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1 INTRODUCTION 
 

 CASSAVA 

1.1.1 TAXONOMY AND ORIGINS 

Cassava (Manihot esculenta Crantz) is a perennial, dicotyledonous shrub belonging to 

the Euphorbiaceae; a large family that consists of approximately 300 genera and 8000 

species and includes other important agronomical species such as castor bean (Ricinus 

communis) and rubber (Hevea braziliensis) (Lebot, 2009). Although the Euphorbiaceae 

group is known for its latex producing capacity (Webster, 1994), cassava is not grown 

for this purpose but for its storage roots instead. 

The genus Manihot consists of 98 species which are all found in the Americas (Rogers 

and Appan, 1973), of which many are a source of food to humans (Olsen and Schaal, 

2001). For a period of time, it was thought that M. esculenta originated through 

interbreeding of different species in the Manihot genus (Allem, 1994) but the discovery 

of wild populations led to the reclassification of three cassava subspecies: M. esculenta 

Crantz ssp. esculenta (cultivated), M. esculenta Crantz ssp. peruviana (wild) and M. 

esculenta Crantz ssp. flabellifolia (wild) (Allem, 2002). Olsen and Schaal (2001) used 

microsatellite polymorphism to show that M. esculenta was domesticated from the wild 

subspecies M. esculenta flabellifolia since microsatellites of M. esculenta are a subset 

of those of M. esculenta flabellifolia.  

Cassava may have been domesticated approximately 10,000 years ago or by 7000 BC 

(Isendahl, 2011; Olsen and Schaal, 1999) but the site of domestication is highly 

contested with multiple sites in South America being proposed (Allem, 2002). Using a 

phylogenetic approach by evaluating polymorphism within the single-copy nuclear gene, 

glyceraldehyde 3-phosphate dehydrogenase (G3pdh), Olsen and Schaal (1999) 

identified the South Amazon border with Bolivia as the most likely origin of domestication. 

In addition, with botanical mapping of the current distribution of cassava, it was 

suggested that the savannas to the south of the Amazon rainforest, the Cerrado of the 

Brazilian states of Rondonia, and the north-western Mato Grosso are likely to be the 

geographical origin of cassava (Isendahl, 2011).  

Cassava was introduced to Africa and Asia by the Spanish and Portuguese during the 

sixteenth and seventeenth centuries respectively (Cock, 1982) and has since become a 

staple food source in many countries. Nowadays, cassava is cultivated for its starchy 
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storage roots and it is grown in tropical and subtropical regions all around the world. The 

global yield of cassava is forecasted to be 278.0 million tonnes per annum in 2017 with 

Nigeria producing 55 million tonnes of the annual yield. Nigeria is followed by Thailand 

(30.9 million tonnes), Indonesia (20.3 million tonnes) and Brazil (20.1 million tonnes) 

(FAO, 2017). 

 

1.1.2 MORPHOLOGY AND PHYSIOLOGY 

Cassava is considered to be an amphidiploid or sequential allopolyploids and possesses 

2n = 36 chromosomes (El-Sharkawy, 2003). Cassava has a height of 1-4 m and has 

simple leaves with palmated veins, ranging between 3-9 lobes depending on the cultivar, 

age of the plant and environmental conditions. The leaves are alternate and the length 

of a petiole from a fully opened leaf usually ranges between 5-30 cm, although up to 40 

cm has been recorded. The upper (adaxial) surface of the leaves is covered with a waxy 

epidermis with most cultivars having stomata located on the undersurface (abaxial). A 

study by El-Sharkawy and Cock (1990) found that only 2% of 1500 cultivars examined 

had stomata on the adaxial surface; these stomata are functional and bigger than those 

on the abaxial surface. The large variability in cassava morphological characteristics 

suggests a high level of interspecific hybridisation (Alves, 2002).  

Cassava is monoecious, bearing both male (pistillate) and female (staminate) flowers on 

the same inflorescence (Figure 1.1). The male flowers are located on the upper part of 

the inflorescence and the female flowers on the lower part. There are usually fewer 

female flowers than male flowers and the female flowers open 1-2 weeks before the 

males to encourage cross pollination, thus contributing to the high heterozygosity 

observed in cassava populations (Alves, 2002). Individuals within a population often 

have staggered flowering time that may be affected by environmental conditions 

(Ceballos et al., 2004). In addition, some cultivars have never been known to flower 

(Sayre et al., 2011; Manu-Aduening et al., 2005), therefore making cassava breeding 

difficult and time consuming. Successful fertilisation will yield three seeds per capsule 

(Alves, 2002) and a high temperature is required to break dormancy and induce 

germination (Pujol et al., 2002). The unpredictability of cassava flowering, its highly 

heterozygous population and germination conditions renders propagation through sexual 

reproduction difficult (Ceballos et al., 2004). 
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Figure 1.1 The flowers of cassava. (A) A female flower with the stigma and ovary 
present. (B) A male flower with anthers and a fertilised ovary on the bottom right corner. 
Photos courtesy by Ahmad Fathoni and Gerald D. Carr respectively (Liu, 2016). 

 

The cassava root cannot be considered a true tuber like potato (Solanum tuberosum) as 

tubers are derived from stem tissues whereas cassava storage roots are derived from 

root tissue entirely (Alves, 2002). As the cassava plant matures, secondary thickening of 

fibrous roots will lead to the development of storage roots. Zhang et al. (2003b) found 

that during the initiation of storage root formation, fibrous roots that will become storage 

roots have a rapid upregulation of activity of the cambium, leading to the differentiation 

of secondary xylem into enlarged parenchyma cells in which starch will accumulate. This 

is an abnormal but advantageous phenotype that has been selectively bred by man since 

the domestication of cassava as shown in Figure 1.2 (Jansson et al., 2009). Growth 

conditions and cultivar variety affects the number of storage root yield per plant; an 

individual plant will usually develop between 2-3 kg or 3-10 storage roots (van Oirschot 

et al., 2000). As cassava storage root is not a true tuber, formation of bud primordia will 

not occur, therefore it cannot be used as propagules. This is why cassava has to be 

propagated via woody stem cuttings; although this limits the rate of multiplication, it 

ensures that the economically important part of the crop can be fully utilised and not be 

reinvested in new planting material (Cock, 1982). 

A B 
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1.1.3 GROWTH AND CULTIVATION 

Cassava is a hardy plant that can grow on nutrient-poor soil and withstand up to six 

months of drought (Lokko et al., 2007). Due to this, it is often grown on marginal soil that 

is unsuitable for other crops. Depending on the cultivar and growth conditions, cassava 

can reach a height of up to four metres (Alves, 2002). As cassava is a tropical crop, its 

optimal growth conditions would be between 25-29°C with an annual rainfall of 1000-

1500 mm but it can still grow and yield despite limited water supply. Cassava growth will 

halt if the temperature is lower than 17°C or higher than 37°C (El-Sharkawy, 2003). 

Since the cassava storage root is a true root and not a propagule, it must be propagated 

via hardwood stem cuttings. Stems that have hardened but not extensively lignified from 

8-18 month old cassava are ideal for propagating (Lozano et al., 1977). Stem cuttings of 

approximately 20-30 cm with 5-7 nodes are used for propagation as it will have sufficient 

nutrients for the initial establishment of roots and leaves (Onwueme, 1978). Within 5-7 

days, adventitious roots will develop from the nodes of axillary buds and a callus will form 

at the base of the cutting, from which roots will develop (El-Sharkawy, 2003). Leaves will 

start developing 10-13 days after planting. The cassava plant will produce a well-

established root system, stem and leaves within the first two months. By the third month, 

3-10 fibrous roots will start thickening and initiating the development into storage roots. 

After 4-5 months, the plant will have achieved its maximal canopy and will start to 

produce more photosynthetic products than what is required for growth, leading to 

carbohydrate being stored as starch in the storage roots. From the sixth month onwards, 

root bulking accelerates, leaves begin to senesce as carbohydrates are increasingly 

being transported from the leaves to the root, and the stem becomes lignified. After ten 

months, plants may go through a period of inactive growth, after which it can resume 

storage root bulking and vegetative growth (El-Sharkawy, 2003; Alves, 2002). 

 

1.1.4 GLOBAL IMPORTANCE OF CASSAVA AS A CROP 

Cassava is the sixth most important crop globally (Mann, 1997) and feeds approximately 

500 million people worldwide (Best and Henry, 1992). The starchy storage root is a staple 

source of carbohydrates and accounts for 50% of total calorific intake in certain countries 

(Cock, 1985). Besides that, cassava is a rich source of minerals and vitamins; it not only 

has a high carbohydrate content but is also rich in vitamin C (Table 1.1), with just 450g 

of cassava meeting the recommended daily dietary intake of vitamin C for an adult male 

(Chandrasekara and Josheph Kumar, 2016). 









24 
 

approximately 200 different species of pests including mealybugs, whiteflies, mites, 

thrips, gallmidges, stem borers, root mealy bugs, lace bugs, shoot flies, hornworm, 

burrower bugs and more (Bellotti et al., 1999). These pests not only cause physical 

damage to the plant, but some are involved in transferring and spreading diseases. 

Nematodes can also cause damage to the plant, increasing its vulnerability towards 

subsequent bacterial and fungal infections. One of the most damaging bacterial diseases 

is cassava bacterial blight (CBB) caused by the pathogen Xanthomonas axonopodis pv. 

Manihotis; CBB significantly impacts cassava yield as leaf biomass, storage root and 

stem (planting material) are all affected (Wydra et al., 2001). Besides that, there are 

around 250 species of fungi that affect cassava; Cercospora henningsii being the most 

prominent as it causes brown leaf spot disease in cassava. This disease is widespread 

in all cassava producing countries and is characterised by the brown spots on both leaf 

surfaces (Lebot, 2009). 

Cassava is also susceptible to a range of viral diseases. At least 17 different viruses that 

infect cassava have been identified, with cassava mosaic disease (CMD) and cassava 

brown streak disease (CBSD) being the most damaging to cassava production in Sub-

Saharan Africa (Ephraim et al., 2015). The economic losses due to these two diseases 

are estimated to be more than USD 1 billion per year (Legg et al., 2006b). 

CMD is caused by cassava mosaic geminiviruses (CMGs) which are transmitted by the 

whitefly (Bemisia tabaci) and reports show that the CMD pandemic has caused an 

economic loss of approximately US1.9-2.7 billion annually in East and Central Africa 

(Patil and Fauquet, 2009). It is one of the most detrimental plant virus diseases in the 

world, causing famine that has led to the death of thousands of people (Legg et al., 

2006a). CMD is currently only present in the African continent and Indian subcontinent 

but is continuing to expand (Fargette et al., 2006). Even though countries in South-East 

Asia and South America are cultivating cassava at a large-scale, CMD is absent due to 

B. tabaci biotype being unable to colonise cassava successfully in said countries 

(Carabali et al., 2005). However, CMD still poses a huge threat and strict quarantine 

restrictions are necessary to prevent the import of CMGs and cassava-adapted B, tabaci 

biotypes (Patil and Fauquet, 2009). Several cultivars that are resistant to CMD are 

currently being used to control CMD in Africa but are inadequate to combat the CMD 

pandemic (Legg and Fauquet, 2004). RNAi silencing mechanisms have been used to 

target CMG promoters and genes involved in CMD and have produced promising results 

though a fully resistant cultivar has not yet been successfully engineered (Bull et al., 

2011; Sayre et al., 2011; Zhang et al., 2005). 
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Cassava brown streak disease (CBSD) is caused by two viruses belonging to the 

Ipomovirus genus, cassava brown streak virus (CBSV) and Ugandan cassava brown 

streak virus (UCBSV) (Revers and García, 2015). This disease is widespread in the East 

and coastal regions of Africa (Hillocks and Jennings, 2003). CBSD causes severe 

necrosis and chlorosis of infected leaves, dry brown-black necrotic rot of the storage root 

which starts as a lesion and may spread to the entire root and may lead to stunted growth 

of the cassava plant (Bull et al., 2011; Alicai et al., 2007). Tolerant cultivars may be able 

to restrict the rot in the storage root to a lesion, but susceptible cultivars may suffer the 

loss of the entire root. Depending on the cultivar, CBSD can cause up to 70% of root 

weight loss (Maruthi et al., 2005). Current means of controlling the disease are through 

field sanitation and thorough screening to avoid using diseased stem cuttings. Using 

CRISPR/Cas9-mediated genome editing, cassava mutants show suppressed disease 

symptoms but still not a complete resistance to CBSD (Gomez et al., 2018). 

 

 POST-HARVEST PHYSIOLOGICAL DETERIORATION (PPD) 

Additionally, a major problem cassava faces as a crop is its short shelf life after which 

the storage root will deteriorate to the point of becoming unpalatable and unmarketable. 

The short shelf-life of cassava is attributable to a response is called post-harvest 

physiological deterioration (PPD), and is an active physiological response triggered by 

harvesting. This causes huge economical losses for farmers and severely restricts the 

potential of cassava as a crop. It is estimated that 5-25% of cassava roots are lost due 

to PPD worldwide (Saravanan et al., 2014), with Africa suffering up to 29% of losses and 

Latin America and Asia losing 10% and 8% respectively (Salcedo and Siritunga, 2011). 

The issue of shelf-life is especially problematic in the case of cassava farming as many 

farmers operate at small-scale in developing countries and PPD makes it hard for them 

to sell their products as the market demand mainly exists for roots in their fresh form. A 

study by (Rudi et al., 2010) has shown that delaying PPD by two weeks in Nigeria could 

increase profit by approximately USD 2.9 billion over a 20-year period. In the North-East 

of Thailand alone, it could save around USD 26.5 million per year for the starch industry 

and USD 8.5 million per year for farmers if PPD is delayed by 45 days (Vlaar et al., 2007).  
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reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), hydroxyl radical (OH) 

and secondary metabolites such as scopoletin, which have anti-microbial and/or anti-

oxidant activities are produced (Qin et al., 2017; Vanderschuren et al., 2014). The initial 

wounding stimulates the cells to release signal molecules that lead to the production of 

compounds in different pathways that are involved with defence, tissue cell protection, 

restoration and programmed cell death (PCD) (Figure 1.5) (Owiti et al., 2011). Signal 

molecules such as the phytohormone ethene, which is involved in coordinating wound 

and senescence response in plants (Ecker and Davis, 1987), is increased during PPD 

(Hirose et al., 1984). Other signal molecules produced include jasmonic acid, salicylic 

acid, abscisic acid and H2O2 (Beeching et al., 1994). PPD also causes an increase in 

respiration and activity of acid invertase, which causes the mobilisation of starch to 

sugars (Tanaka et al., 1983).  

 

 

Figure 1.5 Biological pathways affected the PPD process in cassava storage roots. 
Red boxes indicate proteins up-regulated during early stages of PPD, orange/brown 
boxes indicate proteins up-regulated during late stages of PPD, yellow boxes indicate 
proteins down-regulated during early PPD, green boxes indicate protein down-regulated 
during late PPD, and blue boxes indicate proteins with both up- and down-regulation 
during PPD. SAMS, S-adenosyl methionine synthase; ACCS, 1-aminocyclopropane-1-
carboxylate synthase; ACCO, 1-aminocyclopropane-1-carboxylate oxidase; AOC, allene 
oxide cyclase; OPR, oxophytodienoate reductase; CaM, calmodulin; SOD, superoxide 
dismutase; CAT, catalase; APX, ascorbate peroxidase; NDK, nucleoside diphosphate 
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Figure 1.6 The mode of action of enzymatic ROS scavenging by superoxide 
dismutase and catalase (Apel and Hirt, 2004). 

 

ROS are signalling compounds that manage various conditions that arise due to stress 

such as production of restorative or defensive compounds, and PCD. Interaction 

between ROS and the cells can cause oxidative damage to DNA, proteins and lipids 

(Apel and Hirt, 2004). Therefore, another approach to prevent PPD could be to stop the 

cells from producing excessive amounts of ROS. Cyanogenesis plays an important role 

in the oxidative burst that results in PPD (Zidenga et al., 2012). The disrupted tissues 

release hydrogen cyanide (HCN) through cyanogenesis from linamarin and linamarase. 

HCN stops mitochondrial respiration by inhibiting complex IV in the mitochondrial 

electron transfer chain, leading to a rapid and excessive production of ROS at complex 

I and III. This suggests that PPD could be cyanide dependent. A study conducted by 

Zidenga et al. (2012) showed that the overexpression of the Arabidopsis thaliana 

mitochondrial alternative oxidase gene (AOX1A) in cassava resulted in a 10-fold 

reduction in ROS accumulation and delayed PPD for up to two weeks. Unfortunately, 

this had adverse effects on the root yield under field conditions. In addition, recent 

studies showed that melatonin can control homeostasis of cellular ROS in the cells and 

by applying exogeneous melatonin, PPD has been significantly delayed (Hu et al., 2016; 

Ma et al., 2016). Melatonin activates ROS-scavenging and ROS signal transduction 

pathways such as calcium signalling, mitogen-activated protein kinases (MAPK) and 

transcription factors at the early stage of PPD. It also plays a role in the reduction of H2O2 

by increasing peroxidase and catalase activity during middle and late stages of PPD. 

Therefore, manipulating the biosynthesis of melatonin could potentially delay the onset 

of PPD (Hu et al., 2016).  

 

 PPD AND THE WOUND RESPONSE 

Cassava PPD resembles wound responses found in other plant species (Rickard, 1985). 

During PPD development, changes in total phospholipids, glyceroglylipids and sterol-

containing lipids can be observed in damaged tissues; these membrane lipids have 
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However, the curing method is uneconomical due to the specificity of the storage 

conditions and if the cured storage roots are wounded again, rapid PPD will develop 

regardless of the previous treatment (Beeching et al., 1994).  

 

1.2.3 POST-HARVEST RESPONSES IN OTHER ROOT AND TUBER 

CROPS 

Like cassava, other root and tuber crops are often inevitably damaged during harvest, 

transportation and storage. Wound responses in other root and tuber crops such as 

potato, sweet potato, taro and yam are similar to cassava, but they recover better from 

wounding and stresses in comparison to cassava, making their storage easier and shelf-

life longer. Understanding and comparing post-harvest responses of other root and tuber 

crops may provide beneficial insights into cassava PPD.  

 

 POTATO 

Potato (Solanum tuberosum L.) is cultivated for its starchy tuber and is the fourth highest 

produced food crop in the world after maize, wheat and rice. The inevitable wounding of 

the potato tubers during harvest leads to the production of polyphenolic and polyaliphatic 

compounds which are involved in the suberisation of wounds thus preventing microbial 

infection and desiccation of the tuber (Lulai et al., 2008). Within 15 minutes of wounding, 

callose is produced, leading to the biosynthesis of ethene. Enzymes such as 

lipoxygenase and plant defence genes such as phenylalanine ammonia-lyase (PAL) and 

extensin are also activated in response to wounding (Lulai and Corsini, 1998). There was 

also an increase in the expression of the enzyme, tyramine hydroxycinnamoyl 

transferase (THT), within 3 to 4 hours of wounding. THT is responsible for the 

biosynthesis of hydroxycinnamoyl tyramines which are involved in suberisation (Negrel 

et al., 1993). Like cassava, potato tubers also experience starch degradation; this 

happens in the first 12 hours after wounding because of the increase in the activity of 

alpha and beta-amylases (Kato and Uritani, 1976). 

 

 SWEET POTATO 

Sweet potato (Ipomoea batatas (L.) Lam) is grown for its storage root like cassava. It is 

cultivated across Asia, tropical Africa and America for both food and industrial uses 

(Lebot, 2009). Unlike cassava, sweet potato has a relatively long shelf life, depending on 

the storage conditions and cultivars, it can last for weeks up to 10 months if it is stored 



32 
 

in optimal conditions (Ray and Ravi, 2005; Holmes and Stange, 2002).  Sweet potato 

has a thin skin that is vulnerable to injury during harvest and handling. When the sweet 

potato is wounded, the site of injury will undergo curing where the exposed parenchyma 

suberises and forms a periderm to seal the site of wounding (Ray and Ravi, 2005). 

Phenolic compounds will also accumulate underneath the periderm after wounding 

(Schadel and Walter Jr, 1981). Besides that, wounding of the sweet potato roots also 

triggers ethene synthesis which will acts as an activator of various metabolic responses 

such as the upregulation of PAL and peroxidase activity (Imaseki et al., 1968). The 

increased activity of peroxidase indicates that ROS is involved in the wound response 

mechanism in sweet potato. Ethene also induces responses that increase resistance to 

fungal resistance (Stahmann et al., 1966). 

 

 YAM 

Yams (Dioscorea spp.) consist of multiple species from the Dioscoreaceae family and 

are cultivated for their starchy tubers. They are also a major food source in Africa, Asia, 

South America and the Pacific. The deterioration seen in yams is very similar to sweet 

potato. Post-harvest loss usually stems from an increase in respiration which leads to a 

reduced weight and a loss of marketability (Ravindran and Wanasundera, 1992). The 

cortical periderm of yam is vulnerable due to its thinness, which can easily be damaged 

during harvest (Ejechi and Souzey, 1999). Unlike cassava, yams are stem tubers and 

not a true root which may be why they can fully cure wounds despite being separated 

from the main stem (Ravi et al., 1996). When the tuber is wounded, a response is 

triggered to form a cork periderm underneath the wounds within five days to seal to 

suppress respiration rate and water loss, thus allowing storage for several months. 

Abscisic acid (ABA) induces the expression of PAL which leads to the accumulation of 

phenolic compounds (Cottle and Kolattukudy, 1982). The amount of polyphenols present 

will be 5-6 times higher five days after wounding than in fresh tubers (Ikediobi et al., 

1989). Besides that, oxidation-related enzymes, such as peroxidase, polyphenol oxidase 

and lipoxygenase, are also activated following wounding; polyphenol oxidase is shown 

to be greatly up-regulated, suggesting polyphenols are involved in wound suberisation 

(Rhodes and Wooltorton, 1978) as well as stress resistance and antioxidation (Ikediobi 

et al., 1989). 

In addition, sprouting of the tubers is another major source of losses for yams. After 

harvest, yams resume a state of dormancy where metabolic activity has been reduced 

to a minimum (Passam and Noon, 1977). Sprouting can be delayed in temperatures of 
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around 15°C, regardless of relative humidity. Unfortunately, such a temperature is not 

ideal for curing and hard to be achieved in practice in tropical regions. Batatasins are 

endogenous phenolic growth inhibitors that are responsible for inducing and maintaining 

dormancy; yams only start sprouting when the levels of batatasin fall. Once the yam has 

sprouted, available nutrients will be used for growth and the tuber will rapidly start to 

senesce, ultimately leading to tuber deterioration (Passam and Noon, 1977).  

 

 SCOPOLETIN 

1.3.1 SCOPOLETIN AND OTHER SECONDARY METABOLITES IN PPD 

As mentioned in section 1.2.2.2, during the development of PPD in cassava, secondary 

metabolites involved in the stress response such as coumarins, phenolic compounds, 

phytosterols and fatty acids accumulate. Although it is unusual in plant stress responses, 

a large family of 22 different diterpenic compounds that accumulated in wounded 

cassava storage roots has been identified (Sakai and Nakagawa, 1988). Other 

metabolites that are involved in the PPD response include flavanols, leucoanthocyanins, 

catechin, gallocatechin and delphinidin (Sakai et al., 1986). However, out of all the 

metabolites involved in PPD, hydroxycoumarins show the most significant accumulation 

(Bayoumi et al., 2010), especially scopoletin and its glucoside scopolin (Figure 1.7). 

Esculetin and its glucoside esculin are also present, although to a lesser extent. These 

secondary metabolites may have antimicrobial abilities or act as anti-oxidants 

(Buschmann et al., 2000b).  

 

Figure 1.7 Scopoletin and its glucoside, scopolin. Scopoletin can be converted to 
scopolin by the enzyme scopoletin-glucosyltransferase and vice versa by scopolin-beta-
glucosidase. 
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The hydroxycoumarin, scopoletin (7-hydroxy-6-methoxychromen-2-one), is of interest in 

understanding cassava PPD as it shows a significant accumulation over the PPD 

process. Harvested cassava roots show a rapid increase in the concentration of 

scopoletin from <1 ng/mg in fresh roots to 60-80 ng/mg two days post-harvest, and 

remains at a high concentration throughout the whole PPD process (Buschmann et al., 

2000b). This accumulation of scopoletin observed in PPD suggests that it is involved in 

storage root deterioration. Besides that, peroxidase has a high affinity to scopoletin, 

which oxidises it to a blue-black insoluble metabolite. This correlates with the blue-black 

discolouration known as vascular streaking observed in the roots. When exogenous 

scopoletin is applied to fresh cassava root, the roots show a faster rate of discolouration 

and more intense fluorescence under UV light (Figure 1.8) (Wheatley and Schwabe, 

1985). In addition, a study performed in sunflower (Helianthus annuus), where 

peroxidase was extracted from a detached leaf was incubated with scopoletin and H2O2 

produced an insoluble blue product. But, if H2O2 was absent or if catalase was added, no 

blue product was formed, suggesting that it is the oxidation of scopoletin that forms the 

observed blue product (Edwards et al., 1997). Due to the bioactive nature of scopoletin, 

under normal conditions, it is stored as the inactive glucoside known as scopolin. During 

PPD or stress conditions, scopoletin is both synthesised de novo and released from its 

inactive glycone, scopolin, via deglycosylation through a specific beta-glucosidase. 

 

Figure 1.8 Cassava samples, (A) fresh and (B) 24 hours post-harvest, emit 
fluorescence under 366 nm UV light. (A) The fluorescence of the root is not 
significantly different compared to the filter paper beneath; (B) Cassava roots 24 hours 
post-harvest developed significant fluorescence in comparison to the filter paper 
beneath. Picture taken from Liu (2016). 

 

Scopoletin also plays a role in plant defence as it has antifungal and antimicrobial 

properties (Rodríguez et al., 2000). The fungitoxicity of cassava was investigated on 
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Microcyclus ulei (P. Henn.) V. Arx that infects Hevea brasiliensis (rubber tree) which is 

also in the Euphorbiaceae family. Following inoculation, the leaflets showed scopoletin 

accumulation and the in vitro tests confirm the inhibitory action of scopoletin on M. ulei 

conidium germination and germ tube elongation (Garcia et al., 1995). Besides that, H. 

brasiliensis infected with Phytophthora palmivora also showed a high level of scopoletin 

accumulation and that scopoletin inhibited P. palmivora mycelial growth (Churngchow 

and Rattarasarn, 2001). In addition, the study by Valle et al. (1997) showed a rapid 

accumulation of scopoletin following inoculation of Ophiostoma ulmi on cell suspension 

cultures of Ulmus campestris Linn. and U. pumila L.; antifungal activity was also directly 

observed in the in vitro bioassays performed.  

Scopoletin may also have some health implications as it can trigger apoptosis in 

mammalian cells. A study by Kim et al. (2005) found that scopoletin induced apoptosis 

in human premyeloleukemic cells and activated caspase-3 as shown by the proteolytic 

cleavage of the proenzyme and protease activity. Liu et al. (2001) also found that at 

doses of 100, 200 and 400 ug/ml, scopoletin induces apoptosis and cell cycle arrest 

thereby inhibiting the proliferation of human prostate adeno-carcinoma cells. 

 

1.3.2 SCOPOLETIN BIOSYNTHESIS 

Since scopoletin plays a vital role in the development of PPD in cassava storage roots, 

understanding its biosynthesis will provide an important insight into extending the shelf 

life and delaying PPD in cassava. Scopoletin is synthesised through the phenylpropanoid 

metabolism which is also responsible for many other secondary metabolites that are 

essential for the survival of the plant. These secondary metabolites include lignin which 

is needed for structural support and vascular integrity, flavonoids which are involved in 

UV protection and in attracting pollinators, coumarins and phytoalexins which are 

involved in defence mechanisms and many more (Vogt, 2010; Dixon et al., 2002). Within 

the phenylpropanoid metabolism, there are three likely pathways leading to the 

biosynthesis of scopoletin (Figure 1.9). These are via (1) hydroxycinnamate, (2) 

hydroxycaffeate and (3) ferulate intermediates; the dominant pathway is via the ferulate 

intermediate where 90% of total scopoletin in cassava is produced (Bayoumi et al., 

2008).  

As shown in Figure 1.9, L-phenylalanine (L-Phe) is processed to trans-cinnamate ((E)-

cinnamate) by phenylalanine ammonia-lyase (PAL) and then (E)-p-coumarate through 

cinnamate 4-hydroxylase (C4H). It is then linked to a coenzyme A (CoA) through a 

thioester bond to its carboxyl group by 4-coumarate CoA ligase (4CL). p-coumaroyl 
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Figure 1.9 Three alternative pathways of the biosynthesis of scopoletin in cassava. 
Entry points of the three possible pathways are labelled 1, 2 and 3 (Bayoumi et al., 2008). 
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Figure 1.10 A simplified representation of the phenylpropanoid metabolism to 
show the various secondary metabolites that are synthesised through it, including 
scopoletin which is within the coumarin group (Vogt, 2010). 

 

(E)-cinnamate is then hydrolysed by cinnamate 4-hydroxylase (C4H) which is a 

cytochrome P450-dependent monooxygenase (P450, CYP) to yield (E)-p-coumarate 

(also known as 4-coumarate). The P450 group is divided into families which are at least 

40% identical to one another and sub-families of proteins which are at least 55% similar 

to one another, although there are cases where sequence identity among P450s can be 

less than 20% (Werck-Reichhart et al., 2002). The A. thaliana genome comprises of 272 

cytochrome P450 genes and is one of the largest protein families in higher plants. C4H 
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COMT1, contains lignin lacking in S units and reduced sinapoylmalate levels in stem, 

leaves and seedlings (Goujon et al., 2003). COMT also plays a role in the biosynthesis 

of scopoletin through the alternative pathways in which esculetin is methoxylated to yield 

scopoletin (Alhalaseh, 2017).  

Cinnamyl alcohol dehydrogenase (CAD) is responsible for the last step in lignin 

biosynthesis of G and S subunits. CAD catalyses the NADPH-dependent reduction of 

coniferaldehyde and sinapaldehyde to the monolignols coniferyl alcohol (G lignin) and 

sinapyl alcohol (S lignin) respectively. The primary CADs that are involved in lignin 

biosynthesis in A. thaliana are AtCAD4 and AtCAD5 which are both highly expressed in 

vascular bundles and several other tissue types (Kim et al., 2007). The double mutant 

for AtCAD4 and AtCAD5 has a 94% reduction in G and S lignin monomers in comparison 

to wild-type plants and deposits lignin composed primarily of coniferaldehyde and 

sinapaldehyde subunits (Sibout et al., 2003).  

These findings show how significant the phenylpropanoid metabolism is to the survival 

of the plant as it is responsible for the biosynthesis of lignin, flavonoid, coumarins and 

many other important secondary metabolites.   
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Figure 1.11 The biosynthesis of scopoletin through three alternative pathways in 
the phenylpropanoid metabolism. 
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 MATERIALS AND METHODS 
 

 INSTRUMENTS 
Unless stated otherwise, all reagents and chemicals used were obtained from Sigma-

Aldrich and all plastic consumables were obtained from Fisher Scientific. A Thermo 

Cycler PTC-200 (MJ Research) was used for PCR and other reactions which required 

incubation. The PowerPac 200 (Bio-Rad) was used for gel electrophoresis of DNA and 

RNA samples and the GDS 7500 UV transilluminator (UVP) with a Grab-IT 2.0 

(Synoptics Ltd.) imaging system was used to visualise the gel and capture images. 

Different centrifuges were used depending on the requirement of the sample, e.g. speed 

and volume. A MiniSpin microfuge (Eppendorf) was used to centrifuge samples with a 

volume less than 2 mL; an Allegra 25R centrifuge (Beckman Coulter) was used for high 

speed centrifugation; and a Universal 32R centrifuge (Hettich) was used for low-speed 

centrifugation. A Helios spectrophotometer (ThermoFisher Scientific) was used to 

measure the absorbance of cell cultures and a Nanovue spectrophotometer (GE 

Healthcare Life Sciences) was used to quantify nucleic acid samples. Arabidopsis 

thaliana plants and in vitro cassava were grown in a Fitotron plant growth chamber 

(Weiss Gallenkamp). The electro-transformation of E. coli and Agrobacterium was 

carried out through a MicroPulser electroporator (Bio-Rad). Petri dishes were incubated 

in a Function Line microbiological incubator (Heraeus) and bacterial cultures that 

required shaking were incubated in an Orbital Incubator (Sanyo). The film developer 

OPTIMAX X-Ray Film Processor Model 1170-1-0000 (PROTEC GmbH & Co KG, 

Germany) was used to develop southern blot films. 

 

 PLANT MATERIALS 
Wild-type cassava cultivar TMS60444 (tropical Manihot series 60444) was obtained from 

the glasshouse of Department of Biology and Biochemistry, University of Bath. Friable 

embryogenic calli (FEC) cultivar TMS60444 were obtained from the cassava research 

group from the Institute of Molecular Plant Biology in ETH Zürich. 
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Table 2.3 Composition of reaction for the probe  

Component Volume (uL) 
10x standard Taq reaction buffer 5 
10x DIG dNTPs  5 
Taq DNA polymerase (5 U/uL) 1 
10 µM probe-forward primer 0.5 
10 µM probe-reverse primer 0.5 
15ng/ul Plasmid DNA (pRNAi-GG) 1 
Nuclease-free water 33 
Total volume 50 

 
Table 2.4 Probe PCR reaction conditions 

Step Temperature (°C) Time 
Initial denaturation 94 2 min 
Denaturation 94 30 sec 
Annealing 57 30 sec 
Elongation 72 1 min 
Final elongation 72 5 min 
Final hold 12 Forever 

 

 REAGENTS USED FOR SOUTHERN BLOTTING 

Reagents used in southern blotting are 20X SSC, 20% SDS, depurinating solution, 

denaturing solution, neutralisation solution, washing solution 1 (W1), washing solution 2 

(W2), washing solution 3 (W3), washing buffer (WB), B1 solution, B2 solution and B3 

solution (McCabe et al., 1997). The compositions of the reagents are available in 

Appendix I. 

 SOUTHERN BLOT 

Day 1: Digestion reaction 

10 ug of cassava genomic DNA was digested with the restriction enzyme HindIII 

(Promega) in a 0.2 mL tube with a total volume of 150 uL at 37°C overnight in a Thermo 

Cycler PTC-200 (MJ Research). The master mix composition for the digestion reaction 

is listed in Table 2.5. pRNAi-GG plasmid DNA was used as a positive control. 

 

 

 

 

30 Cycles 
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Table 2.5 Master mix composition for the digestion using HindIII 

Component Volume (uL) 
Cassava genomic DNA (500 ng/uL) 20 
Promega Buffer E 15 
10x BSA 5 
HindIII (10 U/uL) 10 
MilliQ water 10 
Total volume 150 

 

Day 2: Ethanol Precipitation 

After the overnight digest, the reaction was heat-inactivated at 80°C for 20 min. The 

digested sample (150 uL) was transferred to a 1.5 mL tube (Eppendorf) and 15 uL of 

NaOAC (pH 4.8) and 350 uL of 95% (v/v) ethanol were added to the mixture and 

incubated at -20°C for 2 hours. The mixture was then centrifuged at 13,000 rpm, RT for 

15 min and the pellet was washed with 1 mL of 70% (v/v) ethanol. The pellet was air-

dried at RT for 10 min and then resuspended in 15 uL of MilliQ water. The resuspended 

pellet was incubated at 65°C for 10 min to allow the pellet to dissolve and was vortexed 

and spun down. 

Agarose gel electrophoresis 

A DIG-labelled ladder was prepared (2 uL of DNA Molecular Weight Marker VII, DIG-

labelled (Sigma-Aldrich), 5 uL of 5x loading dye and 13 uL of MilliQ water). 5 uL of 5x 

loading dye was added to 15 uL of digested DNA to make a total volume of 20 uL to be 

loaded onto the gel. The samples and DIG-labelled ladder were run overnight on a 0.8% 

(w/v) agarose gel (no EtBr) at 1 V/cm in Tris-Borate-EDTA (TBE) as the running buffer. 

Day 3: DNA visualisation under UV light 

The gel was stained with 0.3 mg/ml Ethidium Bromide for 15 min and then de-stained in 

water for 20 min. The gel was observed under UV light for DNA visualisation and 

documentation. 

Capillary transfer of DNA to membrane 

The gel was cut at the bottom right corner to mark its orientation. The gel was incubated 

in 300 mL of depurination buffer for 30 min on a shaker (The Belly Dancer, Stovall Life 

Science). It was then washed twice with sterile MilliQ water and incubated in 300 mL of 

denaturation buffer for 30 min on the shaker. The gel was washed twice with sterile MilliQ 

water and was incubated in 300 mL of neutralisation buffer for 15 min twice. The gel was 

set up for overnight capillary transfer of DNA to a nylon membrane (GE Healthcare, Life 

Sciences) (Southern, 2006). 
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to the low levels of RNA, the binding solution was increased to 750 uL. To remove 

residual genomic DNA from the RNA samples, on-column DNAse digestion was 

performed using the On-Column DNAse I Digest Set (Sigma-Aldrich) as per protocol 

provided by the kit. The concentration and quality of the RNA samples were verified with 

a NanoVue spectrophotometer (GE) and checked on gel for degradation. If the RNA 

concentration was too low (<15 ng/uL), the purified RNA samples was vacuum-

concentrated using a Savant SpeedVac vacuum concentrator (Thermo Fisher). The RNA 

samples were then stored at -80°C until further use.  

 

2.8.4 cDNA PREPARATION 

The High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) with oligo dT 

(18) primer (New England Biolabs) were used to synthesise cDNA from RNA samples. 

150 ng of total RNA was used in each reaction and the protocol provided was followed 

with an additional 1 uL of 50 uM oligo dT (18) primer in each reaction. The reaction was 

incubated in a Thermo Cycler PTC-200 (MJ Research). 

 

2.8.5 E. COLI PLASMID EXTRACTION 

A single E. coli colony was inoculated in 5 mL of sterile LB medium with appropriate 

antibiotic. The culture was incubated in a shaking incubator overnight at 37°C, 200 rpm 

to allow the cells to multiply. The overnight bacterial culture was centrifuged at 2000 rpm 

to pellet the cells in a Universal 32R centrifuge (Hettich). The supernatant was discarded, 

and the plasmid extracted from the bacterial cell pellet with the QIAprep Spin Miniprep 

Kit (Qiagen) and eluted with 35 uL to 50 uL of sterile MilliQ water. The quality and 

concentration of the plasmid DNA were verified with a NanoVue spectrophotometer 

(GE). 

 

2.8.6 POLYMERASE CHAIN REACTION (PCR) 

Taq DNA Polymerase and Q5® Hot Start High-Fidelity DNA Polymerase were both used, 

and they were obtained from New England Biolabs (NEB). All reactions were carried out 

in a Thermo Cycler PTC-200 (MJ Research). Taq DNA polymerase was used for 

genotyping and screening to determine the presence or absence of a target DNA 

sequence (cDNA or genomic DNA). The PCR preparation and reaction set up are listed 

in Table 2.6 and 2.7. When amplifying a DNA fragment for vector construction and 

sequencing, Q5® Hot Start High-Fidelity DNA Polymerase was used due to its proof-
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reading ability to minimise errors during amplification. The PCR preparation and reaction 

set up are listed in Table 2.8 and 2.9. 

 

Table 2.6 Taq DNA polymerase Reaction Mixture 

Component Volume (25 µl reaction) Final concentration 
10x standard Taq reaction buffer 2.5 µl 1x 
10 mM dNTPs 2 µl 200 µM each 
Taq DNA polymerase 0.125 µl 0.025 U/µl 
10 µM forward primer 1 µl 0.4 µM (0.05-1 µM) 
10 µM reverse primer 1 µl 0.4 µM (0.05-1 µM) 
Template DNA 1 µl < 1000 ng 
Nuclease-free water to 25 µl  

 
Table 2.7 Taq DNA Polymerase Set-up 

Step Temperature (°C) Time 
Initial denaturation 94 2 min 
Denaturation 94 30 sec 
Annealing 50-65 30 sec 
Elongation 72 1 min/kb 
Final elongation 72 5 min 
Final hold 14 Forever 

 
Table 2.8 Q5 High Fidelity DNA Polymerase Reaction Mixture 

Component 25 µL Reaction 50 µL Reaction Final concentration 
5x Q5 Reaction Buffer 5 µl 10 µl 1x 
10 mM dNTPs 2 µl 4 µl 200 µM each 
Q5 High-Fidelity DNA 
polymerase 

0.25 µl 0.5 µl 0.02 U/µL 

10 µM forward primer 1.25 µl 2.5 µl 0.5 µM (0.05-1 µM) 
10 µM reverse primer 1.25 µl 2.5 µl 0.5 µM (0.05-1 µM) 
Template DNA 1.25 µl 2.5 µl < 1000 ng 
Nuclease-free water to 25 µl to 50 µl  

 
Table 2.9 Reaction set up using Q5 High-Fidelity DNA polymerase 

Step Temperature (°C) Time 
Initial denaturation 94 2 min 
Denaturation 94 30 sec 
Annealing 50-65 1 min 
Elongation 72 30-40 sec/kb 
Final elongation 72 5 min 
Final hold 14 Forever 

 

30 Cycles 

30 Cycles 
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the deamination of phenylalanine. There are four PAL isoforms (PAL1 (At2g37040), 

PAL2 (At3g53260), PAL3 (At5g04230) and PAL4 (At3g10340)) in A. thaliana (Raes et 

al., 2003). Expression studies performed in A. thaliana have shown that PAL1 and PAL2 

are the main PAL enzymes as there are specific promoter elements related to PAL1 and 

PAL2 but not PAL3 and PAL4 (Raes et al., 2003). To further support the observation that 

PAL1 and PAL2 are the main isoforms in A. thaliana, studies by Rohde et al. (2004) have 

shown that pal1 and pal2 mutants have no noticeable phenotype as PAL2 is upregulated 

in the pal1 mutant and vice versa. The pal1pal2 double mutant has reduced lignin content 

with a higher syringyl (S) to guaiacyl (G) ratio, accumulates phenylalanine and is also 

deficient in anthocyanin and tannin biosynthesis (Rohde et al., 2004). PAL4 is up-

regulated in both pal1 and pal2 mutants as well as the double mutant but it only partly 

compensates the loss of the main two PAL genes. The pal1 pal2 pal3 pal4 mutant has 

stunted growth with reduced lignin content but still has residual PAL activity which could 

mean that there are other unidentified PAL-like genes (Huang et al., 2010). 

 CINNAMATE 4-HYDROXYLASE (C4H) 

C4H is a member of the cytochrome P450-dependent monooxygenase family (P450s) 

that catalyses the hydroxylation of (E)-cinnamate into (E)-p-coumarate (also known as 

4-coumarate). C4H is the first of three P450s in the phenylpropanoid metabolism that is 

involved in lignin biosynthesis and is only encoded by a single gene, CYP73A5 

(At2g30490), in A. thaliana (Werck-Reichhart et al., 2002). C4H plays an important role 

in the biosynthesis of lignin as there is a high expression level of C4H in cells and roots 

that are undergoing lignification (Bell-Lelong et al., 1997). Besides that, C4H expression 

is also upregulated by light, wounding and pathogen infections in plants (Chapple, 1998). 

A viable mutant for C4H has only recently been identified in A. thaliana (Schilmiller et al., 

2009; Ruegger and Chapple, 2001) as the complete loss of C4H is lethal to the plant due 

to its importance in vascular development (Bell-Lelong et al., 1997). There are three 

reduced epidermal fluorescence 3 (ref3) mutants with a missense mutation that leads to 

amino acid substitutions in the highly conserved structural motifs of the C4H protein that 

result in reduced enzyme activity. The mutants (ref3-1, ref3-2 and ref3-3) all have lower 

concentrations of sinapoylmalate compared to wild-type plants. ref3 mutants have lower 

lignin deposition compared to wild-type plants as well as reduced levels of condensed 

tannins in the seeds (Schilmiller et al., 2009). 

 4-COUMARATE COA LIGASE (4CL) 

p-coumarate is then catalysed by 4-coumarate:CoA ligase (4CL) to form p-coumaroyl 

CoA in an ATP dependent formation of the thioester bond between coenzyme A (CoA) 

and its carboxyl group. There are four isoforms of 4CL, 4CL1 (At1g51680), 4CL2 
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Figure 3.2 Neighbour joining consensus phylogenetic analysis of phenylalanine 
ammonia-lyase (PAL) peptide sequences with 1000 bootstrap replicates. A. 
thaliana reference sequences (PAL1 (At2g37040), PAL2 (At3g53260), PAL3 
(At5g04230) and PAL4 (At3g10340)) are highlighted in red and the cassava candidate 
genes (Cassava4.1_002628, Cassava4.1_034377, Cassava4.1_002709, 
Cassava4.1_002591, Cassava4.1_028434 and Cassava4.1_003117) are in green. The 
blue highlight shows the node from which the cassava candidate genes were selected. 
The plant species included in this analysis are the dicots cassava (Manihot esculenta), 
Arabidopsis thaliana, Citrus sinensis, Malus domestica, Solanum tuberosum, Boechera 
stricta, Brassica rapa and Populus tricocarpa, monocots Sorghum bicolor, Brachypodium 
distachyon, Setaria italica and Oryza sativa and bryophyte species Physcomitrella 
patens. The scale bar represents 0.06 substitutions per amino acid.  
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Figure 3.3 Protein map of PAL and MUSCLE alignment of the cassava candidate 
genes (Cassava4.1_002628, Cassava4.1_034377, Cassava4.1_002709, 
Cassava4.1_002591, Cassava4.1_028434 and Cassava4.1_003117) and the A. 
thaliana PAL genes (PAL1 (At2g37040), PAL2 (At3g53260), PAL3 (At5g04230) and 
PAL4 (At3g10340)). A) Tyrosine (Y) is the active site for PAL enzymes. B) The PAL 
signature pattern. C) Arginine (R) is the binding site of PAL enzymes.  

  

A

B 
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Figure 3.4 Neighbour joining consensus phylogenetic analysis of cinnamate 4-
hydroxylase peptide sequences with 1000 bootstrap replicates. A. thaliana 
reference sequence (At2g3049) is highlighted in red and the cassava candidate genes 
(Cassava4.1_005978 and Cassava4.1_005452) are in green. The blue highlight shows 
the node from which the cassava candidate genes were selected from. The plant species 
analysed are the dicots, (cassava (Manihot esculenta), Arabidopsis thaliana, Boechera 
stricta and Linum usitatissimum), monocots (Sorghum bicolor, Brachypodium 
distachyon, Oryza sativa and Zea mays) and bryophyte (Physcomitrella patens). 
Cassava4.1_005978 is the best candidate with A. thaliana At2g30490 as the reference 
gene. The scale bar represents 0.1 substitutions per amino acid. 
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Figure 3.7 Protein map of 4CL and MUSCLE alignment of the cassava candidate 
peptide sequences, Cassava4.1_005006, Cassava4.1_005014, Cassava4.1_004658 
and Cassava4.1_004136, and the A. thaliana references, 4CL1 (At1g51680), 4CL2 
(At3g21240), 4CL3 (At1g65060) and 4CL4 (At3g21230). A) The 4CL signature pattern 
and nucleotide binding region (SSGTTGLPK). (B) GYGMTE is a nucleotide binding 
region. C) Aspartic acid (D) and arginine (R) are nucleotide binding sites. D) Lysine (K) 
is a nucleotide binding site which results in activity loss if mutated (Stuible et al., 2000).  
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 HYDROXYCINNAMOYL-COA SHIKIMATE:QUINATE 

HYDROXYCINNAMOYL-TRANSFERASE (HCT) 

The peptide sequence of the A. thaliana HCT reference gene, At5g48930, was used as 

a reference to identify homologous genes in the cassava genome. Two cassava 

sequences were identified (Cassava4.1_008045 and Cassava4.1_008063) as good 

candidates as the E-values were 0 and they have a score of 755.7 and 750.7 respectively 

(Appendix II). These peptide sequences were then compared with HCT sequences from 

dicotyledons (cassava (Manihot esculenta), Arabidopsis thaliana, Populus tricocarpa, 

Cucumis sativus and Brassica rapa), monocotyledons (Sorghum bicolor, Brachypodium 

distachyon, Oryza sativa, Setaria italica and Panicum virgatum) and bryophyte 

(Physcomitrella patens) species in a Neighbour-Joining consensus phylogenetic tree 

with a bootstrap replicate of 1000 (Figure 3.8). The phylogenetic analysis shows that 

Cassava4.1_008045 and 008063 are closely related to the A. thaliana HCT gene 

reference.  

To confirm that the retrieved cassava genes are good candidates that will likely share 

the same functions as the A. thaliana HCT reference gene, the motif HxxxD which is part 

of the active site (histidine (H)) has been identified in the candidate genes (Figure 3.9A). 

The x indicates any amino acid is acceptable. The aspartic acid (D) (Figure 3.9B) is also 

an active site (proton acceptor) (Levsh et al., 2016). 
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Figure 3.13 Protein map of CCoAOMT and MUSCLE alignment of the cassava 
candidate peptide sequence, Cassava4.1_011832 and Cassava4.1_014783, and the 
A. thaliana reference sequence, At4g34050. The highlighted peptide sequences are 
all binding sites of the CCoAOMT enzyme.  
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Figure 3.15 Protein map of COMT and MUSCLE alignment of the cassava COMT 
candidate peptide sequence, Cassava4.1_010187 and Cassava4.1_010203, and the 
A. thaliana reference sequence, At5g54160 and POMT9 from Populus deltoids. The 
light orange highlighted amino acids are binding sites of the COMT enzyme. The darker 
orange highlights are active sites of COMT (Byeon et al., 2014). 
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Table 3.2 Names given to cassava candidate genes encoding relevant enzymes. 

Enzyme Cassava Candidate Gene New Name 

PAL 

Manes.08G008400.1 (cassava4.1_002628m.g) MePAL1 

Manes.10G047500.1 (cassava4.1_034377m.g) MePAL2 

Manes.09G063700.1 (cassava4.1_028434m.g) MePAL3 

Manes.07G098700.1 (cassava4.1_002709m.g) MePAL4 

Manes.04G018000.1 (cassava4.1_002591m.g) MePAL5 

Manes.16G098200.1 (cassava4.1_003117m.g) MePAL6 

C4H Manes.18G126900.1 (cassava4.1_005978m.g) MeC4H1 

4CL 

Manes.11G071800.1 (cassava4.1_005006m.g) Me4CL1 

Manes.04G095300.1 (cassava4.1_005014m.g) Me4CL2 

Manes.09G127000.1 (cassava4.1_004658m.g) Me4CL3 

Manes.08G066200.1 (cassava4.1_004136m.g) Me4CL4 

HCT 
Manes.11G067800.1 (cassava4.1_008045m.g) MeHCT1 

Manes.04G101700.1 (cassava4.1_008063m.g) MeHCT2 

C3'H Manes.08G063400.1 (cassava4.1_005910m.g) MeC3'H1 

CCoAOMT 
Manes.10G078800.1 (cassava4.1_011832m.g) MeCCoAOMT1 

Manes.07G075700.1 (cassava4.1_014783m.g) MeCCoAOMT2 

COMT 
Manes.01G043700.1 (cassava4.1_010187m.g) MeCOMT1 

Manes.01G043600.1 (cassava4.1_010203m.g) MeCOMT2 

 

 

All PAL candidate genes are expressed in the leaf and are not exclusive to the root which 

is expected as it is the first enzyme in the phenylpropanoid metabolism. Three genes, 

MePAL1, MePAL4 and MePAL5 are constitutively expressed in the storage root over the 

PPD timescale and are not induced by wounding. MePAL2, MePAL3 and MePAL6 are 

likely to be induced by wounding in the storage root as they are not expressed in fresh 

(0h) storage roots and expression is only seen from 24 hours post-harvest.  

There is only one candidate gene for C4H which is MeC4H1. Probably due to the 

importance of the C4H enzyme, this gene is constitutively expressed in all tissue types 

over the PPD time course and in leaf as well (Figure 3.16). 
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Figure 4.3 Nucleotide Muscle alignment of RNAi target regions. A) CCoAOMT gene 
family alignment of region targeted by the ihpRNA construct. Length of sequence: 418bp; 
Identical sites: 378; Identity: 90%. B) COMT gene family alignment of region targeted by 
the ihpRNA construct. Length of sequence: 330bp; Identical sites: 325; Identity: 98%. 
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