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Chapter one

General Introduction

1.1 Introduction

Coffee (Coffea.) i1s a genus of tribe Coffeea DC in the family Rubiaceae and sub—family
Ixoroideae that comprises of over 124 species (appendix 1) all of which are indigenous to the
African continent (Davis et al., 2006; Stoffelen et al., 2008). The three main centres of species
diversity of Coffea are; the evergreen, humid forests of eastern Madagascar, Cameroon, and the
eastern arc mountains of Tanzania. (Davis and Mvungi, 2004; Davis et al., 2006). All Coffea
spp. originate from Madagascar, Mainland Africa and Mascarenes. In fact, there is no known
species of Coffea that naturally occurs outside tropical Africa. By quantity, 16, 14, 1 and 1
species of Coffea originate from Tanzania, Cameroon, Ethiopia and Mascarenes respectively
while the rest originate from Madagascar where there is a variety of forest types ranging from
littoral evergreen, riverine, mixed deciduous, dry xerophytic and high altitude mossy forest
whose diversity in habitat conditions relates to a high Coffea spp. diversity on the island
(Krishnan et al., 2013). However some species such as C. arabica L. and C. canephora Pierre
ex A. Froehner have been introduced on all continents across the globe where they have
consequently been naturalized in the tropical or subtropical regions outside their natural range

so long as the climate is not significantly different from the original habitats (Teketay, 1999).

The Coffea genus contains the three most commercially important coffee species used in the
production of the beverage. These include; C. arabica (arabica coffee), C. canephora (robusta
coffee) and C. liberica (Liberian/ Liberica coffee or excelsa coffee). Out of these, C. arabica is
the most economically important species contributing about 60% on the global trade of coffee
(ICO, 2019). Arabica coffee is believed to have originated from the south western highlands of
Ethiopia (Charrier and Berthaud, 1985; Teketay, 1999; Davis et al.,, 2006) which is also the
species centre of diversity. This species inhabits humid evergreen forests in the North east
Tropical Africa (South west Ethiopia — west of the Great Rift Valley) and has also been
naturalized in many parts of the Tropics such as the East Tropical Africa (In Kenya near Mt
Marsibit). The knowledge of the beverage processed from this C. arabica was known from
Arabia hence the name Arabica coffee. C. arabica L. is the only allotetraploid (2n=4x=44)
coffee species. In addition, besides C. heterocalyx and C. anthonyi Stoft. & F. Anthony, C.

arabica L. is the only other autogamous species of Coffea. That notwithstanding, there are a



number of interspecific hybrids since C. arabica L. can be crossed with most other diploid

(2n=22) species of Coffea (Lashermes et al., 2000).

In cultivation, C. arabica L. has a low genetic diversity compared to wild populations in
North—East tropical Africa where it is indigenous and other parts of Africa where it has been
naturalised (Teketay, 1999; Anthony et al., 2002). Domestication of Coffea arabica followed
major colonial routes (France, Great Britain, The Netherlands, Germany, Spain, Belgium and
Portugal) using materials with a narrow genetic base that was originally obtained from Ethiopia
by the Arabs around 651 AD (Wellman 1961; Teketay, 1999; Anthony et al., 2002). By the
20" century, there were more than 200 existing Arabica varieties grown in over 80 countries
(Teketay, 1999). This is because of its superior coffee taste combined with low caffeine content
which stimulates both commercial and scientific interest. Bourbon is among the most popular
cultivars of C. arabica L. whose distribution worldwide started from the Reunion islands
formerly known Bourbon, then a French colony. To date, C. arabica L. is mainly cultivated in
highland areas with moderate temperature. Cultivated Coffea species have slightly different
climatic requirements. C. arabica L. grows well in areas with an annual rainfall ranging
between 1400 mm and 2400 mm although the species can grow in conditions of less or higher
rainfall conditions between 762 mm and 4200 mm. In Africa, South East Asia, Latin America;
tropical areas with the best coffee growing conditions receive 1800 mm of rainfall which is
either well distributed throughout the year or rains continuously for about 7-8 months and with
only a short distinct dry season of about 2 to 3 months. According to Hilten et al. (2011), the
nature of the rainy season in terms of length, intensity and distribution is a key ecological factor
determining the phenology of coffee. At the onset of the dry season, growth slows followed by
lignification of the young stems as well as flower bud initiation. Fruit—bearing coffee plants
need a significant period of dry season for seed maturation to occur. C. arabica L. is highly
susceptible to leaf diseases and pests whose incidence and severity increases with high amounts
of annual rainfall over 3000 mm. In regions with less rainfall, coffee is cultivated under
irrigation regimes and under shade trees that conserve the subsoil moisture content. C.
canephora tolerates high moisture levels due to its resistance to majority of the fungal diseases.
It however needs a distinct dry season to initiate flowering. Contrariwise, C. liberica needs

heavier rainfall than the aforementioned species.

Oxidative stresses induced by extreme environmental conditions pose a serious threat to coffee
cultivation globally (Wang et al., 2003; DaMatta and Ramalho, 2006). It has been suggested

that oxidative stress induced by abiotic pressures is the primary source of crop loss including
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coffee worldwide causing over 50% loss of potential agricultural yield (Bray et al., 2000).
Abiotic stresses conditions stimulate a series of biochemical, physiological, molecular and
morphological changes that adversely affects plant growth. Such conditions are associated with
disruption of the osmotic and the ionic homeostasis which cause disruption of osmotic and
ionic homeostasis culminating into damage of functional and structural proteins and
membranes (Zhu, 2001; Mittler, 2002; Demidchik, 2015 ). The osmosensors such as AtHK1;
phospholipid cleaving enzymes such as PLD; second messengers such as Ca**, PtdOH, ROS;
MAP kinases, Ca?>" sensors such as SOS3, and calcium—dependent protein kinases such as
CDPKs after perceiving the stimuli trigger signal sensing and transduction and transcription
control. The transcription control factors such as CBF/DREB, ABF, HSF, bZIP, and
MYC/MYB activate stress response mechanisms through gene activation to re—establish
homeostasis in an attempt to protect and repair the damaged membranes and tissues (Wang et

al., 2003).

Photosynthesis is one of the most highly regulated metabolic process in plants but also
significantly affected by changes in the ambient environmental conditions (Takahashi and
Badger, 2010). Using their leaves, plants convert light energy into chemical energy in a two
stepwise reaction. The first step of these two processes is the light—dependent capture of the
light energy and the subsequent electron transport chain reactions whereas the second is the
light—independent carbon fixation also known as the Calvin Benson cycle. The primary
reactions of photosynthesis are mediated by three protein complexes embedded in the thylakoid
membranes of chloroplasts namely; PSII, the cytochrome bsf complex (Cytbet), and PSI, which
are connected in series through the photosynthetic electron transport chain (Rochaix, 2011).
These photosynthetic complexes consist of numerous chloroplast and nucleus—encoded
subunits pigments such as chlorophylls and xanthophylls as well as hemes, quinones, and
iron—sulphur (Fe—S) centres that act as redox cofactors (Nevo et al., 2012). Hence the
biogenesis of the photosynthetic apparatus involves a concerted interplay between the
chloroplast and nucleocytosolic genetic systems as well as a tight coordination between protein
and pigment (chlorophylls and carotenoids) synthesis and insertion into the thylakoid
membranes (Barkan and Goldschmidt—Clermont, 2000; Eberhard et al., 2008; Tripathy and
Pattanayak, 2012; Nisar et al., 2015).

Excess energy resulting from high light intensities damages the photosynthetic machinery

especially the PSII and causes photoinhibition which result into limited photosynthetic activity,



growth and productivity. Photoinhibition characterized by a decline in the photosynthetic
capacity occurs when oxygenic organisms are exposed to prolonged illumination with high
light intensities which cause functional impairment of PSII, electron transport and structural
damage of the PSII reaction center (RC) D1 protein (Yruela, 1996). The extent of such a
damage depends on the balance between the rate of photodamage and its repair. Several studies
have shown that light absorption by PSII causes primary damage whereas excess light absorbed
by LHCs inhibits the PSII repair process mainly through generation of reactive oxygen species,
ROS (Takahashi and Badger, 2010). Therefore, it can be suggested that PSII photodamage and
inhibition of repair can be alleviated by photoprotection mechanisms including avoidance of
light absorption by photosynthetic pigments and through consuming or dissipating of excess

excitation energy (Jahns and Holzwarth, 2012).

Coffee plants have evolved to protect their leaves from damages induced by excess light
intensity by employing several protection mechanisms. Such mechanisms range from
behavioral, anatomical or physiological adaptations intended to halt photoinhibition (Asada,
1999; Logan et al., 2006; Partelli et al., 2010; Gill and Tuteja, 2010; Foyer, 2018). Under
conditions of excess light, production of different types of reactive oxygen species (ROS) is
accelerated at PSI and PSII in chloroplasts. In PSI, electron transfer to oxygen causes
production of hydrogen peroxide (H20:) via the superoxide anion radical (O2""), whereas in
PSII, the excitation of oxygen by triplet excited state chlorophyll (*Chl*) causes production of
singlet state ('0,) oxygen (Krieger—Liszkay, 2004). To avoid oxidative stress, chloroplasts
scavenge ROS effectively using multiple enzymes such as superoxide dismutase, ascorbate
peroxidase and peroxiredoxin as well as nonenzymatic antioxidants compounds. The latter
includes both the hydrophilic and substances such as water—soluble ascorbate and lipophilic
substances such as membrane—bound o—tocopherol and carotenoids, such as zeaxanthin,
neoxanthin and lutein in chloroplasts (Havaux et al., 2005; Li et al., 2012). ROS are highly
reactive and therefore accelerate photoinhibition through direct oxidative damage to PSII and
also through inhibition of the repair of photodamaged PSII rather than participating in direct
damage processes (Nishiyama et al., 2001; Murata et al., 2007; Foyer, 2018).

To maintain growth and productivity, adaptation to excessive ROS is paramount. Therefore,
coffee plants also respond to abiotic stress by stimulating a series of complex cellular signalling
and responses that involve various genes and biochemical-molecular mechanisms (Ramalho

et al., 2018). These include; production of stress proteins, up—regulation of antioxidant



compounds and accumulation of compatible solutes (Cushman and Bohnert, 2000). Inadequate
response at one or several steps in the signalling and gene activation may result in irreversible
changes of cellular homeostasis and in the destruction of functional and structural proteins and
membranes leading to cell death. Adaptation to stress subsequently leads to activation of
detoxification genes that control the production of antioxidants that scavenge the toxic
compounds (Mittler, 2002). Coffee plants regulate ROS and RNS using both enzymatic and
nonenzymatic antioxidant systems (Ashihara, 2006; Ramalho et al., 2018). These components
prevent or delay the oxidation of oxidizable molecules by scavenging free radicals which would
otherwise trigger a series of detrimental chemical reactions within the cells. Antioxidant
compounds are utilised by the plants defence systems to neutralize the ROS and other reactive
radicals. Antioxidants are substances that even when present in low concentrations
significantly delay or reduce oxidation of cell contents (Gupta and Sharma, 2006). A variety
of antioxidants exist in many plants with different composition and therefore different chemical
and physical properties. This gives antioxidants different mechanisms as well as different sites

of action.

There are various enzymatic antioxidants compounds in the plant kingdom of which some are
limited to a few species whereas others are ubiquitous in distribution (Pratt, 1972). In addition
to other peptides and/or protein hydrolysates that protect lipids against oxidation possibly due
to their metal complexing ability (Lim and Shipe, 1972), isolation of antioxidant enzymes in
coffee plants has been investigated especially in vitro using cultured cells. The enzymatic
antioxidant system is comprised of three major primary intracellular antioxidant enzymes in
the cells. Superoxide dismutases (SOD) catalyses the conversion of the superoxide radical
(027) into hydrogen peroxide (H20»). Catalase (CAT) and peroxidase (GPX) subsequently
convert H>O; into water (H>O). GPx requires several secondary enzymes such as glutathione
reductase (GR) and glucose—6—phosphate dehydrogenase (G—6—PDH), and cofactors such as
glutathione (GSH), NADPH and glucose 6—phosphate to function at high efficiency. If GR is
inhibited, cells cannot remove H>O; through the glutathione peroxidase system and the levels
of glutathione disulphide (GSSG) increase. If glutathione synthesis is inhibited, either by
inhibiting glutathione synthetase (GS) or by y—glutamyl cysteine synthetase (y—GCS),
glutathione will be depleted and GPx will not be able to remove H>O». If catalase is inhibited,
cells will not be able remove H>O». Finally, glucose uptake will be inhibited creating a

chemically induced state of glucose deprivation and also inhibition of H>O detoxification.



A study on the immediate antioxidant response of C. arabica L. cells as reported by
Gomes—junior et al. (2006a; 2006b) when exposed to heavy metal stress revealed the existence
of superoxide dismutases (SOD). Consequently, SOD activity staining following procedures
described by Beauchamp and Fridovich (1971) and Azevedo et al. (1998), indicated the
existence of several isoenzymes of SODs in the cells including 6 Mn—SODs and 3Fe—SODs of
which 2 major Mn—SODs exhibited an increase in response to heavy contamination. According
to Larson (1988), SODs catalyse the conversion of the radical anion of oxygen (O2") to less
reactive H>O» and oxygen. Catalase (CAT), a known Metalloenzyme was also observed in
coffee cells. Subsequent staining revealed the existence of only one isoenzyme in the coffee
cell suspension cultures (Gomes—junior et al., 2006b). Catalase is one the most known protein
catalysts that promotes the redox of H>O» to water and oxygen (Larson, 1987). Cells of coffee
plants also contain ascorbate peroxidase (APX) which catalyses the conversion of H>O> to
water in the ascorbate—glutathione cycle using ascorbate as a specific electron donor (Asada,

1992; Shigeoka et al., 2002; Gomes—junior et al., 2006b; Caverzan et al., 2012).

The nonenzymatic antioxidant system is composed of several compounds with inherent ability
to scavenge ROS and RNS. Studies have indicated that under oxidative stress conditions, the
content of such compounds increase as a tolerance mechanism against oxidative stresses (Das
and Roychoudhury, 2014). Recent studies have indicated that this system is of tremendous
important in the young leaves of coffee plants whose enzymatic antioxidant system is
underdeveloped (Campa et al., 2017; Ramalho et al., 2018). In addition, due to a repressed
enzymatic antioxidant system during cold stress conditions, the reliance of coffee plants on the
nonenzymatic antioxidant system for ROS scavenging has been demonstrated (Ramalho et al.,

2018). This system comprises of several classes of compounds as shown here.

Coffee plants accumulate high amounts of phenolic compounds, commonest of which are the
hydroxycinnamic acid esters also known as chlorogenic acids (Bertrand et al., 2003; Mondolot
et al., 2006). Other phenolic compounds such as flavonoids, flavonols, xanthonoids and
mozambioside have also been identified in some species of in the genus Coffea. Chlorogenic
acids (CGAs.s) are products of phenylpropanoid metabolism whose conjugates are involved
in the biosynthesis of lignin and plant defence mechanisms against scavenging molecules
(Harbone, 1980). These polyphenolic compounds are composed of two or more monocyclic
aromatic units linked by an ester bond. They are limited only to esters of quinic acid with

caffeic acid, namely caffeoylquinic acids (CQA) and dicaffeoylquinic acid (DiCQA). However,



to a lesser extent they include other hydroxycinnamoyl conjugates such as ferulic or
p—coumaric acid derivatives (Clifford and Jarvis, 1988; Clifford et al.,, 2008). Chlorogenic
acids are abundant in many plants including all species of the Coffea genus though in differing
concentrations. Ky et al., (2001) observed high values of CGAs.s. in seeds of C. canephora
11.3% dry matter basis (dmb) compared to 4.1% dmb in C. arabica L. This could have been
caused existence of C. canephora in more abiotically stressed environments and therefore
evolution of high amounts of these antioxidant compounds as a mechanism of adaptation. On
degradation at high temperatures during coffee processing, CGA converts to phenol derivatives
which gives a characteristic bitter taste. Recent studies have therefore concentrated on
identification of low CGA containing varieties and even species to provide a genetic base for

genetic breeding for the desired qualities. (Ky et al., 2000; Bertrand ef al., 2003).

Mangiferin is another phenolic compound also known as C—glucosylxanthone that was initially
isolated from C. pseudozanguebariae (Talamond et al., 2008). Mangiferin is an antioxidant
compound that was fast isolated from Mangifera indica L. (Barreto et al., 2008). Franklin et
al. (2009) reported that mangiferin provides antimicrobial protection against biotic stress.
Besides isolation from other Coffea spp. (Talamond et al., 2008; Campa et al., 2012), little is
known about the role of this xanthonoid compounds towards adaptation to abiotic stress
conditions despite suggestions that it might be involved in protection against UV stress. This
is owed to the fact that, in Coffea spp. mangiferin mainly accumulates in those naturally

occurring in high altitude areas and absent in their low—lying habitats.

Coffee contains high amounts of flavonoids due to their role is ROS scavenging (Mazur et al.,
1997). Flavonoids are classified into nine major subgroups; flavanols, flavonols, flavanones,
anthocyanidins, flavones, isoflavones, chalcones, dihydrochalcone and dihydroflavonols
(Ferreyra et al, 2012) and a minor group aurones has been observed in some plants
(Winkel—Shirley, 2001; 2006). Coupling of anthocyanidins with sugars at different places
results into formation of anthocyanins which play a vital role in adaptation to cold stress
conditions during winter conditions in some plant species (Zhang et al., 2019). During plant
growth, flavonoids accumulate is leaves, flower tissues including pollen and woody parts of
the plant. Exposure of plants to supplemental levels of UV stress significantly increased the
content of flavonoids (Anderson and Kasperbauer, 1971) where they have been implicated in
protection against oxidation of ascorbic acid. Amongst the flavones, quercetin, kaemferol,
myricetin, robetin, rutin and morin were suggested to have high antioxidant activity by

inhibiting in vitro Oy promoted redox reactions within the chloroplasts (Takahama, 1983;
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Teramura, 1983). Nevertheless, their role in adaptation to both abiotic and biotic stress in whole

coffee plants remains unstudied.

Coffee contains mainly two kinds of alkaloids synthesized from nucleotides. The first group,
purine alkaloids comprises of caffeine (1, 3, 7-N—trimethylxanthinne) and theobromine (3,
7-N—dimethylxanthine). The second group, pyridine alkaloid is made up of
I-N—methylnicontinc acid also known trigonelline (Ashihara, 2006). Caffeine is the most
common purine alkaloid in majority of the plants including most coffee species, however
according to Ashihara and Suzuki (2004), some species such as Theobroma cacao L. and
special Chinese tea plant possess theobromine or methyluric acid as the main purine alkaloid.
The caffeine content within the Coffea genus varies greatly. In the coffee beans, most cultivars
of C. arabica L. contain about 1% caffeine per dry weight whereas C. canephora contains up
to 2% (Mazzafera and Carvalho, 1991). Other non—commercial species of coffee also contain
relatively low caffeine content, C. salvatrix (0.7% dmb), C. eugenioides (0.4% dmb) and C.
racemosa (0.8% dmb) (Mazzafera and Carvalho, 1991). C. pseudozanguebariae has been
identified as a non—caffeine containing coffee species reported (Anthon