloids, and biosynthetic
pathways to these purine alkaloids from purine nucleotides in tea and coffee plants have been
proposed (Ashihara et al, 1996). Pathways related to amino acid metabolism (cysteine and

methionine  metabolism; arginine and proline metabolism; alanine, aspartate and glutamate
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metabolism and arginine biosynthesis) were the most popular, followed by nucleotide metabolism
(purine metabolism and pyrimidine metabolism). Other pathways were carbohydrate metabolism
(glyoxylate and dicarboxylate metabolism), energy metabolism (nitrogen metabolism) and

metabolism of cofactors and vitamins (folate biosynthesis).

Table 6.5 Substrates/precursors, pathways and enzymes involved in caffeine biosynthesis pathway

associated with the TAVs identified using CC and CE subgenomes as reference.

Substrates Pathways Enzymes Metabolism®  # seqf
- Cysteine and methionine metabolism - EC:25.1.16 - synthase C 1
SAM - EC:21.1.37 - (cytosine-5-)- A 1
methyltransferase
- Arginine and proline metabolism - EC:25.1.16 - synthase C 1
Xanthine - Purine metabolism - EC:1.17.1.4 - dehydrogenase A 1
IMP-XMP - Purine metabolism - EC:11.1.1.205 - dehydrogenase A 1*
SAICAR- . . ]
AICAR - Purine metabolism -EC4.32.2 -lyase A 1
. . - EC:3.6.1.3 —adenylpyrophosphatase A 19*
ATP-ADP - Purine metabolism
- EC:3.6.1.15 — phosphatase A 30*
- . - EC:6.35.5 -synthase (glutamine-
- Pyrimidine metabolism hydrolysing) C 1
- Alanine, aspartate and glutamate - EC:6.35.5 -synthase (glutamine- C 1
metabolism hydrolysing)
Glutamine- - - S - EC:6.3.1.2 — synthetase 1
Glutamate - PyoXylate and dicarboxylate -EC63.1.2 — synthetase c 1
metabolism
- Arginine biosynthesis - EC:6.3.1.2 - synthetase A 1
- Nitrogen metabolism - EC:6.3.1.2 —synthetase A 1
- Folate biosynthesis - EC:6.3.2.17 - synthase A 1
PRPP - Phenylalanine, tyrosine and -EC:24.2.18 - A 1
tryptophan biosynthesis phosphoribosyltransferase
10 pathways 11 enzymes 63**

*Type of metabolism: C: Catabolism (breakdown) of the substrate; A: Anabolism (synthesis) of the substrate;
PSequences where TAVs are located: * Among 49 sequences, 17 was duplicates; ** 63 sequences have 39 unique
sequences (CDS) with 40 SNPs; * 1 sequence with 2 SNPs; Number in the same colour come from the same sequences
(CDS).

The eleven enzymes (where TAVs were located) were involved in three biosynthesis pathways of
(1) IMP — an intermediate of the de novo purine biosynthesis pathway and a precursor of
xanthosine, (2) xanthosine, the initial purine compound in the caffeine biosynthesis pathway, acting
as a substrate for the methyl group donated by SAM (Ashihara and Crozier, 2001) and (3) caffeine
(Figure 6.7) including the formation of PRPP (EC:2.4.2.18 — phosphoribosyltransferase in
Phenylalanine, tyrosine and tryptophan biosynthesis), a cascades of reactions involved in the
conversion of ATP to ADP, SAICAR-AICAR, IMP to XMP in purine metabolism, the conversion

of SAM, a methyl donor for methylation reactions in the caffeine biosynthesis pathway, to S-
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adenosyl-L-homocysteine (SAH) (EC:2.1.1.37 - (cytosine-5-)-methyltransferase in cysteine and
methionine metabolism), conversion of SAM to spermidine and spermine (EC:2.5.1.16 - synthase in
arginine and proline metabolism) and conversion of hypoxanthine to xanthme (EC:1.17.1.4 —
dehydrogenase in purine metabolism). The precursors of caffeine are derived from purine
nucleotides and low caffeine accumulation is due mainly to the low biosynthetic activity of purine
alkaloids, possibly the extremely weak N-methyltransferase reactions in caffeine biosynthesis
(Ashihara et al., 2011b). This is confirmed by the detected TAVs that generally link to the
biosynthetic activity of purine alkaloids. The up- and down-regulation of these alleles may have led

to the difference in the caffeine content between the two extreme groups.

The 40 TAVs were plotted onto each chromosome of the two subgenomes (Figure 6.8). The most
significant TAVs linking to enzymes involved in caffeine synthesis pathway reside n chromosome
7 and 11 (red squares), folowed by TAVs linking to enzymes participated in xanthosine synthesis
pathway i chromosome 4 (green squares). TAVs associated with enzymes mvolved in the
conversion of ATP to ADP is rather generic and distributed across almost all chromosomes (grey
squares), which are not subject to further analysis. TAVs linking to enzymes mvolved m IMP
synthesis pathway (black and blue squares) was distributed n chromosomes 0, 2 and 9. The
distribution of 23 caffeine synthase-related NMT genes in Coffea canephora was found to be
mainly on two chromosomes - Chrl and Chr9 (Denoeud et al., 2014) while only two and three
TAVs were on chrl and chr9 of the CC subgenome, respectively. This indicates the TAVS

controlling the content of caffeine were not in the region of caffeine synthase-related NMT genes.

I
T e ] e
I e T T

Figure 6.8 Locations of SNPs tightly associated with caffeine synthesis pathway on two subgenomes

(Blue line: CC genome; Red line: CE genome; Black squares: IMP synthesis pathway (PRPP and SAICAR-AICAR,;
Blue squares: glutamine-glutamate; Grey squares:xanthosine synthesis pathway (ATP-ADP); Green squares:
xanthosine synthesis pathway (IMP-XMP); Red squares: caffeine synthesis pathway (xanthine and SAM-SAH).
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Among 40 SNPs potentially link to the caffeme biosynthesis pathway, the most noticeable one is the
SNP associated with enzyme cytosine-5-methyltransferase (EC:2.1.1.37) participating in the
conversion of SAM to SAH in the SAM cycle (Figure 6.9 - Al). The SNP was located in
chromosome 7 at the 13,417,576-bp position. The low caffeine bulk has more A-allele and less G-
allele than the high caffeine bulk. As explained by Guo et al. (1996), the differences in allele dosage
may result in differences in the RNA levels of a particular allele and in phenotypic differences. The
change of more A in B1 while more G in B2 would lead to a change in amino acid from alanine to
threonine (Appendix table S6.7). This enzyme would have an influence on the formation of the
methyl group and thus might influence the synthesis of caffeine (Figure 6.7 — A). Ashihara and
Crozier (2001) also found that caffeine synthase is inhibited completely by low concentrations of
SAH. Therefore, control of the intracellular SAM:SAH ratio is one possible mechanism for
regulating the activity of caffeine synthase in vivo (Ashihara and Crozier, 2001). This SNP seems
to play an important role in the caffeine synthesis. The second SNP which was also involved in the
metabolism (breakdown) of SAM to spermidine and spermine (Figure 6.9 — A2) while these two
compounds have effects on salinity and drought tolerance recorded in a number of crops (Kasukabe
et al, 2006; Li et al., 2016; Roychoudhury et al., 2011). The SNP located in chromosome 11 at
30,965,526 with more C-alleles and less A-alleles in B1 than in B2 (56% vs 30% and 44% vs 70%,
respectively) resulting in the change of amino acid from mainly alanine to mainly serine (Appendix
table S6.7).

Another significant SNP is the one that is associated with the enzyme that converts hypoxanthine to
xanthine (EC:1.17.1.4 — dehydrogenase) (Figure 6.9 - B). This substrate entered the pathways of
caffeine biosynthesis to be converted to 3-methylxanthine before being converted to theophylline -
a possible direct precursor of caffeine (Figure 6.7 - B). In young and mature leaves of C.
eugenioides which contain low levels of caffeine, [8-14C] caffeine is catabolised rapidly primarily
by the main caffeine catabolic pathway via theophylline. This suggests that the low caffeine
accumulation in C. eugenioides is a consequence of rapid degradation of caffeine perhaps
accompanied by a slow rate of caffeine biosynthesis (Ashihara and Crozier, 1999). In tea and mate
(llex paraguariensis), large amounts of theophylline are also converted to theobromine and caffeine
via a theophylline -> 3-methylxanthine -> theobromine -> caffeine salvage pathway (Ito et al,
1997). Xanthine may break down to urate or convert to xanthosine (Figure 6.9 - B) which is the
precursor in the main biosynthesis pathway of caffeine (Figure 6.7 — B). It seems that the frequency
of C and G allele in the two bulks is affecting the enzyme which catalyses the formation of more or
less xanthine, and eventually affects the concentration of caffeine. More individuals with C at this

region in a buk may favour the formation of xanthine and vice versa.
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The three SNPs associating with enzymes participating in purine metabolism converting SAICAR
to AICAR and IMP to XMP were located in chromosome 2 (at 35,626,636) and chromosome 4
(11,359,176 and 11,364,138) subgenome CE (Appendix table S6.7). The enzyme EC:4.3.2.2 — lyase
can convert SAICAR to AICAR or vice versa while enzyme EC:1.1.1.205 - dehydrogenase
converts IMP to XMP (Figure 6.9 — C and D) and both enter the xanthosine biosynthesis pathway
(Figure 6.7). SNP alleles at these locations were het-het and different in frequency resulting in a
change in amino acid. The presence of more or less of the specific SNP alleles in each individual
may have contributed to the synthesis and conversion of the aforementioned substrates causing the

difference in the concentration of caffeine between the two extreme groups.

Glutamine is converted to glutamate in the IMP biosynthetic pathway which eventually produces
xanthosine — the first substrate in the caffeine synthesis pathway (Figure 6.7 —B, C and D). One out of
three SNPs links to enzymes that catalyse the formation of glutamine or glutamate (Figure 6.9 — El,
E2 and E3) is hom-het SNP (Appendix table S6.7). At this locus (chromosome 1, at 197,044,125), the
low-caffeine bulk has T-allele only (100%) while the high-caffeine bulk has T-allele (61%) and C-
allele (39%) resulting in the change of amino acid (lysine only in the low bulk, both glutamic acid and
lysine in the high bulk) (Appendix table S6.7).

PRPP is the first substrate in the IMP biosynthetic pathway which at last produce xanthosine - the
first substrate in the caffeine synthesis pathway (Figure 6.7 -B, C and D). The SNP linking to the
enzyme (EC:2.4.2.18 — phosphoribosyltransferase) that metabolises PRPP (Figure 6.9 - F) has more
A-alleles and less T-alleles in the low bulk than in the high bulk (75 vs 43% and 25 vs 57%,
respectively), resulting in the change of amino acid (more threonine than serine in the high bulk)
(Appendix table S6.7).
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Figure 6.9 Snap shots of the KEGG pathways (obtained from Blast2GO analysis) at the location where
SNPs associating with enzymes involved in the metabolism of the substrates that entered to the caffeine
biosynthesis pathway.

(Substrates are circled in red; enzymes are highlighted in blue squares).

ATP (adenosine triphosphate) and ADP (adenosine diphosphate) are organic nucleotide molecules.
ATP is converted to ADP in the cells of plants and animals when energy is required to power
processes in the cell with the energy released. Energy is also released when a phosphate is removed
from ADP to form adenosine monophosphate (AMP). Although AMP is a substrate that participate in
the synthesis pathway of xanthosine, ATP and ADP are generic substrates for chemical reactions so
their TAVs will not be discussed further. Instead, two SNPs associated with two enzymes (EC:3.6.1.3
— adenylpyrophosphatase and EC:3.6.1.15 — phosphatase) in purine metabolism pathways that convert
ATP to ADP interacting with the xanthosine synthetic pathways (Figure 6.7 — C and Table 6.5) were
considered as they are in the hom-het form (Appendix Table S6.7). This SNP at 11,004,936
(chromosome 11 of C. eugenioides subgenome) was homozygous allele in the low caffeme bulk
(100% G-allele) while heterozygous alleles (G-and A-allele of 74% and 26%, respectively) were
identified in the high caffeine bulk. The presence of the A-allele in the high bulk probably elevated the
conversion from ATP to ADP. At the other SNP at 10,465,912 (chromosome 6 of C. eugenioides
subgenome), only C-allele (100%) was found in the low caffeine bulk while in the high caffeine bulk
both C-allele (32%) and A-allele (68%) were recorded. Similarly, the presence of the A-allele n the
high bulk probably elevated the conversion from ATP to ADP resulting in more caffeine being
synthesised. Accoding to Koshiro et al. (2006) active supply of the substrates from purine nucleotides
(i.e. ATP, ADP and AMP) is important for the biosynthesis of caffeine in coffee fruits.

It is obvious that the availabilty of SNPs within coding sequences is a very powerful tool for
molecular geneticists to detect a causative mutation (Varshney, 2009). However, often QTLs are
found located in noncoding regulatory sequences such as enhancers or locus control regions, which
could be located several megabases away from genes within intergenic spaces (Dean, 2006).
Promoter, intron, exon, and 5/3'-untranslated regions are all reasonable targets for identifying
candidate gene SNPs, with non-coding regions expected to have higher levels of nucleotide
diversity than coding regions (Zhu et al., 2008). Therefore, SNPs in other regions (5° UTR, 3’UTR,
regulatory and intron) near these shortlisted SNPs were investigated. There were nine SNPs in the
5 prime UTR and 3’ prime UTR of genes linking to the formation of three substrates targeting
PRPP and XMP (Table 6.6). Further functional validation of these SNPs may explain the up or
downregulation of these alleles, which may affect to the caffeine content, especially the het-hom
SNP in PRPP.
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Table 6.6 TAVs in non-coding regions of the genes involved in caffeine pathways

Substrates Location ~ Chromosome Region Reference Allele  Frequency in  Frequency in
in gene ) Bl B2
PRPP a CC1.1ch04 12730620 C T 22 100

C 78 0

IMP-XMP a CE1.1ch04 11359176 C G 59 42
C 41 58
a CE1.1ch04 11362237 A C 35 55
A 65 45

ATP-ADP a (5); b (5); c(7) - notprovide in details

(*) a- SNPs in 5° or 3’UTR; b — SNPs possible in regulatory region near 3’ or 5” prime UTR (100-1000 bp from 3’ or
5> prime UTR); ¢ - Intron retention: SNPs in intron region but aligned with in-house transcripts. SNPs link to ATP-ADP
were not reported in details as they are so common.

The sequences of published caffeine genes were also imported in the CLC to check the SNPs within
these genes between two bulks. Three non-synonymous SNPs from one gene of 3,7-
dimethylxanthine methyltransferase were found. However, this gene has no KEGG pathway from
the database developed in Blast2GO probably because the KEGG pathways include only well-
known enzymes. This also indicates the advantages of applying whole genome sequencing
approach over the targeted genome sequencing approach in SNPs detection. If targeted sequencing

has been applied based on these published caffeine genes, there would be few or no TAS detected.
6.3.3.4. KEGG pathway-based analysis using arabica draft genome as reference

When using K7 arabica draft genome as reference in mapping and variant call, 1,444 non-
synonymous SNPs were identified in which 39 was hom-het or het-hom and 1,405 was het-het.
1,086 CDS was extracted and imported to Blast2GO detecting 189 genes containing KEGG
pathways in which 70 pathways and 80 enzymes were unique. KEGG pathway-based analysis
showed several additional pathways and enzymes linking to caffeine synthesis pathways which
were not detected when using CC and CE as reference, and the most important enzymes catalysing
SAM to SAH were also confirmed (Table 6.7).

Table 6.7 Additional pathways and enzymes involved in caffeine biosynthesis process where TAVS

were identified when using draft arabica genome as reference.

Substrates Pathways EC Metabolism " #seq
SAM (confirmed)  Cysteine and EC:2.1.1.37-(cytosine-5-)- A 1
methionine metabolism  methyltransferase
FGAM Purine metabolism EC:6.3.5.3 - synthase A 2
XMP Purine metabolism EC:6.3.5.2 - synthase C 2
(glutamine- hydrolysing)
AMP Purine metabolism EC:4.3.2.2 - lyase C 1
10-Formyl-THF One carbon pool by EC:3.5.1.10 - deformylase A 1
folate
3 pathways 5 enzymes 7

Y7 A: Anabolism (synthesis) of the substrate
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The conversion of SAM-SAH by enzyme EC:2.1.1.37 - (cytosine-5-)-methyltransferase is very
important as it is a methyl donor for the formation of caffeine. Enzymes catalysed for this reaction
was confirmed when using the arabica reference. However, this SNP is different from the one
detected by CC and CE genomes. The other four new TAVSs associating with enzymes involved in
caffeine biosynthesis were detected using K7 as a reference (Table 6.7). Three enzymes convert
FGAR to FGAM (Figure 6.10 — A), AMP to GMP and adenylo-succinate to AMP were EC:6.3.5.3
— synthase, EC:6.3.5.2 - synthase (glutamine-hydrolysing) and EC:4.3.2.2 — lyase, respectively.
These substrates are involved in the IMP and xanthosine synthesis pathway (Figure 6.7 - C and D).
10-Formyl-THF acts as a donor of formyl groups inanabolism of THF (Figure 6.10 - B) and
participates in the conversion of GAR to FGAR or AICAR to FAICAR in the synthetic pathway of
IMP (Figure 6.7 - D).
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Figure 6.10 Snap shots of the KEGG pathways at the location where TAVS associating with enzymes
involved in the metabolism of the substrates that entered to the caffeine biosynthesis when using arabica

as reference genome.

(Substrates are circled in red; enzymes are highlighted in blue squares).

6.3.4. Identification of Trigonelline associated SNPs

6.3.4.1. SNP detection and KEGG pathway-based analysis for trigonelline trait using two

progenitor genomes as reference.

Since the average coverage of the two DNA bulks for low and high trigonelline (38 and 24) is
comparable to those for caffeine (28 and 40), the best setting of variant calling for caffeine trait
(setting 3) was also applied to trigonelline. With this setting the percentage of correct call after
manually checking the SNPs with variant call track and mapping track was 89%. In total 1,060 non-
synonymous SNPs were detected. Similar to caffeine, only 0.17% of tri-allele SNPs were detected
and most of SNPs were het-het (bi-allele) (99%) confirming the loss of heterozygosity within the
two ancestral genomes and only one allele from each genome remains in arabica. Out of 1,060
SNPs, only 14 SNPs were different in the type of alleles at the SNP loci or hom-het and het-hom
type (Table 6.8).
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Table 6.8 Number of SNPs distinguishing the low- and high-trigonelline bulks based on setting 3.

. . Non- . Tri- % tri-  Filter Check Correct
* =
Settings Type () Variant Synonymous Di-allele allele allele (**) mapping call (%)
. HomB1-HetB2 664 14 9
Setting 3
HetB1-HomB2 10,815 130 5
20-4-20-
0.20 HetB1-HetB2 1,088,441 16,017 15,990 27 0.17 1,046 1,046
Total 1,099,920 16,161 1,060 89

(*) Hom: Homozygous; Het: Heterozygous; Bl: Bulk 1; B2: Bulk 2; (**) Filtered by using Chi-square test and If
command to identify the SNPs that were significant different in frequency between the two bulks and non-synonymous
between the two bulks.

Like caffeine, there were more TAVs for trigonelline on the subgenome of C. canephora (562
SNPs) than C. eugenioides (498 SNPs). The distribution of TAVs across genome indicates that

trigonelline is a quantitative trait controlled by multiple genes (Figure 6.11).
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Figure 6.11 The genome-wide distribution of TAVs for trigonelline in two CC and CE subgenomes.
1,060 SNPs were detected with high average sequencing depth (47x for Bukk 3 - B3 and 29x for
Bulk 4 - B4), high value of F/R balance (0.39 for B3 and 0.38 for B4) and high average base quality
score (35 and 36 for B3 and B4, respectively) (Appendix table S6.8) indicating the high quality and
confidence of SNP identified (Figure 6.12).
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Figure 6.12 Examples of highly confident TAVs for trigonelline that distinguish between two bulks (B3

and B4) in the types of hom-het (A) and het-het (B)

(A) hom-het type: B4 was homozygous with 100% of G with coverage of 23, F/R balance of 0.41 and average quality
of 36.26; B3 was heterozygous with 74% of G and 26% of A with coverage of 27, F/R balance of 0.36 and average
quality of 37.05 (B) het-het type (both bulks are heterozygous) B3 with 48% of C and 54% of A with coverage of 50,
F/R balance of 0.48 and average quality of 36.63 while B4 with 68% of C and 34% of A with coverage of 41, F/R
balance of 0.31 and average quality of 36.57. Red lines are the location of SNPs.

There were a number of SNPs on the same CDS resulting in only 719 CDS from 1,060 SNPs.
Blast2GO outputs showed only 125 genes containing KEGG pathways in which 61 pathways were
unique. 106 enzymes were involved in 125 KEGG pathways with 51 unique enzymes (Figure 6.13).
Among 719 CDS, none was shared between different categories of SNPs. The majority of SNPs
(98%) linking to trigonelline is het-het (ie. different in frequency of the same alleles in each locus)
between two bulks of low and high trigonelline.

HomB4-HetB3 HetB4-HomB3

HetB4-HetB3

No of SNP  No of CDS Genes with  Unique KEGG No of enzyme in  No of unique
KEGG pathways pathways enzymes

1,060 719 125 61 106 51

Figure 6.13 Metrics on the number of SNPs, CDSs, KEGG pathways and enzymes associated with

trigonelline biosynthesis.
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Among the 61 KEGG pathways recorded, purine metabolism was the most frequent pathway with
20 sequences and five enzymes involved, followed by thiamine metabolism with 17 sequences. The
other popular pathways were biosynthesis of antibiotics (10 sequences), Phenylpropanoid
biosynthesis (5 sequences) and starch and sucrose metabolism (5 sequences) (Appendix Table
S6.6). The 61 KEGG pathways were thoroughly exammed to determine the pathways and enzymes
linking to trigonelline biosynthesis pathways. There were seven pathways with nine enzymes
located in 36 sequences where TAVs are located. Among these pathways, four were related to amino
acid metabolism (cysteine and methionine metabolism; arginine and proline metabolism; glycine,
serine and threonine metabolism and phenylalanine, tyrosine and tryptophan biosynthesis) and two
were related to carbohydrate metabolism (starch and sucrose metabolism and galactose
metabolism). Only one pathway relating to nucleotide metabolism (purine metabolism) was
involved. The links to trigonelline biosynthesis pathways in which four substrates or precursors
entered the trigonelline pathway were found (Table 6.6 and Figure 6.14).
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Figure 6.14 Substrates involved in trigonelline biosynthesis and its other related pathways.

(A - Possible metabolic pathways of biosynthesis of trigonelline and pyridine nucleotides in Coffea arabica plants
(Adapted from Zheng et al., 2004); B- Aspartate pathway of the pyridine nucleotides biosynthesis de novo in plants
(Adapted from Ashihara et al., 2015); C - Pathway for conversion of excess L-serine to L-aspartate (Adapted from Lee
et al, 2013). Circles: Location of substrates/precursors which were formed in the KEGG pathways catalysed by
enzymes that associating with SNPs; Red circles: detected using CC and CE as reference; Blue circles: detected using

draft arabica as reference).

Among 36 sequences, 24 had CDS with 24 unique SNPs (Appendix table S6.8). Similar to caffeine,
the majority of SNPs (23/24) associated with enzymes that involved in the trigonelline biosynthesis
pathway were het-het between two bulks, indicating that the allele frequency difference at each locus
between two bulks of low and high trigonelline is dommant. The average coverage was 49x for B3
and 30x for B4, indicating the high quality and confidence of these SNPs. The F/R balance in reads
(0.33 in B3 and 0.38 in B4) and the average base quality score (35 in B3 and 36 in B4) supported for
the confidence of SNPs quality (Appendix table S6.8). Only one out of 24 SNPs were hom-het which
links to enzyme (EC:3.2.1.26 — ivertase in starch and sucrose metabolism pathways) that conversed
sucrose-6-P to D-glucose-6P while glucose is a substrate that enters into the pathways to form

pyruvate, followed by the conversion of L-aspartate — a precursor in the trigonelline pathway (Figure
6.14 - C and Table 6.9).

Table 6.9 Potential SNPs associating with enzymes directly or indirectly involved in trigonelline
biosynthesis pathway detected by using CC and CE as reference.

Substrates Pathways EC Metabolism | # seq
SAM - Cysteine and methionine - EC:25.1.16 - synthase C 1
metabolism
- Arginine and proline - EC:25.1.16 - synthase C 1
metabolism
L-tryptophan - Glycine, serine and threonine - EC:4.21.20 —synthase A 1
metabolism
- Phenylalanine, tyrosine and - EC:4.21.20 - synthase A 1
tryptophan biosynthesis
Glucose - Starch and sucrose metabolism | - EC:3.2.1.21 — gentiobiase A 2
- EC:3.2.1.3 -14-alpha-glucosidase A 1
- EC:3.2.1.26 — invertase A 1
- EC:3.2.1.39 - endo-1,3-beta-D- A 1
- Galactose metabolism glucosidase
- EC:3.2.1.22 - melibiase A 1
ATP-ADP - Purine metabolism - EC:3.6.1.15 - phosphatase A 17*%*
- EC:3.6.1.3 -adenylpyrophosphatase A g**
7 Pathways 9 enzymes 36*

C: Catabolism (breakdown) of the substrate; A: Anabolism (synthesis) of the substrate; * Among 26 sequences, 9 was
duplicates; ** 36 sequences have 24 unique sequences (CDS) with 24 SNPs; Number in the same colour come fromthe

same sequences (CDS).
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There were nine enzymes participated to seven pathways catalysing action on substrates that
directly or indirectly entered into the pathways of trigonelline biosynthesis. 24 SNPs were plotted
on the chromosomes of two subgenomes (Figure 6.15). SNPs associated with enzymes involved in
the reaction to produce SAM (highlighted in red) were most noticeable, followed by SNPs
associated with enzyme mvolved in the reaction to produce L-tryptophan (black squares). There
were five SNPs involved in the metabolism of gluicose which eventually enters trigonelline
synthesis (blue squares) and 17 were associating with the conversion of ATP to ADP (grey squares),

which is very generic in involvement in chemical reactions.

0 1 4: 3 ‘ L} 2 ‘ ] 7 B i 10 11
s
" ;, T e |1 1

Figure 6.15 Locations on two subgenomes where SNPs are tightly associated with trigonelline synthesis
pathway.

(Blue line: CC genome; Red line: CE genome; Blue squares: Glucose; Black squares: L-tryptophan; Grey squares:
ATP-ADP; Red squares: SAM-SAH).

Mizuno et al. (2014) found that production of trigonelline from nicotinate is catalyzed by a N-
methyitransferase, as is caffeine synthase. In addition, the expression profiles for two genes
homologous to caffeine synthases were similar to the accumulation profile of trigonelline. With the
assumption that these two homologous genes encoding both caffeine synthases and trigonelline
synthases, using the N-methyliransferase assay with S-adenosyl[methyl-14C]methionine, these
recombinant enzymes catalyzing the conversion of nicotinate to trigonelline was confirmed. The
coffee trigonelline synthases (termed CTgS1 and CTgS2) were highly identical (over 95% identity)
to each other. The sequence homology between the coffee trigonelline synthases and coffee caffeine
synthase (CCS1) was 82%. In the present study, there was one SNP associating with an enzyme
(EC:2.5.1.16 — synthase) involved in the metabolism of S-adenosyl-methioninamine - a breakdown

substrate of SAM which also participated in the caffeine biosynthesis pathway detected in two
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pathways (Cysteine and methionine metabolism and Arginine and proline metabolism) (Figure 6.16
— Al and A2). Similar to caffeine, the breakdown of SAM to S-adenosyl-methioninamine, and to
spermidine and spermine was recorded (Figure 6.16 — A2) while these two compounds have effects
on salinity and drought tolerance recorded in a number of crops (Kasukabe et al., 2006; Li et al.,
2016; Roychoudhury et al., 2011). Tramontano and Jouve (1997) also found that trigonelline has a
role as an osmoregulator in salt-stressed legumes. SNP at this locus was het-het for two bulks with
the presence of allele C (75% in B4 and 48% i B3) and A (25% in B4 and 52% mn B3) resulting n
the change of amino acid with more alanine than serine in B4 (high trigonelline) but more serine

than alanine in B3 (low trigonelline) (Appendix table S6.8).

L-tryptophan was converted from serine (in glycine, serine and threonine metabolism) or from
indole (in phenylalanine, tyrosine and tryptophan biosynthesis) by the same enzyme (EC:4.2.1.20 —
synthase) (Figure 6.16 — Bl and B2). L-tryptophan is the substrate converting to L-kynurenine
followed by quinolinic acid which is a precursor for trigonelline synthesis (Figure 6.14). SNP at this
locus was het-het for two bulks with the presence of allele C (45% in B4 and 74% in B3) and T
(55% in B4 and 26% in B3) resulting in the change of amino acid with more serine than glycine in
B4 (high trigonelline) but more glycine than serine in B3 (low trigonelline) (Appendix table S6.8).
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Figure 6.16 Snap shots of the KEGG pathways at the location where SNPs associated with enzymes involved in the metabolism of the substrates that
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Glucose was converted from different substrates such as sucrose, B-glycan, D-glucoside, and
melibiose (Figure 6.16 — C1 and C2) by two pathways with five enzymes (starch and sucrose
metabolism with four enzymes and galactose metabolism with one enzyme) (Table 6.9). Glucose
enters into the pathways to form pyruvate, followed by the conversion of L-aspartate — a precursor in
trigonelline pathway (Figure 6.11). Six SNPs were detected from these pathways in which the most
noticeable SNP was hom-het between high and low trigonelline bukks. G was the only allele (100%)
for B4 while both G (77%) and A (23%) presented in B3 resulting in the change in ammno acid with
only Arginine in B4 and both arginine and lysine in B3.

There were 17 SNPs associated with enzymes involved in the conversion of ATP to ADP. As
explained previously, AMP could be the product of ATP-ADP conversion when a phosphate is
removed from ADP and AMP is the substrate in xanthosine synthetic pathway. However, ATP-ADP

is too generic for chemical reaction and therefore there was no further mvestigation for these SNPs.

6.3.4.2. SNP detection and KEGG pathway-based analysis for trigonelline trait using arabica as

reference.

When using K7 arabica as a reference in mapping and variant calling, 1,024 non-synonymous SNPs
were identified of which only five were hom-het or het-hom and 1,019 was het-het. 796 CDS was
extracted and imported to Blast2GO detecting 142 genes contained in KEGG pathways of which 66
pathways and 68 enzymes were unique. KEGG pathway-based analysis showed several additional
pathways and enzymes linking to trigonelline synthesis pathways which were not detected when
using CC and CE as reference. TAV associating with enzyme (EC:4.1.1.50 — decarboxylase)
catalysing SAM to S-adenosyl-methioniamine (Figure 6.17 — A) was the most important TAV,
followed by TAVs linking to two enzymes (EC:1.6.99.3 - dehydrogenase and EC:1.6.5.3 -
reductase (H+-translocating) converting NADH to NAD (Table 6.10 and Figure 6.17 - B). Another
four important TAVs were the ones associating with five enzymes involved in the metabolism of
three substrates (L-aspartate, pyruvate and L-serine) which enter to an L-aspartate pathway — a
substrate for trigonelline biosynthesis (Figure 6.14 — C, Table 6.10 and Figure 6.17 — C and D).
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Table 6.10 Additional pathways and enzymes involved in the trigonelline

TAVs identified when using the draft arabica genome as reference.

biosynthesis process with

Substrates Pathways EC Metabolism #seq
SAM Cysteine and methionine EC:4.1.1.50 — decarboxylase C 1
metabolism
EC:1.6.99.3 - dehydrogenase A 1
NAD Oxidative phosphorylation EC:1.6.5.3 - reductase (H+- A 1
translocating)
L-aspartate Alamne1 aspartate and glutamate EC4322 - lyase C 1
metabolism
Glycolysis / Gluconeogenesis i i A 1
Pyruvate Methane metabolism EC:4.21.11 - hydratase A i
Glycine, serine and threonine EC:4.3.1.17 - ammonia-lyase A 1
metabolism EC:4.3.1.18 - ammonia-lyase A 1
Glyoxylate and dicarboxylate
. . A 1
L-serine metabolism
Methane metabolism EC212.1 - A 1
Glycine, serine and threonine hydroxymethyltransferase A 1
metabolism
Cyanoamino acid metabolism A 1
8 pathways 7 enzymes 6

C: Catabolism (breakdown) of the substrate; A: Anabolism (synthesis) of the substrate; Number in the same colour

come from the same sequences (CDS); ®) different enzymes to the TAV detected by using CC and CE.

These findings indicate the value of using the genome of the species (C. arabica) (despite its

mcomplete sequence) in detecting important SNPs associated with the two traits based on pathway-

based analysis including some were not detected when using the genomes of the two progenitors as

a reference.
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(A) SAM - Cysteine and methionine metabolism - EC:4.1.1.50; (B) NAD - Oxidative phosphorylation EC:1.6.99.3 and
EC:1.6.5.3; (C) L-aspartate - Alanine, aspartate and glutamate metabolism - EC:4.3.2.2; (D) Pyruvate and L-serine -
Clycine, serine and threonine metabolism - EC4.3.1.17, EC4.3.1.18 - ammonia-lyase and EC:2.121 -

hydroxymethyltransferase; substrates are circled in red; enzymes are highlighted in blue square.
6.3.5. Common SNPs associated with both caffeine and trigonelline contents.

There were five individuals shared between low caffeine bulk and low trigonelline bulk, and four
individuals shared between high caffeine bulk and high trigonelline bulk. The number of individuals
which low in this trait and high in the other was two. For TAVSs, there were 75 common TAVS
detected in both caffeine and trigonelline bulking analyses, and 162 common genes between two
traits. Their biosynthesis also shares a fairly large number of common enzymes (20 out of 80) based
on KEGG analysis (Figure 6.18). This is consistent with results from the study of bean variation of
arabica in which caffeine and trigonelline contents were somewhat positively correlated (Chapter 3
and Tran et al, 2017). In fact, caffeine and trigonelline are both major nitrogenous alkaloids found
in coffee seeds, and the pattern of trigonelline biosynthesis during fruit development is very similar
to that of caffeine (Koshiro et al., 2006).

SNPs
Caffeine Trigonelline
1,276 | 75 985
- --::.} . ", _-/-'
Genes Enzymes

Trigonelline

Trigonelline

Figure 6.18 Common between caffeine and trigonelline in (input) genotypes, SNPs, genes and enzymes.
Among the common TAVs involved in the biosynthesis pathways of caffeine and trigonelline, the
most significant TAV is the one links to the enzyme EC:2.5.1.16 — synthase which catalyses S-

adenosyl-methioniamine to S-methyl 5'-thiodenosine (in cysteine and methionine metabolism) or S-
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adenosyl-methioniamine to spermine or spermidine (in arginine and proline metabolism) while S-
adenosyl-methioniamine IS a breakdown substrate of SAM which also participates in both caffeine
and trigonelline biosynthesis pathways. The finding supports the study by Mizuno et al. (2014) who
used the N-methyltransferase assay with S-adenosyl[methyl-14C]methionine to confirm these
enzymes catalyzing the conversion of nicotinate to trigonelline and the expression profiles for two
genes homologous to caffeine synthases were similar to the accumulation profile of trigonelline.
The common TAV associating with the enzymes EC:2.5.1.16 — synthase was on chromosome 11 (at
30,965,526) subgenome CC with more C-allele in low caffeine and trigonelline while more A-allele
in high caffeine and trigonelline resulting in a change of ratio of the amino acids serine and alanine
in the two bulks of the two traits (Appendix table S6.7 and S6.8). Moreover this TAV linked to
enzymes that break down S-adenosyl-methioniamine to spermine or spermidine — the two
compounds having effects on salinity and drought tolerance. Targeting common TAVs associated

with common pathways and enzymes could help improve both traits.
6.4. Conclusions and suggestions

SNP loci associated with pathways of caffeine and trigonelline biosynthesis were first discovered in
C. arabica using extreme phenotyping GWAS. Previous studies had mainly used the mining of
expressed sequence tags (ESTs) or transcriptome data for SNP discovery (Combes et al., 2013;
Kochko et al.,, 2010; Vidal et al., 2010; Yuyama et al., 2016; Zhou et al., 2016). QTL mapping for
quality traits has been conducted for C. canephora only (reviewed by Tran et al., 2016). Such
studies involved limited genetic variation contributed from two parents. The current study was
based on a diverse population of C. arabica for identification of trait-associated markers. The use of
a wider genetic base is particularly valuable for improvement of cultivated arabica with a very
narrow genetic base that has hampered the progress of genetic studies. The current study also makes
use of wild species with a rich source of new alleles that might have been lost through
domestication. This effort led to the discovery of a number of TAVs for caffeine and trigonelline
with XP-GWAS. Targeting these TAVS, especially the common TAVs between the two traits in
breeding will thus potentially help manipulate these compounds in domesticated arabica coffee

utilising molecular markers.

Findings and certain limitations from this chapter open opportunities for further research. The
detected TAVs and their flanking sequences could be used for PCR-based markers or incorporated
in high-throughput  genotyping platforms. This study used selective pooling sequencing.
Genotyping of the entire population would help validate the TAVs and calculate linkage

disequilibrium for association analysis at the haplotype level. Alternatively, sequencing of the

148



germplasm collection at targeted regions harbouring putative TAVs will help define favorable

haplotypes for caffeine and trigonelline.
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CHAPTER 7: GENERAL DISCUSSIONS, CONCLUSSIONS AND FUTURE
DICRECTIONS

7.1 General discussions

Despite its economic importance, coffee has received very limited research attention compared to
other crops, especially in the field of genetics and genomics. Perception about the taxonomy and
classification of coffee has been controversial: some argue that the Coffeeae tribe has two genera
Coffea L. and Psilanthus Hook.f., while others believe that it is comprised of only one genus of
Coffea. The presentation of genomic relationships among coffee species in this study supports the
former argument. Results of whole chloroplast genome sequencing of 15 species collected from
eleven countries showed a clear separation of coffee species into two clades. Four Psilanthus from
Oceania grouped together suggesting that the origin of Psilanthus is in Asia which has not been
proposed before. C. canephora was classified as a coffee species belonging to the Coffea genus.
However, in the present study, C. canephora was grouped with two supposed Psilanthus species
from West/Central Africa, indicating that the ancestor of C. canephora might have captured the
chloroplast genome from a maternal Psilanthus donor through historical hybridization. As the
evolutionary origin of C. canephora is not yet fully resolved, this study may guide further research
on the origin of C. canephora. Although C. canephora is C. arabica’s progenitor, the maternal
genomes of C. arabica and C. canephora are divergent, implying that the chloroplast genome of C.
arabica was not inherited from Psilanthus but from C. eugenioides. The presence of a number of
species with special features in relation to quality such as low or no caffeine, high trigonelline or
low CGAs could be an important breeding focus. However, the success of interspecific
hybridisation may vary due to genetic barriers between species, so genetic improvement focusing

on using materials within the same species (Arabica) is therefore the priority.

Using next generation sequencing in association analysis to dissect complex traits has become popular,
but the success can be influenced by the choice of germplasm. C. arabica is well known for its
narrow genetic base, especially in the cultivated arabica varieties, making it difficult for genetic
analysis and improvement. In this study, a survey on 232 individuals from a world collection
demonstrated substantial variation observed for bean morphology, non-volatiles and volatiles that
could be used as a valuable genetic resource for quality improvement in arabica coffee breeding.
The correlation between bean morphology and non-volatile or volatile compounds was positive but
not significant, implying that it may be possible to select for desirable combinations of traits in
arabica coffee breeding. Most practically, the strong correlations existing within several volatile
groups provide useful direction for targeted analyses applied to in the studied population by

focusing on a smaller number of representative compounds so as to improve analytical accuracy and
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efficiency in coffee bean quality research and industry application. The wide variation in the levels
of caffeine and trigonelline also led to identification of accessions with extreme phenotypic values

for use in pooled sequencing to identify trait-associated markers to assist breeding.

Arabica coffee is among major commercial species that lack a reference genome sequence. Only
recently, the first high-quality draft genome of C. canephora was completed and published.
Obtaining a whole genome sequence for C. arabica has been a challenge but will assist in
identifying new options for its genetic improvement of arabica coffee. Genomic analysis of C.
arabica is complex for a number of reasons. Genome assembly for polyploid plants is problematic,
and exacerbated in C. arabica by its relatively large genome size, repeat content, paralogy and
heterozygosity.  Further, the relatively low density of sequence data, particularly PacBio data,
presented difficulty in sequence analysis. In this study, the K7 arabica cultivar was sequenced and
assembled resulting in 76,409 scaffolds containing 99,829 gene models. Although the draft genome
had gaps and is incomplete, it was helpful in detecting a number of TASs for caffeine and
trigonelline which may eventually have an important impact on coffee genetics and breeding for

these traits.

An association study carried out on pre-existing populations, in collections or in selection trials is a
suitable approach for coffee because this does not require specific populations created by controlled
crossing, which is very difficult for coffte — a perennial crop. Association mapping has two
approaches, candidate-gene association mapping and genome-wide association mapping. In the
present study, the latter was employed surveying genetic variation in the whole genome to find signals
of association for traits linking to coffee quality (i.e. caffeine and trigonelline) using extreme
phenotypes. SNP identification in polyploids is challenging due to the difficulty of distinguishing
between homeologous SNPs (co-resident genomes) and allelic SNPs (SNPs segregating in a
Mendelian fashion). To optimize the quality of the data used to generate the variant calls, a number of
strategies was applied in the present study in order to effectively reducing false-positive SNP calls
such as sequencing technology, read length, library preparation. In the present study, Illumina PE
reads of 150 bp and PCR-free library was applied which helped reduce the possible false-positive
SNP. In addition, quality was improved by retaining only the uniquely mapping reads, high minimum
coverage, base quality of 20, maximum read depth filters and other more sophisticated filters (tail
distance bias, map quality bias, base quality bias, strand bias). Using the arabica draft genome
combined with progenitor genomes as references in mapping and variant calling allowed the
identification of 79 caffeine-associated SNPs and 62 trigonelline-associated SNPs. These TAVs were
proved to be associated with genes involved in the caffeine and trigonelline biosynthesis pathways

based on KEGG pathway-based analysis. Interestingly, there was a common TAV associated with an
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enzyme that is critically involved in both caffeine and trigonelline biosynthesis. This enzyme
catalyses the conversion of SAM to SAH for the formation of trigonelline from nicotinate and also
serves as a methyl donor for the formation of caffeine. The enzyme also breaks down SAM to
spermine or spermidine, both of which have an effect on salinity and drought tolerance. Targeting this

common TAV could help improve both quality and stress tolerance.
7.2 Contributions to scientific knowledge

Previously, the relationship between species was determined based on morphology,
chemotaxonomy, hybridisation and cytogenetic studies, and molecular markers. This is the first
phylogeny of Coffea constructed from whole chloroplast genome sequence for coffee trees. The
study of phylogeny of coffee species provides the overall picture of Coffea genomes, relationship

among them and will help guide efficient interspecific hybridisation schemes in coffee.

The substantial variation in bean morphology, non-volatiles and volatiles of arabica population
demonstrates the significant diversity in bean compounds within the C. arabica species. The
outcomes also allowed the identification of accessions of extremes (in the levels of caffeine and
trigonelline) for pooling sequencing to identify trait-associated DNA markers to assist arabica
coffee breeding. Further, the phenotypic survey identified groups of accessions with distinct
variation in quality-related compounds that can be used as founder parents to generate pre-breeding
populations. The correlation among traits relating to bean morphology and compositions implies

that the selection for desirable combinations of traits in arabica coffee breeding is possible.

Genome assembly and annotation of a “real” arabica variety contributes valuable genomic resources
to genetic analysis and improvement of C. arabica. Although it is an initial draft genome, using it in
the mapping and variant calling to identify polymorphic SNPs between two DNA pools was proved

efficient.

To the author’s knowledge, this is the first research where SNP markers affecting chemical
compounds have been identified for arabica using extreme-phenotyping association study.
Targeting these TAVs, especially the common TAVs between two traits in breeding will thus
potentially help manipulate these compounds in domesticated arabica coffee utilising molecular

markers.
7.3 Future directions

Based on the genomic relationship, at the genus level, interspecific hybridisation between C.
arabica and other close species with desirable quality traits such as low caffeine (C.
pseudozanguebariae, C. tetragona) or high sucrose (C. pseudozanguebariae) should be investigated

for quality improvement. Likewise, the species P. ebracteolatus close to C. canephora (ie. P.
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ebracteolatus) but low in caffeine and CGAs could also be used in arabica breeding. This study has
involved sequencing of many but not all coffee species. A globally coordinated effort to gather the
sequence of additional coffee species from various research coffee groups would be needed to bring
in a more concrete conclusion on the genomic synteny between coffee species. Additional long
reads sequences would help to improve the genome assembly for K7 arabica. In addition, functional
annotation would help provide more details of the genome assembled and will be more useful for
downstream analysis. The functional annotation can be done using Blast2GO and the outcomes will
reveal genes and pathways as well as the biological functions (biological process, molecular

function, cellular component) of the genes where significant TAVs were found.

At the species level, breeding for high/low levels of caffeine and trigonelline could be achieved
through marker-assisted selection subject to marker validation. Primers flanking each significant
TAV have been designed (Table S7.1). They can be used to assay contrasting individuals (high vs.
low in caffeine or trigonelline) for PCR amplicon sequencing. The analysis of sequences of the PCR
products will help confirm the polymorphism detected by bulked sequencing and may also reveal
which sub-genome it comes from. This information combined with additional phenotyping (at
different growth stages, environments and genotypes) will enable an estimation of individual SNP
additive effects as well as their possible interaction with caffeine and trigonelline contents and with
the environment. Although each single SNP may confer only a small effect on the caffeine or
trigonelline content, their joint actions are likely to have a significant role. Furthermore, the
designed primers could also be assayed in additional genetic populations including other diversity
panels and bi-parental mapping populations that vary in caffeine and trigonelline for validation and
de novo QTL mapping.
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APPENDICES

Table S4.1 List of germplasm used in the study

A Coff Coff
No ce Name Country oriee No Acc No Name Country oriee
No type type
1 972 Philippine Guatemala Variety 119 4618 Coleccion E-116 Ethiopia Wild
2 973 Chocola Guatemala Variety 120 4619 Coleccion E-118 Ethiopia wild
3 976 Mocha Guatemala Variety 121 4629 E-356 Ethiopia wild
4 977 Blue Mountain Guatemala Variety 122 4631 E-358 Ethiopia Wild
5 978 Maragogipe Guatemala Variety 123 4634 E-361 Ethiopia wild
6 979 Kona Guatemala Variety 124 4636 E-363 Ethiopia wild
7 980 Sumatra Guatemala Variety 125 4642 E-369 Ethiopia wild
8 981 Preanger Guatemala Variety 126 4649 E-130 Ethiopia wild
9 984 San Ramén Guatemala Variety 127 4657 E-405 Ethiopia Wild
Natural Lo .
10 986 Purpurascens Guatemala 128 4669 E-162 Ethiopia wild
mutant
11 990 Surinam El Salvador Variety 129 4674 E-471 Ethiopia wild
12 992 Padang El Salvador Variety 130 4685 Limnu E-171 Ethiopia wild
13 993 Nacional Salvadorefia El Salvador Variety 131 4693 Limnu E-188 Ethiopia wild
14 996 Typica El Salvador Variety 132 4700 E-312 Ethiopia Wild
15 | 1993 (GS"S';)ba coleccion 11 Brazil selection 133 | 4712 | E189 Ethiopia wild
Erecta coleccién11 (H- ) Natural L .
16 1994 1048-9) Brazil mutant 134 4713 E-190 Ethiopia wild
17 1998 | Semperflorens El Salvador | selection 135 4717 E-194 Ethiopia wild
18 2138 | Arabigo PuertoRico Guatemala Variety 136 4721 E-198 Ethiopia Wild
19 2246 | Jimna-1 Ethiopia selection 137 4729 E-206 Ethiopia wild
20 2249 | Dessie Ethiopia Variety 138 4730 E-207 Ethiopia wild
21 2250 Batie-1 Ethiopia selection 139 4732 E-209 Ethiopia Wild
22 2268 | San Martin Guatemala Variety 140 4734 E-211 Ethiopia wild
23 2298 | Coorg Kenya Variety 141 4735 E-212 Ethiopia Wild
24 | 2299 | Laurina Costa Rica | Natural 142 | 4740 | E217 Ethiopia wild
mutant
Caturra Rojo, coleccion . . N .
25 2308 818 PQx 28603 Brazil Hybrid 143 4752 E-229 Ethiopia wild
- ) Natural L .
26 2397 | Colunmaris Puerto Rico 144 4755 E-232 Ethiopia wild
mutant
27 2540 Bourbon Amarillo Brazil Variety 145 4757 E-223-A Ethiopia wild
28 2544 Mundo novo Brazil Variety 146 4758 E-237 Ethiopia Wild
29 | 2676 | Laurina Cameroon | Natural 147 | 4772 | E268 Ethiopia wild
mutant
30 | 2691 | BA21Arabicax India Hybrid 148 | 4775 | E272 Ethiopia wild
Liberica
31 2707 | F-840 Tanzania Variety 149 4776 E-273 Ethiopia wild
32 2711 | Seleccion 2 Ennarea Ethiopia selection 150 4796 E-381 Ethiopia Wild
33 2722 | GeishaVC-496 Tanzania Variety 151 4797 E-382 Ethiopia wild
34 | 2724 E;ge Sudan,Resistente | . i | variety 152 | 4800 | E-393 Ethiopia wild
35 2733 | S.L34 Kenya selection 153 4804 E-397 Ethiopia wild
36 2739 | Seleccion L.28 Kenya selection 154 4816 E-416 Ethiopia wild
37 2743 | SeriesL Kenya selection 155 4829 E-429 Ethiopia Wild
38 2748 | S-8 TafariKela Ethiopia selection 156 4830 E-430 Ethiopia wild
39 2750 | S-1Erythean Moca Ethiopia selection 157 4836 E-436 Ethiopia Wwild

154




40 2758 | BarbukSudan 2 Sudan selection 158 4837 E-437 Ethiopia wild
41 2919 | Jackson2 Congo selection 159 4856 E-456 Ethiopia Wild
42 2920 | Local Bronza 8 Congo selection 160 4857 E-457 Ethiopia wild
43 3025 | Villasarchi Costa Rica Variety 161 4863 E-463 Ethiopia wild
44 3081 | Carrizal Costa Rica Variety 162 4865 E-465 Ethiopia Wild
45 3129 | Dos tiemposamarillo Cuba Variety 163 4873 E-506 Ethiopia wild
46 3165 | Cuebaya Ecuador Variety 164 4874 E-507 Ethiopia wild
47 3382 | LCP-376 MundoNovo Brazil Variety 165 4875 E-508 Ethiopia wild
48 | 3411 | Columnaris Panama Natural 166 | 4877 | Es10 Ethiopia wild
mutant
49 | 3432 2/'7a1r;§°g'pe rojo Braa x Brazil Hybrid 167 | 4878 | Es511 Ethiopia wild
50 | 3433 Z;B“;ascem Brazil x Brazil Hybrid 168 | 4881 | Es514 Ethiopia wild
51 | 3435 | XanthocarpaBrazilx Brazil Hybrid 169 | 4883 | ES16 Ethiopia Wild
47127
52 3473 Kents Ceylonx 48705 Ceylan Hybrid 170 4887 E-520 Ethiopia Wwild
53 3483 Robusta Sri Lanka Robusta 171 4892 E-524 Ethiopia Wild
Lejeune15line 0144
54 3494 | Zona StradaBandera Ethiopia Hybrid 172 4897 E-529 Ethiopia wild
ovest x 48849
Lejeune 26line Zona
55 3498 | Starda Bandera Ovest x Ethiopia Hybrid 173 4900 E-531 Ethiopia wild
48849
56 3519 No.2 Etiopiax 48989 Ethiopia Hybrid 174 4901 E-532 Ethiopia wild
57 3520 No. 4 Etiopia x 48989 Ethiopia Hybrid 175 4902 E-533 Ethiopia Wild
58 3534 No. 19 Etiopiax 48989 Ethiopia Hybrid 176 4903 E-534 Ethiopia Wild
59 3545 No. 31 Etiopiax 48989 Ethiopia Hybrid 177 4909 E-540 Ethiopia wild
60 3567 | Kents Indiax 49406 India Hybrid 178 4918 E-549 Ethiopia Wild
Mibirizi No.49, Belgian Belgian . - .
1 22 ! H 17 4927 E- Eth Wil
6 36 Congo x 51149 Congo ybrid 9 9 559 thiopia ild
Red tipped, Etiopia x - ) - .
62 3628 51356 Ethiopia Hybrid 180 4933 E-565 Ethiopia wild
63 3635 | Cumbaya Ecuador Variety 181 4946 E-1 Ethiopia wild
Ta-Ku(Java), Sample a . . . - .
64 3674 Taiwan x 53083 Taiwan Hybrid 182 4950 E-12 Ethiopia wild
Var-X le B tai
65 | 3675 5;88553””"9 @WaNX | raiwan Hybrid 183 | 4951 | E-16 Ethiopia wild
Seleccion Geisha (4-
66 3682 | 4)(205928),Castarier Puerto Rico Hybrid 184 4952 E-20 Ethiopia wild
Puerto Ricox 53632
Seleccion Castafiar 22- . . - .
67 3689 1196, Puerto Rico x 53 Puerto Rico Hybrid 185 4957 E-324 Ethiopia wild
. . - Natural
68 3690 | Cambodiax 53688 Cambodia Robusta 186 5136 Moka Ethiopia -
Geisha Castafier. Puert Icatu, MundoNovo x
69 3722 .e|s atastaner, FUeMo | o artoRico Hybrid 187 5162 (Robusta x Bourbon Brazil Hybrid
Rico x 54375 f
rojo) x Caturra
. . CIFCHW-26/13 19/1 .
70 3747 San Rafael Costa R Vi t 188 5175 Port | Hybrid
an Rafae osta Rica ariety Caturra x 832/1 ortuga ybri
71 | 3786 S:ag';‘:i”a Madasgascar | \1.qagascar |  Hybrid 189 | 5208 | Agaros-4sB-473 Colombia | selection
Bourbon Amarill CIFCH-151/1 5-28823
72 | 3820 | SourbonAmarnto, PuertoRico | Hybrid 190 | 5233 | 33/1xS4Agaro Portugal Hybrid
Puerto Ricox 60396
110/5-1
73 3845 H-66 selftree 875 Puerto Rico | selection 191 5267 Catuai Costa Rica Variety
Catimor(B-60803
74 3852 KP-532 selftree 38 Puerto Rico | selection 192 5269 Hibrido HW- Portugal Hybrid
26/13)hw-2619/1
75 3856 | Caturra XGeisha R4-T4 Puerto Rico Hybrid 193 5324 Catuairojo Costa Rica Variety
76 3871 | Zeghie Etiopia x 62275 Ethiopia Hybrid 194 5325 Catuai amarillo Costa Rica Variety
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C-68-1.7-33 Seleccion

77 3956 Babbaka Ethiopia Variety 195 6366 31 Costa Rica | selection
Catimor UFV 2326
. . Natural 19/1 caturrax 832/1 . )
78 4077 | Variegata Colombia mutant 196 8655 Hibrido de B-61813 Brazil Hybrid
Timor
79 4080 | Maragogipeamarillo Colombia Variety 197 10589 | Villalobos Costa Rica Variety
80 4089 | Arabica Colombia selection 198 12523 Clon7357n0.1 The US selection
. Caturra rojox Hibrido
81 | 4133 | Seleccion 353 4/5 Portugal | selection 199 | 12841 | deTimor(INMC32-3) | Mexico Hybrid
CRRC 35/9 . .
Catimor Cenife
Cavimor F3 UFV 3552
82 4196 Pluma Hidalgo Mexico Variety 200 15185 F21091-732 T1 UFV Brazil Hybrid
F1357-28 CIFCH-528
83 4249 | Anomala no.1 Colombia selection 201 16689 ETO1 Ethiopia wild
84 4250 | Goiaba Colombia Variety 202 16690 ETO2 Ethiopia wild
85 | 4276 | Mibirizi 49-1848 Bceo'ﬁ'g’"o" selection 203 | 16694 | IRCC206ET8 Indonesia wild
. Belgian . - .
86 4288 Irgalen Kella Sidano Congo cultivar 204 16714 ET27 Ethiopia wild
87 4305 | Geisha Malawi Variety 205 16725 ET41 Ethiopia wild
88 4319 KP-228 Malawi selection 206 16729 ET47 Ethiopia wild
Catuai amarillo UFV
89 4338 | M-7817 Ethiopia selection 207 16768 1116/354 F.E.PNCH Brazil selection
2077
Catuai amarillo ufv
90 4353 | Cubujuquio SanJoaquin | Costa Rica cultivar 208 16769 1117/244f.e pnch Brazil selection
2077
Catuai rojoUFV
91 4376 | Mosquey Venezuela cultivar 209 16782 2197/194CH 2077/2 Brazil selection
5-72
Sarchimor F3 IAC
Hibrido de timor CRRC . 1669/31-1CIFC H- . .
92 4387 Port | Hybrid 210 16784 B | Hybrid
1343/80 ortuga yor! 361/971-10 Villasarchi raz yert
X 832/2
93 4472 | E-7 Ethiopia wild 211 17205 L 268 et 32 bc5 Cameroon wild
94 4475 E-19 Ethiopia Wild 212 17208 L 279 et 35 bc2 Cameroon Wild
95 4479 E-301 Ethiopia wild 213 17223 L-320 ET38 C10 Cameroon wild
96 4480 | E-302 Ethiopia wild 214 17231 L 334 et 45c7 Cameroon wild
97 4483 E-305 Ethiopia Wild 215 17232 L-334 ET45 C7 Cameroon Wild
98 4494 E-46 Ethiopia wild 216 17233 L-336 ET46 C3 Cameroon wild
Q 24787 Caturra
99 4497 | E-67 Ethiopia wild 217 17234 | amarilloUFV 2199 Brazil Hybrid
LCH2077-2
Cati F4 UFV 4586
100 | 4501 | E-37 Ethiopia wild 218 17598 Caturra amarilloX Brazil Hybrid
H.Timor CENECAFE
101 | 4502 | E-38 Ethiopia Wild 219 17601 | CH 7313-12 SH2 Brazil Selection
102 | 4504 | &s53 Ethiopia wild 220 | 17931 | MR-422Lineade Colombia | Selection
Catimor granorojo
T.H.-40, Hibrido F2,
103 4507 E-56 Ethiopia wild 221 19858 Jimma 4 (T.2253) X Costa Rica Hybrid
Bourbon rojo (T.995)
T.H.-309 (Laurina
L . T.4059 x Maragogipe . .
104 4514 E-72 Ethiopia wild 222 19956 T.2312)x E-550 Costa Rica Hybrid
(T.4919)
105 4517 E-68 Ethiopia wild 223 21230 | Java Indonesia Variety
106 4521 E-318 Ethiopia Wild 224 21263 ET-07 Indonesia Wild
107 4533 E-495 Ethiopia wild 225 21264 ET-08 Indonesia wild
108 4555 E-482 Ethiopia Wild 226 21282 ET-23 Indonesia Wwild
109 4558 E-486 Ethiopia wild 227 21283 ET-23 Indonesia Wild
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110 | 4568 | E-134 Ethiopia wild 228 21290 ET-29 Indonesia wild
111 4569 E-146 Ethiopia wild 229 21297 ET-34B Indonesia wild
112 | 4574 | Ennarea E-151 Ethiopia wild 230 21315 ET-59 Indonesia wild
113 | 4577 | Ennarea E-154 Ethiopia wild 231 21317 Catuai Costa Rica Variety
114 4578 Ennarea E-155 Ethiopia Wild 232 21363 Sarchimor-T.5296 Costa Rica Variety
115 | 4580 | Ennarea E-157 Ethiopia wild 233 21364 | Catimor-T.05175 Costa Rica Variety
116 4608 Ennarea E-350 Ethiopia Wwild 234 21372 C. brevipes Indonesia | C. brevipes
117 | 4614 | Coleccion E-498 Ethiopia Wild 235 | 21398 E(i)lz)rlgdcoiolr; jégsrega o | CostaRica | Hybrid
118 | 4616 | Coleccion E-500 Ethiopia Wild

(Highlighted in red: Different species to C. arabica; 221 white background: samples used in non-targeted volatile

analysis; 14 grey background: additional samples used in non-volatile analysis)

Table S4.2 Degree of roast

GOURMET SCALE / COMMERCIAL SCALE /SCAA TILE
GROUND COFFEE SCORE CORRELATION

CLASSIFICATION GOURMET SCALE COMMERCIAL SCALE SCAA TILE

Undeveloped 100 754 -NO TILE-

Extremely Light 95 T1.7 #95
1] 90 68.0 -NO TILE-

Very Light &5 6d.3 #85
80 60.6 -NO TILE-

Light 75 56.9 #75
70 531 - NO TILE-

Medium Light 65 494 #635
60 457 -NO TILE-

Medium 55 420 #55
50 383 -NO TILE-

Medium Dark 45 34.6 #45
40 30.8 -NO TILE-

Doark 35 271 #35
® 30 234 -NO TILE-

Very Dark 25 19.7 #25
Extremely Dark 20 16.0 -NO TILE-

Organic Matter Reduced 0 0.0 -NIA-
To Carbon

© Agtron 90 Score similar to Cinnamon Roast
8 Agtron 30 Score represents the nominal development for ltalian / French Roast

Copyright Agtron Incorporated 1986 / Revised 01/30/04
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Table S4.3 List of isotope labelled internal standards and volatiles identified

. Conc in
No . Isotope labelled Class Compounds quantified SJELE 2g coffee
internal standards (uh (L)
1 | d6-2,3-butanedione Ketones 2,3-butanedione 100 500
2 | d2-3-methylbutanal-2,2 3-methylbutanal 100 500
3 | d5-2,3-pentanedione- Aldehydes methylpropanal 100 500
111,44 3-methylbutanal
2-methylbutanal
(E)-2-nonenal
2,3-pentanedione
d9-ethyl-2- Esters
4 | methylbutyrate ethyl-2-methylbutyrate 100 50
5 | d6-limonene Terpenes D-limonene 100 53
6 | d5-4-ethyl- Phenolic guaiacol 100 50
2methoxyphenol compounds 4-ethylguaiacol
4-vinylguaiacol
7 | d3-linalool (d3-vinyl) Terpenes linalool 100 50
geraniol
Norisopre-
noids beta damascenone
8 | d3-2-isobutyl-3- Pyrazines 2,5-dimethylpyrazine 100 50
methoxypyrazine 2,3-dimethylpyrazine
2-ethyl-3,6-dimethylpyrazine
2-ethyl-3,5-dimethylpyrazine
2,3-diethyl-5-methylpyrazine
3-isobutyl-2-methoxypyrazine
N . . Scores
10 1
8
N
4]
R 2 25-1
§ 0 . 25‘—2
g 2]
4] 10g-1
6] oo
8
-104 100-2
[ T S R S 2 4 8 10 12 14 16 18

Figure S4.1 PCA of 4 batch sizes (25, 50, 75 and 100 g) in duplicates used in roast based on TIC data.
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Figure S4.2 Peak area of 10 selective compounds of 4 batch sizes used in roast
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Figure S4.3 PCA of fresh (in blue) and stored (in red) beans based on TIC data.
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Figure S4.4 Changes of the volatiles between fresh and stored samples (left — accession no. 4700; right —
accession no. 4631).

Table S4.4 Samples selected for quantification

No | Code Name Country Type
Low in concentration of selective compounds
1 1993 | Goiaba coleccion 11 (552) Brazil selection
2 | 2250 | Batie-1 Ethiopia | selection
3 | 2268 | San Martin Guatemala | Variety
4 | 2733 |S.L34 Kenia selection
5 | 3519 | No.2 Etiopia x 48989 Ethiopia Hybrid
6 | 3567 |Kents India x 49406 India Hybrid
Catimor UFV 2326 19/1 Caturra x 832/1 Hibrido . .
7 | 8655 de B-61813 Timor Brazil Hybrid
Sarchimor F3 IAC 1669/31-1 CIFC H-361/971-10 . .
16784 Villasarchi x 832/2 Brazil Hybrid
9 | 17205 | L 268 et32 bch Cameroon Wild
10 | 17208 | L 279 et 35 bc2 Cameroon Wild
11 | 17223 | L-320 ET 38 C10 Cameroon Wild
12 | 17231 | L 334 et 45c7 Cameroon Wild
13 | 21264 | ET-08 Indonesia Wild
14 | 4857 | E-457 Ethiopia Wild
15 | 4909 |E-540 Ethiopia Wild
High in concentration of selective compounds
1 | 3483 | Robusta Sri Lanka Robusta
2 | 3747 | San Rafael Costa Rica Variety
3 | 4196 |Pluma Hidalgo Mexico Variety
4 | 4288 | Irgalen Kella Sidano Belgian Congo cultivar
5 | 4376 | Mosquey Venezuela cultivar
6 | 3820 |Bourbon Amarillo, Puerto Rico x 60396 Puerto Rico Hybrid
7 | 4387 |Hibrido detimor CRRC 1343/80 Portugal Hybrid
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8 | 4494 |E-46 Ethiopia Wild
9 | 4555 |E-482 Ethiopia Wild
10 | 4816 | Coleccion E-500 Ethiopia Wild
11 | 4634 |E-361 Ethiopia Wild
12 | 4693 | Limnu E-188 Ethiopia Wild
13 | 4918 | E-549 Ethiopia wild
14 | 4629 |E-356 Ethiopia Wild
15 | 4631 | E-358 Ethiopia Wild
Outlying wild type genotypes
1 | 4636 | E-363 Ethiopia Wild
2 | 4558 |E-486 Ethiopia Wild
3 | 4568 |E-134 Ethiopia wild
4 | 4574 | Ennarea E-151 Ethiopia Wild
5 | 4685 |Limnu E-171 Ethiopia Wild
Total: 35 accessions

! a2 1250073 11425
0.9
£25 11 11.208
03 » 4328 s 10.258
: 47; 55 . .
. e
' . arﬁnh 3 18 . oo *
08 2138 €E07 #2750 R 1056
b 4957 b b 14 7 .
! 4133
05 78 . BE 4778 ﬁ%ﬁ 278 4494 .
0.4 * * 4502 4?52 7017, 2 nﬁaa;\ 2;: 580 3820
’ 14574 *
N ot
03 .
15??@’ 15. E‘ré 3 _-‘.‘33’:[;"_ 15.3%5 s ?25
0.2 3165 458810 5: ”is 259550 45:& 17 B2 e
3129 . e 4288
g 0.1 3555993 210§ 4881 . 4% 1305 .v-a.-z . 4558 real 15. 32\‘22: . 45.55
.. ” Do o . 73 4198
T . 15 4804 ‘ﬂi?ZQa'ﬂgz . 2 4é?9f 1167 11?%1{@ . 1316878 :
-" v 5 ¥
& * 2 4754 g 2?5%4 Sa@me 4700
i - 8. 2 &
o * WE%% % 513{5!1 4530081 s %5 1358
2250 19 91 5132 990 o 47d3 o358
024\ 17223 7, g 15?59 2 - .
1 4315.2 ﬂEz i 42598 2 ..4535 4378
- 17205 4?2%‘ 883 .
03 535 4 . . . .
. 3 s » s 1”3?"‘8 75 4574
0 3534.15690. 4953199533493 El AT ] 966 .
: x <575 uIE g oes Qwag 9.008 4534
05 3T * agr e . * . .
- . 5.883 1 aﬁ 2: 13 4693
06 : . 132 . 4529
21.267 11 21'! 783, 8'*" ¢
07 13.79236821.258
. . * 2125 4887
038 19.008 *
12.825 . 4631
03 . *
-1
06 05 0.4 03 02 01 0 0.1 0.2 0.3 0.4 0.5 08 07 0.3 0.9 1

PC-1(17%)

Figure S4.5 PCA of the coffee germplasm collection based on morphology, non-volatile and 100

selected chromatographic data

(Blue: accessions, Red: the variables (Rt), circle: outliers — out of the circle).

Table S5.1 Assembly improvement using GapCloser and Scaffolders with lllumina sequencing reads

Software SOAPdenovo GATﬁ!;) Ser (§tSaF;|g§rE) GA?ZC,EL())SE r
Contig metrics
# contigs 602,834 276,322 411,313 320,474
Ave. contig size 1111 2,944 2,236 3,135
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Contig N50 2,063 6,284 6,571 8,522
Scaffold metrics

# scaffolds 120,114 120,578 110,179 110,443

Ave. scaffold size incl. gaps 8,118 8,155 12,281 12,277

Ave. scaffold size w/o gaps 5,575 6,747 8,346 9,098
Scaffold N50 16,569 16,694 27,147 27,310

Max scaffold size 175,948 176,350 389,435 389,501

Min scaffold size 1,000 1,000 1,000 1,000

;;;2' genome length incl. 75 474 759 983,303,576 1353166521  1,355930,976
Total genome length w/o gaps 669,693,502 813,528,413 919,608,986 1,004,783,410
Gap metrics

Captured gaps 482,683 155,718 359,134 210,009

Max gap 27,925 27,658 27,658 27,658

Mean gap 633 1,090 1,207 1,672

Gap N50 3,731 4,751 4,957 5,270

Total gap length 305,378,544 169,774,888 433,614,750 351,147,504

Table S5.2 Assembly improvement using GapClosers and Scaffolders with PacBio longreads

GAPCloser SSPACE-
Assembler (Hlumina Longsreads gﬁlfrﬁilr?:?rgads) (PPigeBI;gzlreads)
reads) (PacBio reads)
Contig metrics
# contigs 320,474 320,178 283,660 265,687
Max contig 183,259 183,259 186,627 186,701
Mean Contig 3,135 3,148 3,778 4,393
Contig N50 8,522 8,592 10,133 12,184
Contig N90 1,392 1,400 1,732 2,110
Total contig length 1,004,783,410 1,007,838,579 1,071,793,316 1,167,243,096
Assembly GC (%) 37.00 36.63 36.71 36.76
Scaffold metrics
# scaffolds 110,443 76,673 76,673 76,409
Max scaffold 389,501 755,558 757,040 769,411
Mean scaffold 12,277 18,292 18,314 18,954
Scaffold N50 27,310 52,292 52,431 54,544
Scaffold N90 5476 8,105 8,105 8,145
?e_‘r’g‘t'hscaffo'd 1355930976  1,402,516,201 1,404,209,962 1,448.282,977
Gap metrics
Captured gaps 210,031 243,505 206,987 189,278
Max gap 27,658 27,658 27,141 27,141
Mean gap 1672 1,621 1,606 1,485
Gap N50 5,270 4,844 5,050 5,282
Total gap length 351,147,566 394,677,622 332,416,646 281,039,881
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Table S6.1 Accessions of low- and high-caffeine used in DNA bulking for XP-GWAS

No Code Accession hame Origin Type Content (%)
18 accessions lowest in caffeine
1 2299 Laurina 1 Costa Rica Natural mutant 0.82
2 4755 E-232 Ethiopia wild 0.93
3 4713 E-190 Ethiopia wild 0.98
4 4276 Mibirizi 49-1848 Congo Belga Natural mutant 1.00
5 2676 Laurina 2 Cameroon Natural mutant 1.00
6 3722 Geisha Castafier, Puerto Rico x 54375 Puerto Rico Hybrid 1.01
7 2733 SL34 Kenia Selection 1.02
8 2919 Jackson 2 Congo Selection 1.03
9 978 Maragogipe Guatemala Variety 1.04
10 2743 Series L Kenia Selection 1.05
11 3871 Zeghie Etiopia x 62275 Ethiopia Hybrid 1.05
12 3845 H-66 self tree 875 Puerto Rico selection 1.06
13 2722 Geisha VC-496 Tanzania Variety 1.08
14 2249 Dessie Ethiopia Variety 1.09
15 4892 E-524 Ethiopia wild 1.09
16 4909 E-540 Ethiopia wild 1.10
17 4918 E-549 Ethiopia wild 1.10
18 6366 C-68-1.7-33 Seleccién 31 Costa Rica Selection 1.10
Awerage 1.03
18 accessions highest in caffeine
1 4629 E-356 Ethiopia wild 1.38
4631 E-358 Ethiopia wild 141
3 4712 E-189 Ethiopia wild 1.42
Lejeune 15 line 0144 Zona Strada Bandera ovest
4 3494 X 48849 Ethiopia Hybrid 1.42
Icatu, Mundo Novo x (Robusta x Bourbon rojo) x

5 5162 Caturra Brazil Hybrid 1.42
6 4608 Ennarea E-350 Ethiopia Wild 1.43
7 4533 E-495 Ethiopia wild 1.44
8 4877 E-510 Ethiopia wild 1.44
9 4494 E-46 Ethiopia wild 1.46
10 4555 E-482 Ethiopia wild 1.47
11 4133 Seleccion 353 4/5 CRRC 35/9 Portugal Selection 1.47
12 21315  ET-59 France wild 1.47
13 4569 E-146 Ethiopia wild 1.49
14 4837 E-437 Ethiopia wild 151
15 4875 E-508 Ethiopia wild 151
16 3956 Babbaka Ethiopia Variety 1.52
17 3545 No. 31 Etiopia x 48989 Ethiopia Hybrid 1.55
18 3622 Mibirizi No.49, Belgian Congo x 51149 Congo Belga Hybrid 1.76
Awverage 1.48
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Table S6.2 Accessions of low- and high- trigonelline used in DNA bulking for XP-GWAS

No Code Accession name Origin Type Content (%)
18 accessions lowest in trigonelline
1 16729 ET47 Ethiopia Wild 0.80
2 4755 E-232 Ethiopia Wild 0.85
3 4685 Limnu E-171 Ethiopia Wild 0.85
4 4276 Mibirizi 49-1848 Congo Belga  Natural mutant 0.89
5 4483 E-305 Ethiopia Wild 0.93
6 17232 L-334 ET45 C7 Camerun Wild 0.94
7 16690 ET02 Ethiopia Wild 0.94
8 16782 Catuai rojo UFV 2197/194 CH 2077/2 5-72 Brasil Selection 0.94
9 16769 Catuai amarillo ufv 1117/244 fepnch 2077 Brasil Selection 0.95
Catimor UFV 2326 19/1 caturra x 832/1
10 8655 Hibrido de B-61813 Timor Brasil Hybrid 0.96
11 3622 Mibirizi No.49, Belgian Congo x 51149 Congo Belga ~ Hybrid 0.96
12 5324 Catuai rojo Costa Rica Selection 0.96
13 4897 E-529 Ethiopia Wild 0.96
14 2743 Series L Kenia Selection 0.96
15 6366 C-68-1.7-33 Seleccion 31 Costa Rica Selection 0.97
16 4319 KP-228 Malawi Selection 0.97
17 4479 E-301 Ethiopia Wild 0.97
18 3845 H-66 self tree 875 Puerto Rico Selection 0.97
Awerage 0.93
18 accessions highest in trigonelline
Seleccion Ceisha (4-4)(205928),Castafier Puerto
1 3682 Rico x 53632 Puerto Rico Hybrid 1.27
2 3433 Purpurascens Brazil x 47127 Brasil Hybrid 1.27
3 3520 No. 4 Etiopia x 48989 Ethiopia Hybrid 1.28
4 2722 Geisha VC-496 Tanzania Variety 1.28
5 2920 Local Bronza 8 Congo Selection 1.28
6 4338 M-7817 Ethiopia Selection 1.29
7 990 Surinam El Salvador Variety 1.33
8 4494 E-46 Ethiopia Wild 1.29
9 3473 Kents Ceylon x 48705 Ceylan Hybrid 1.29
10 4878 E-511 Ethiopia Wild 1.29
11 4353 Cubujuqui o San Joaquin Costa Rica Cultivar 1.30
12 4497 E-67 Ethiopia Wild 1.30
13 4569 E-146 Ethiopia Wild 131
14 4712 E-189 Ethiopia Wild 131
15 986 Purpurascens Guatemala Variety 1.32
16 4133 Seleccion 353 4/5 CRRC 35/9 Portugal Selection 1.35
17 3411 Columnaris Panama Natural mutant 1.38
18 4080 Maragogipe amarillo Colombia Variety 1.38
Awverage 1.31
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Table S6.3 Number of mapped reads and coverage when aligned to the C. canephora genome

reference using different settings

Bulk LFO05and S LS10and SF0.8 LF10and SF LF 1.0 and SF
0.8 (Default) 0.9 0.95
Mapped Ave. Mapped Ave. Mapped Ave. Mapped Ave.
reads coverage reads coverage reads coverage reads coverage
(%) (%) (%) (%)
1 95.53 50 88.57 46 78.89 44 62.69 35
2 95.17 71 88.27 64 78.68 60 62.68 49
3 95.07 67 88.21 61 78.72 57 62.78 46
4 95.24 42 88.30 58 78.66 36 62.54 29
Awe. 9525 58 88.34 57 78.74 49 62.67 40

Table S6.4 Number of mapped reads and coverage when aligned to different reference genomes

using the same mapping setting (LF 1.0 and SF 0.8)

Buk C.canephora (1) C.eugenioides (2) Combined (1) and (2) C. arabica
Mapped Awve. Mapped  Ave. Mapped Ave. Mapped Ave.
reads coverage reads coverage reads coverage reads coverage
(%) (%) (%) (%)

1 88.57 46 87.02 43 94.01 23 93.31 29
2 88.27 64 86.76 61 93.65 32 92.92 40
3 88.21 61 86.77 60 93.61 31 92.98 38
4 88.30 58 86.84 36 93.71 19 93.04 24

Ave. 88.34 57 86.85 50 93.75 26 93.06 33

Table S6.5 Enzymes and pathways recorded from Blast2GO analysis of 1,351 TAVs for caffeine

using CC and CE genomes as reference

No Enzymes Pathways
1 EC:1.1.1.205 - dehydrogenase Drug metabolism - other enzymes, Purine metabolism

EC:6.3.5.5 - synthase (glutamine-
2 hydrolysing) Pyrimidine metabolism, Alanine, aspartateand glutamate metabolism
37TEC:11.17 Tlactoperoxidase Pheny Ipropanoid biosynthesis

EC:3.6.1.3 -
4 adenylpyrophosphatase Purine metabolism
5 EC:2.1.1.53 - N-methyltransferase ~ Tropane, piperidine and pyridine alkaloid biosynthesis

Amino sugar and nucleotide sugar metabolism, Pentose and glucuronate

6 EC:2.7.7.9 —uridylyltransferase interconversions, Galactose metabolism, Starch and sucrose metabolism,

Biosynthesis of antibiotics

EC:1.17.1.4 - dehydrogenase

Purine metabolism
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EC:2.4.2.18 -

8  phosphoribosy Itransferase Pheny lalanine, tyrosine and tryptophan biosy nthesis, Biosy nthesis of antibiotics
EC:6.3.5.4 - synthase (glutamine-
9 hydrolysing) Alanine, aspartate and glutamate metabolism
10 EC:3.6.3.6 - ATPase Oxidative phosphory lation
11  EC:3.1.3.16 - phosphatase T cell receptorsignaling pathway, Thland Th2 cell differentiation
12 EC:2.7.1.67 - 4-kinase Inositol phosphate metabolism, Phosp hatidy linositol signaling system
13  EC:3.2.1.26 - invertase Galactose metabolism, Starch and sucrose metabolism
14 EC:1.10.3.1 - oxidase Isoquinoline alkaloid biosynthesis, Tyrosine metabolism
Propanoate metabolism, Valine, leucine and isoleucine degradation, Glycine,
15 EC:1.8.1.4 —dehydrogenase serine and threonine metabolism, Glycolysis/ Gluconeogenesis, Pyruvate
metabolism, Citrate cycle (T CA cycle), Biosynthesis of antibiotics
Amino sugar and nucleotide sugar metabolism, Ascorbateand aldarate
16 EC:2.7.7.64 — uridylyltransferase metabolism, Pentoseand glucuronate interconversions, Galactose metabolism,
Biosynthesis of antibiotics
17 EC:1.14.11.15 - 3beta-dioxygenase  Diterpenoid biosynthesis
18 EC:4.3.3.2 - synthase Indole alkaloid biosynthesis
19 EC:1.3.99.6 - 4-dehydrogenase Steroid hormone biosynthesis
20 EC:1.14.13.8 - monooxygenase Drug metabolism - cytochrome P450
EC:2.4.1.12 - synthase (UDP-
21  forming) Starch and sucrose metabolism
Tryptophan metabolism, Glyoxylateand dicarboxy late metabolism, Biosynthesis
22 EC:1.11.1.6 - equilase of antibiotics
23 EC:2.1.3.3 - carbamoyItransferase Biosynthesis of antibiotics, Arginine biosynthesis
Isoquinoline alkaloid biosynthesis, Tyrosine metabolism, Tryptophan
24 EC:4.1.1.28 — decarboxy lase metabolism, Histidine metabolism, Phenylalanine metabolism, Betalain
biosynthesis, Indole alkaloid biosynthesis
EC:5.4.2.8 - mannose Amino sugar and nucleotide sugar metabolism, Biosy nthesis of antibiotics,
25 phosphomutase Fructose and mannose metabolism
Nitrogen metabolism, Glyoxylate and dicarboxy late metabolism, Arginine
26 EC:6.3.1.2 - synthetase biosynthesis, Alanine, aspartate and glutamate metabolism
Biosynthesis of unsaturated fatty acids, Fatty acid degradation, alpha-Linolenic
27 EC:1.3.3.6 - oxidase acid metabolism
Cyanoamino acid metabolism, Starch and sucrose metabolism, PhenyIpropanoid
28 EC:3.2.1.21 - gentiobiase biosynthesis
EC:2.5.1.1 - geranyl-diphosphate
29 synthase Biosynthesis of antibiotics, Terpenoid backbone biosynthesis
Biosynthesis of antibiotics, Alanine, aspartate and glutamate metabolism, Purine
30 EC4.3.2.2 -lyase metabolism
31 EC:2.7.7.6 - RNA polymerase Pyrimidine metabolism, Purine metabolism
32 EC:2.7.7.7 - DNA polymerase Pyrimidine metabolism, Purine metabolism
EC:2.1.1.37 - (cytosine-5-)-
33 methyltransferase Cysteine and methionine metabolism
34 EC:2.8.1.8 - synthase Lipoic acid metabolism
35 EC:2.6.1.83 - aminotransferase Lysine biosynthesis, Biosy nthesis of antibiotics
36 EC:3.6.1.15 - phosphatase Thiamine metabolism, Purine metabolism
EC:3.1.3.41 - nitropheny|
37 phosphatase Aminobenzoate degradation
EC:2.7.10.2 - protein-tyrosine
38 kinase T cell receptor signaling pathway
39 EC:3.2.1.15 - pectindepolymerase  Pentoseand glucuronate interconversions
40 EC:3.2.1.48 - alpha-glucosidase Starch and sucrose metabolism
41 EC:2.7.1.158 - 2-kinase Inositol phosphate metabolism, Phosp hatidy linositol signaling system
42 EC:2.7.4.14 - kinase Pyrimidine metabolism
43 EC:3.5.4.5 - deaminase Drug metabolism - other enzymes, Py rimidine metabolism
44 EC:6.3.2.17 - synthase Folate biosynthesis
45 EC:1.14.13.78 - oxidase Diterpenoid biosynthesis
Other glycan degradation, Galactose metabolism, Sphingolipid metabolism,
46 EC:3.2.1.23 - lactase (ambiguous) Glycosaminoglycan degradation, Glycosphingolipid biosynthesis - ganglio series
47 EC:3.2.1.14 - ChiC Amino sugar and nucleotide sugar metabolism
48 EC:2.4.1.11 - synthase Starch and sucrose metabolism
Cysteine and methionine metabolism, Arginine and proline metabolism, beta-
49 EC:2.5.1.16 - synthase Alanine metabolism, Glutathione metabolism

Table S6.6 Enzymes and pathways recorded from Blast2GO analysis of 1,060 TAVs

trigonelline using CC and CE genomes as reference
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No Enzymes Pathways
1 EC:6.1.1.17 - ligase Porphyrin and chlorophy Il metabolism, Aminoacy I-tRNA biosynthesis
2 EC:1.14.13.73 - 16-hydroxylase Indole alkaloid biosynthesis
3 EC:1.1.1.31 - dehydrogenase Valine, leucine and isoleucine degradation
4 EC:4.99.1.1 - ferrochelatase Porphyrin and chlorophy Il metabolism
EC:3.2.1.39 - endo-1,3-beta-D-
5 glucosidase Starch and sucrose metabolism
6 EC:1.11.1.7 - lactoperoxidase Pheny Ipropanoid biosynthesis
EC:3.6.1.3 -
7  adenylpyrophosphatase Purine metabolism
8 EC:3.2.1.37 - 1,4-beta-xylosidase Amino sugar and nucleotide sugar metabolism
9 EC:2.1.1.53 - N-methyltransferase ~ Tropane, piperidine and pyridine alkaloid biosynthesis
10 EC:1.1.1.145 - dehydrogenase Steroid degradation, Steroid hormone biosynthesis
EC:1.14.18.1 - monophenol
11  monooxygenase Betalain biosynthesis, Isoquinoline alkaloid biosynthesis, Tyrosine metabolism
12 EC:1.2.1.38 - reductase Arginine biosynthesis, Biosynthesis of antibiotics
13 EC:2.7.1.138 - kinase Sphingolipid metabolism
14 EC:3.2.1.26 - invertase Galactose metabolism, Starch and sucrose metabolism
15 EC:1.10.3.1 - oxidase Isoquinoline alkaloid biosynthesis, Tyrosine metabolism
EC:2.6.1.16 - transaminase Amino sugar and nucleotide sugar metabolism, Biosynthesis of antibiotics,
16  (isomerizing) Alanine, aspartate and glutamate metabolism
177 EC114.11.15 - 3beta-dioxygenase  Diterpenoid biosynthesis
18 EC:2.1.1.45 - synthase One carbon pool by folate, Pyrimidine metabolism
19 EC:2.7.1.33 - kinase Pantothenate and CoA biosynthesis
20 EC:1.14.13.8 - monooxygenase Drug metabolism - cytochrome P450
21 EC:6.1.1.18 - ligase Aminoacy I-tRNA biosynthesis
22 EC:2.1.1.43 - N-methyltransferase ~ Lysine degradation
23 EC:2.1.3.3 - carbamoyltransferase Arginine biosynthesis, Biosynthesis of antibiotics
Drug metabolism - cytochrome P450, M etabolism of xenobiotics by cytochrome
24 EC:2.5.1.18 - transferase P450, Glutathione metabolism
25 EC:2.1.2.2 - formyltransferase One carbon pool by folate, Purine metabolism, Biosynthesis of antibiotics
Starch and sucrose metabolism, Pheny Ipropanoid biosynthesis, Cyanoamino acid
26 EC:3.2.1.21 - gentiobiase metabolism
EC:2.5.1.1 - geranyl-diphosphate
27  synthase Terpenoid backbone biosynthesis, Biosy nthesis of antibiotics
28 EC:2.7.7.6 - RNA polymerase Purine metabolism, Pyrimidine metabolism
Pheny lalanine, tyrosine and try ptophan biosynthesis, Biosynthesis of antibiotics,
29 EC:4.2.1.20 - synthase Glycine, serine and threonine metabolism
30 EC:2.7.7.7 - DNA polymerase Purine metabolism, Pyrimidine metabolism
Aflatoxin biosynthesis, Carbon fixation pathways in prokaryotes, Propanoate
31 EC:6.4.1.2 — carboxylase metabolism, Pyruvate metabolism, Biosynthesis of antibiotics, Fatty acid
biosynthesis
32 EC:1.5.1.3 - reductase One carbon pool by folate, Folate biosynthesis
Galactose metabolism, Sphingolipid metabolism, Glycerolipid metabolism,
33  EC:3.2.1.22 - melibiase Glycosphingolipid biosynthesis - globo and isoglobo series
34 EC:1.14.11.13 - 2beta-dioxygenase  Diterpenoid biosynthesis
35 EC:2.6.1.83 - aminotransferase Lysine biosynthesis, Biosynthesis of antibiotics
36 EC:3.6.1.15 - phosphatase Thiamine metabolism, Purine metabolism
EC:3.2.1.55 - end alpha-L-
37 arabinofuranosidase Amino sugar and nucleotide sugar metabolism
38 EC:3.2.1.15 - pectindepolymerase  Pentoseand glucuronate interconversions
Ubiquinone and other terpenoid-quinone biosynthesis, Tyrosine metabolism,
39 EC:1.13.11.27 - dioxygenase Pheny lalanine metabolism
40 EC:1.10.3.3 - oxidase Ascorbate and aldarate metabolism
41 EC:3.2.1.48 - alpha-glucosidase Starch and sucrose metabolism
EC:1.1.1.44 - dehydrogenase
(NADP+-dependent,
42  decarboxy lating) Biosynthesis of antibiotics, Pentose phosphate pathway, Glutathione metabolism
EC:2.4.1.69 - 1 galactoside alpha- Glycosphingolipid biosynthesis - globo and isoglobo series, Glycosphingolipid
43 (1,2)-fucosyltransferase biosynthesis - lacto and neolacto series
44 EC:1.1.1.288 - dehydrogenase Carotenoid biosynthesis
45 EC:3.2.1.3 - 1,4-alpha-glucosidase Starch and sucrose metabolism
46 EC:3.1.1.1 - ali-esterase Drug metabolism - other enzymes
Galactose metabolism, Sphingolipid metabolism, Glycosaminoglycan
47 EC:3.2.1.23 - lactase (ambiguous) degradation, Glycosphingolipid biosynthesis - ganglio series, Other glycan
degradation
48 EC:3.2.1.14 - ChiC Amino sugar and nucleotide sugar metabolism

167



49

EC:2.4.1.11 - synthase

Starch and sucrose metabolism

50

EC:1.1.1.1 — dehydrogenase

Glycolysis / Gluconeogenesis, Chloroalkane and chloroalkene degradation,
Naphthalene degradation, Drug metabolism - cytochrome P450, M etabolism of
xenobiotics by cytochrome P450, Fatty acid degradation, alpha-Linolenic acid
metabolism, Biosynthesis of antibiotics, Retinol metabolism, Tyrosine
metabolism, Glycine, serine and threonine metabolism

51

EC:2.5.1.16 - synthase

Arginine and proline metabolism, Cysteineand methionine metabolism, beta-
Alanine metabolism, Glutathione metabolism
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Table S6.7 Detailed information of 64 TAVs for caffeine detected by using CC and CE genomes as reference followed by KEGG pathway analysis

No Substrate Pathways EC #seq Genes ID

1 PRPP - Phenylalanine, tyrosine and tryptophan -EC:24.2.18 - 1
biosynthesis phosphoribosyltransferase anthranilate chloroplastic-like 1

- . - EC:6.3.5.5 -synthase (glutamine-

- Pyrimidine metabolism hydrolysing) 1 LOB domain-containing 1-like 2

- Alanine, aspartate and glutamate - EC:6.3.5.5 -synthase (glutamine- 1
metabolism hydrolysing) LOB domain-containing 1-like 3
) Glutamine' -EC6.31.2 — Synthetase 1 g|utamme Synthetase 4
Glutamate - Glyoxylate and dicarboxylate metabolism - EC:6.3.1.2 —synthetase 1 glutamine synthetase 5
- Arginine biosynthesis - EC:6.3.1.2 —synthetase 1 glutamine synthetase 6
- Nitrogen metabolism - EC:6.3.1.2 —synthetase 1 glutamine synthetase 7
- Folate biosynthesis - EC:6.3.2.17 - synthase 1 dihydrofolate synthetase 8

SAICAR- . . . i . r
3 AICAR - Purine metabolism -EC4.32.2 -lyase 1 adenylosuccinate lyase-like 9
4 IMP-XMP - Purine metabolism - EC:1.1.1.205 - dEhydrogenase 1 inosine-5 _rnonophosphate dehydrogenase 2-like 10
11
5 Xanthine - Purine metabolism - EC:1.17.1.4 - dehydrogenase 1 xanthine dehydrogenase 1-like 12
- Cysteine and methionine metabolism -EC251.16 - synthase 1 Spermidine synthase 1 13
- EC:2.1.1.37 - (cytosine-5-)- . .
6 SAM methyliransferase 1 DNA (cytosine-5)-methyltransferase 1B-like 14
- Arginine and proline metabolism - EC:25.1.16 - synthase 1 Spermidine synthase 1 15
7 ATP-ADP - Purine metabolism - EC:3.6.1.3 —adenylpyrophosphatase 1 P-glyco 9 isoform 1 16
2 DNA mismatch repair MSH3 17
3 ABC transporter C family member 10-like 18
4 ATPase plasma membrane-type 19
calcium-transporting ATPase plasma membrane-

5 type 20
6 P-glyco 21 21
7 ATP-dependent RNA helicase DEAH13 29
8 DEAD-box ATP-dependent RNA helicase 23
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mitochondrial

9 probable phospholipid-transporting ATPase 5 24
10 ABC transporter B family member 11-like 25
1 DEAD-box ATP-dependent RNA helicase 37 26
12 RNA polymerase Il transcription factor B subunit2 57
13 ruvB 1 28
14 abc transporteri family member chloroplastic 29
15 ATP-binding cassette transporter 30
calcium-transporting ATPase plasma membrane-
16 type 31
17 topoisomerase | 32
18 probable manganese-transporting ATPase PDR2 33
DEAD-box ATP-dependent RNA helicase 17
19 isoform X1 34
- EC:3.6.1.15 — phosphatase 1 DNA mismatch repair MSH3 35
2 ABC transporter C family member 10-like 36
3 unnamed protein product 37
4 ATPase plasma membrane-type 38
calcium-transporting ATPase plasma membrane-
5 type 39
6 P-glyco 21 40
7 unnamed protein product 41
8 D -box ATP-dependent RNA helicase D 12-like 42
9 dynamin-related 5A 43
10 cell division homolog 2- chloroplastic-like 44
1 unnamed protein product 45
12 ATP-dependent RNA helicase DEAH13 46
DEAD-box ATP-dependent RNA helicase
13 mitochondrial 47
14 probable phospholipid-transporting ATPase 5 48
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15 twinkle homolog chloroplastic mitochondrial 49
16 unnamed protein product 50
17 ABC transporter B family member 11-like 51
18 E3 ubiquitin- ligase CIP8 52
19 DEAD-box ATP-dependent RNA helicase 37 53
20 RNA polymerase Il transcription factor B subunit2 54
21 elongation factor-like GTPase 1 55
22 ruvB 1 56
23 abc transporteri family member chloroplastic 57
24 ATP-binding cassette transporter 58
calcium-transporting ATPase plasma membrane-
25 type 59
26 topoisomerase | 60
DEAD-box ATP-dependent RNA helicase 17
27 isoform X1 61
28 kinesin KIN-14R 62
29 probable manganese-transporting ATPase PDR2 63
30 P-glyco 9 isoform 1 64
Table S6.7 (continued)
ID Chrom. Region Bulk 1 Bulk 2
Ref. Alle  Zyg Cov. Freqqr FR bal. Aw. qual. Zyg Cov. Freq. F/R bal. Aw. qual. AAC
1 CCllch04 12730180 A T het 24 25 0.33 3667 het 40 57 0.35 3517  Ser-Thr
2 CCLIch09 2619830 G het 21 52 0.38 35.36 het 48 23 0.33 35.91 Arg-Pro
3 CCllch09 2619830 G C het 21 52 0.38 35.36 het 48 23 0.33 35.91 Arg-Pro
4 CCLI1ch00 197044125 C T hom 21 100 0.29 3567  het 36 61 0.43 34.09 Glu-Lys
5 CCLIch00 197044125 C T hom 21 100 0.29 35.67 het 36 61 0.43 34.09 Glu-Lys
6 CCl.1ch00 197044125 C T hom 21 100 0.29 35.67 het 36 61 0.43 34.09 Glu-Lys
7 CCLIch00 197044125 C T hom 21 100 0.29 3567  het 36 61 0.43 3409  Glu-Lys
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g  CELIch02 1468986 T C het 23 78 0.39 35.83 het 34 24 0.20 34.38 His-Arg
g CEllch02 35626636 A T het 50 38 043 3542 et 60 57 0.37 3497 Tyr-Phe
10 CELIch04 11359176 C G het 22 59 0.23 35.31 het 29 38 0.43 3391 His-Gln
11 CEL1ch04 11364138 G A het 20 65 0.50 34.46 het 31 42 0.36 36.08 Gly-Ser
12 CELIch07 22201200 G C  het 23 22 0.40 3700  het 28 75 0.43 3624  GIn-Glu
13 CCl.lchll 30965526 A C het 27 56 0.47 36.67 het 57 30 0.39 35.29 Ser-Ala
14 CCLIch07 13417576 G A het 23 52 0.36 37.17 het 66 44 0.48 34.76 Ala-Thr
g5 CCLAChIL 30965526 A C het 27 56 0.47 36.67  het 57 30 0.39 3529  Ser-Ala
16 CCL1ch00 39754182 C A het 48 69 043 3682  het 70 47 0.38 35.12 Glu-Asp
17 CCllch01 22513197 G A het 67 63 0.27 36.05  het 71 37 0.46 3450  Asp-Asn
18 CCL1ch02 1650005 A G het 30 60 0.33 3678 het 57 37 0.45 3610  Thr-Ala
19 CCLIch02 55043880 T A het 21 76 0.38 3594  het 42 31 0.43 35.00 Leu-lle
20 CCLi1ch03 3492096 G T het 34 56 0.42 36.89  het 54 35 0.35 32.84 His-Asn, Sys-Phe
21 CClich04 8795183 A C het 21 24 0.20 3800  het 37 54 0.25 35.65 Leu-Val
22 CClich08 28614027 A G het 23 30 0.29 3671  het 51 55 0.23 35.21 Ile-Val
23 CCL1ch08 29580266 A G het 32 56 0.28 3567  het 48 29 0.33 36.43 Gln-Arg
24 CCLlich09 8758342 G T het 33 61 0.48 37.00  het 47 36 041 3476 Asp-Tyr
25 CClichll 20642004 T C het 21 24 0.40 3500  het 35 66 0.33 3639  Val-Ala
26 CEl1chOL 5099260 A C het 37 57 0.42 3629  het 70 36 0.48 3540  Ser-Ala
27 CEllchOl 14237249 T A het 24 46 0.45 3718 het 43 74 0.41 34.97 Glu-Val
28 CEl1ch0l 23751605 T C het 31 65 043 3650  het 44 25 0.42 3655  Thr-Ala
29 CElIch02 4765425 T C het 21 38 0.50 3388  het 21 71 0.33 34.73 Leu-Pro
30 CEl1ch02 49050069 A C het 26 58 0.47 36.27  het 27 26 0.14 32.86 LeuPhe
31 CEl1ch03 5014461 T G het 33 58 0.30 3642  het 45 31 0.50 3350  Trp-Gly
32 CElIch05 25902339 C G het 25 80 0.45 3455  het 29 24 0.50 36.30 ProArg
33 CEllchll 11004936 A G _hom 28 100 043 3718  het 27 74 0.42 3465  Val-Ala
34 CEl1ch06 10465912 A C hom 21 100 0.45 3638  het 42 33 0.38 3362  Asn-Lys
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35 CCl.1ch01 22513197 G A het 67 63 0.27 36.05 het 71 37 0.46 34.50 Asp-Asn
36 CCl.1ch02 1650005 A G het 30 60 0.33 36.78 het 57 37 0.45 36.10 Thr-Ala
37 CCl.1ch01 22513197 G A het 67 63 0.27 36.05 het 71 37 0.46 34.50 AspAsn
38 CCl.1ch02 55043880 T A het 21 76 0.38 35.94 het 42 31 0.43 35.00 Leu-lle
39 CCl.1ch03 3492096 G T het 34 56 0.42 36.89 het 54 35 0.35 32.84 His-Asn; Sys-Phe
40 CCl.1ch04 8795183 A C het 21 24 0.20 38.00 het 37 54 0.25 35.65 Leu-Val
41  CCl.1ch05 11738903 C G het 24 54 0.38 35.92 het 23 30 0.43 36.00 Clu-Gln
42  CCl.1ch05 18227786 G A het 38 32 0.38 36.67 het 52 52 0.46 33.26 Ala-Thr
43  CCl.1ch05 29350876 A C het 31 32 0.30 36.30 het 55 56 0.44 32.77 Ser-Ala
44  CCl.1ch06 4651265 T A het 31 58 0.47 3594 het 43 35 0.40 36.33 Cys-Ser
45 CCl.1ch08 23379103 A T het 35 60 0.35 35.86 het 66 38 0.50 34.44 Lys-Met
46 CCl.1ch08 28614027 A G het 23 30 0.29 36.71 het 51 55 0.23 35.21 Ile-Val
47 CCl.1ch08 29580266 A G het 32 56 0.28 35.67 het 48 29 0.33 36.43 ClIn-Arg
48 CCl.1ch09 8758342 G T het 33 61 0.48 37.00 het 47 36 041 34.76 Asp-Tyr
49  CCl.1ch09 9842808 G T het 24 33 0.38 34.62 het 36 72 0.46 29.23 Gly-Val
50 CCl.1chl10 23529857 C A het 22 73 031 37.50 het 47 30 0.29 36.79 Val-Phe
51 CCl.lchll 20642004 T C het 21 24 0.40 35.00 het 35 66 0.33 36.39 Val-Ala
52 CEl.1ch00 317137304 A G het 27 67 0.37 35.17 het 26 46 0.38 31.42 Phe-Leu
53 CEl.lch01 5099260 A C het 37 57 0.42 36.29 het 70 36 0.48 35.40 Ser-Ala
54  CEl.lch01 14237249 T A het 24 46 0.45 37.18 het 43 74 041 34.97 Glu-Val
55 CEl.lch01 19695940 C G het 24 25 0.29 33.33 het 29 52 0.40 34.60 Ala-Pro
56 CEl.1lch01 23751605 T C het 31 65 0.43 36.50 het 44 25 0.42 36.55 Thr-Ala
57 CEl.1ch02 4765425 T C het 21 38 0.50 33.88 het 21 71 0.33 34.73 Leu-Pro
58 CEl.1ch02 49050069 A C het 26 58 0.47 36.27 het 27 26 0.14 32.86 Leu-Phe
59 CEl.1ch03 5014461 T G het 33 58 0.30 36.42 het 45 31 0.50 33.50 Trp-Gly
60 CEl.1ch05 25902339 C G het 25 80 0.45 34.55 het 29 24 0.50 36.30 Pro-Arg
61 CEl.1ch06 10465912 A C hom 21 100 0.45 36.38 het 42 33 0.38 33.62 Asn-Lys
62 CEl.1ch07 9654627 G T het 35 23 0.50 37.12 het 29 55 0.35 36.12 Val-Phe
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63 CEllchll 11004936 A G hom 28 100 0.43 37.18 het 27 74 0.42 34.65 Val-Ala
64 CCl.1ch00 39754182 C A 48 69 0.43 36.82 het 70 47 0.38 35.12 Clu-Asp
29 0.38 36 44 0.39 35

Table S6.8 Detailed information of 36 unique TAVs for trigonelline detected by using CC and CE genomes as reference followed by KEGG pathway

analysis
No  Substrates Pathways EC #seq Genes ID
1 Glucose Starch and sucrose metabolism EC:3.2.1.21 - gentiobiase 1 glucan endo-1,3-beta-glucosidase 6 1
1 beta-glucosidase 3B-like 2
EC:3.2.1.3 - l4-alpha-glucosidase 1 unnamed protein product 3
EC32.1.26 —invertase 1 peta-insoluble isoenzyme 1 4
EC:3.2.1.39 - endo-1,3-beta-D-glucosidase 1 glucan endo-1,3-beta-glucosidase 6 5
Galactose metabolism EC:3.2.1.22 - melibiase 1 alpha-galactosidase 3 6
2 L-ryptophan %;?sl,issrﬁrine and threonine EC:4.2.1.20 - synthase 1 tryptophan synthase beta chain 2 7
E’S‘:}Té’:)adzfr‘]'E?ast))//r:fgﬁler;?sand ECi4.21.20 - synthase ! tryptophan synthase beta chain 2 8
3 SAM %’f;ﬁ?l?si:d ethionine EC:25.1.16 —synthase ! Spermidine synthase 1 9
Arginine and proline metabolism EC:25.1.16 - synthase 1 Spermidine synthase 1 10
4 ATP-ADP Purine metabolism EC:36.1.15 - phosphatase 1 116 kDa U5 small nuclear ribonucleo component-like 11
2 D -box ATP-dependent RNA helicase D 3 12
3 dynamin-related 4C-like 13
4 unnamed protein product 14
5 E3 ubiquitin- ligase CIP8 15
6 DNA mismatch repair MSH3 16
7 pleiotropic drug resistance 3 17
8 twinkle homolog chloroplastic mitochondrial 18
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9 translation initiation factor IF- chloroplastic 19
10 D -box ATP-dependent RNA helicase D 6-like isoform
X1 20
11 dynamin-related 5A 21
12 pleiotropic drug resistance 3-like 22
13 ABC transporter B family member 11-like 23
14 ABC transporter G family member 6-like 24
15 replication factor C subunit2 25
16 unnamed protein product 26
17 calcium-transporting ATPase plasma membrane-type 27
EC:3.6.1.3 - adenylpyrophosphatase 1 pleiotropic drug resistance 3-like 28
2 D -box ATP-dependent RNA helicase D 3 29
3 ABC transporter B family member 11-like 30
4 ABC transporter G family member 6-like 31
5 replication factor C subunit 2 32
6 DNA mismatch repair MSH3 33
7 calcium-transporting ATPase plasma membrane-type 34
8 pleiotropic drug resistance 3 35
D -box ATP-dependent RNA helicase D 6-like isoform
9 X1 36
Table S6.8 (continued)
D Bulk 4 Bulk 3
Chromosome Region Ref. Alle  Zyg Cov. Freq. F/R bal. Awe. qual. YAYs| Cov. Freq. F/R bal. Awe. qual. AAC
1 CCl.1ch06 39614846 A G het 26 65 041 37.06 het 43 44 0.5 34.05 lle-Val
2 CCl.1choo 235340977 C G het 35 31 0.45 36.82 het 64 56 0.37 34.06 Ser-Thr
3 CCl.ichoi 25200184 A G het 30 33 0.45 35.1 het 38 53 0.13 34.05 Clu-Gly
4 CCl.1ch06 4874743 A G hom 21 100 0.5 36.33 het 30 77 0.38 34.96 Lys-Arg
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5 CCl.1ch06 39614846 A G het 26 65 041 37.06 het 43 44 0.5 34.05 lle-Val

6 CEl.1ch02 4440080 A C het 43 56 041 36.42 het 60 33 0.48 341 Gln-Pro
7  CEl.1ch07 24812383 T C het 20 45 0.44 36.89 het 35 74 0.33 32.62 Ser-Gly
8 CEl.lcho07 24812383 T C het 20 45 0.44 36.89 het 35 74 0.33 32.62 Ser-Gly
9 CCllilchll 30965526 A C het 36 75 0.26 36.48 het 50 48 0.46 34.75 Ser-Ala
10 CCl.lchll 30965526 A C het 36 75 0.26 36.48 het 50 48 0.46 34.75 Ser-Ala
11  CC1.1ch00 69742620 A G het 28 61 0.47 36.41 het 60 42 0.36 35.08 Asp-Gly
12 CCl.1ch01 22513197 G A het 43 63 0.38 36.7 het 64 44 0.32 32.82 Asp-Asn
13 CCl.1ch02 7154515 G T het 29 34 0.27 36.4 het 46 54 0.35 37 His-Asn
14 CCl.1ch02 49107279 T C het 28 32 0.3 34.78 het 53 55 0.38 33.52 Cln-Arg
15 CCl1.1ch02 53547886 T C het 35 60 0.33 35.95 het 36 42 0.07 33.93 lle-Met
16 CCl.1ch04 5181922 G A het 27 59 0.35 36.94 het 51 37 0.29 35.42 His-Tyr
17 CCl.1ch05 29350435 T A het 34 32 0.33 36.64 het 42 55 0.46 35.57 Thr-Ser
18 CCl1.1ch08 23379633 C G het 36 44 0.44 36.44 het 73 64 0.39 35.79 Leu-Val
19 CC1.1ch09 9823406 C G het 25 20 0.29 37.2 het 32 56 0.42 36.72 Cln-Glu
20 CCl.1chl0 27110860 A C het 30 40 0.38 36.92 het 38 63 0.44 33.67 lle-Arg
21  CEl.1ch00 317137277 C A het 22 55 0.46 35.58 het 36 36 0.38 32.15 Cly-Trp
22  CEl.lch01 13526143 C T het 22 32 0.43 35.29 het 26 54 0.33 36.86 Ser-Asn
23 CEl.1ch02 51146945 T G het 34 26 04 35.44 het 45 51 0.36 35.13 Ser-Ala
24  CEl.1ch04 8678658 G T het 22 55 0.21 35.17 het 50 32 0.21 34.88 Pro-His
25 CEl.lch05 1646719 A G het 37 59 0.48 37.14 het 77 35 0.43 34.78 Lys-Glu
26 CEl.1ch09 2947791 A T het 21 52 0.27 36.27 het 24 21 0.2 32.6 Val-Glu
27 CEl.ichl0 19589484 C T het 34 32 0.46 36.27 het 74 62 0.49 35.43 Ser-Asn
28 CCl.lchol 22513197 G A het 43 63 0.38 36.7 het 64 44 0.32 32.82 Asp-Asn
29 CCl.1ch02 7154515 G T het 29 34 0.27 36.4 het 46 54 0.35 37 His-Asn
30 CCl.1ch02 53547886 T C het 35 60 0.33 35.95 het 36 42 0.07 33.93 lle-Met
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31 CCl.1ch04 5181922 G A het 27 59 0.35 36.94 het 51 37 0.29 35.42 His-Tyr

32 CCl.1chl0 27110860 A C het 30 40 0.38 36.92 het 38 63 0.44 33.67 lle-Arg

33 CEl.1ch02 51146945 T G het 34 26 0.4 35.44 het 45 51 0.36 35.13 Ser-Ala

34 CEl.1ch04 8678658 G T het 22 55 0.21 35.17 het 50 32 0.21 34.88 Pro-His

35 CEl.ich05 1646719 A G het 37 59 0.48 37.14 het 7 35 0.43 34.78 Lys-Glu

36 CEllchl0 19589484 C T het 34 32 0.46 36.27 het 74 62 0.49 35.43 Ser-Asn
30 0.38 36 49 0.36 35

177



Table S7.1 Primers flanking significant TAVs for caffeine and trigonelline identified in the present study.

No Name Sequence (5'to 3%) No of GC% | Amplicon
bases size (bp)
Primers for caffeine markers

1 | SAICAR For TGGAACTGGAGGCTACTTTTAGGGTATCTG 30 46 201

2 | SAICAR Rev CTACAGCTTCAGTACTGCTCTCT 23 47

3 | SAM1 For GGAGA GGCACACTCGCTAAAGGTAGA 26 53 305

4 | SAM1 Rev TTGGGCTTGGAATAGAGCAGAGAGGAAGA 29 48

5 | SAM2 For TCTTCCGGAGGAAATCCTGACTTGAG 26 50 417

6 | SAM2 Rev TGGCTTCATTGAGCGCCAGAGTTC 24 54

7 | XAN For CCGTGAATGGCTATTACACTTACCT 24 44 604

8 | XAN Rev CGCCTGCAATTCCCAACACCCTCCACT 27 59

9 | XMP1L1 For GCAAGTCTGGAGCAGGAATATGGCACA 27 51 297
10 | XMP1L1 Rev AGCTGGAGCAACCACAGCACAGA 23 56

11 | XMP1L2 For TGTCCACGGCCAACAGCGCAGA 22 63 390
12 | XMP1L2 Rev CGAGGTGGTGAACCTGGCCACTT 23 60

Primers for trigonelline markers

13 | SAMtrig For GAGGCACACTCGCTAAAGGTAGA 23 52 300
14 | SAMtrig Rev GGGCTTGGAATAGAGCAGAGAGGA 24 54

15 | Tryp For AGCGATCTCTGAGGCTGTGGAAGTTG 26 53 373
16 | Tryp Rev TGGGTCGGGTATAAAGTCATGC 22 50
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