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Abstract 

 

Manihot esculenta Crantz Euphorbiaceae (cassava) is the sixth most important crop in the 

world, feeding more than half a billion people around the world and is vital in addressing 

food security. A longer term aim of this research project is to contribute to the measures to 

curb PPD. The biosynthetic pathways leading to the production of hydroxycoumarins in 

cassava were investigated in wildtype and transgenic plants (1x, 2x, 3x) using synthesised 

stable isotopically-labelled E-cinnamic acids. The transgenic plants were created by knocking 

down the enzymes F6´H for 1x, F6´H and CCoAOMT for 2x and F6´H, CCoAOMT and 

COMT for 3x. It was observed in the feeding experiments in the transgenic roots that 

exogenously applied E-d7-cinnamic acid could turn the activity of phenylalanine ammonia 

lyase off resulting in the increased uptake of the labelled substrate, E-caffeic-2-13C acid was 

distributed in the same manner in all the transgenic plants while E-ferulic-2-13C acid was not 

distributed at all in the transgenic plants leading to the conclusion that in the absence of the 

activity of F6´H, E-ferulate in the plant acts as a sink. The dominant pathway for the 

synthesis of scopoletin was also confirmed to be pathway 3, via F6´H. The possibility of 

cichoriin as an intermediate in the pathways, a possible precursor for scopolin biosynthesis 

was also investigated. The use of four novel E-cinnamic acids designed to study the E-Z-

isomerisation mechanism and the lactonisation step confirmed the consistent loss of a 

deuterium atom from C-2 in the hydroxycoumarins. The E-Z-isomerisation mechanism was 

also probed further to determine the source of the proton replacing the deuterium atom at C-2 

by lyophilisation and rehydration of cassava chips in deuterium oxide. The absence of d3-

peaks is very suggestive of the deuterium atom being replaced by a proton from water in the 

tissues of the chips. 
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Abbreviations 

4-CL   4-coumarate CoA ligase 

aq.   aqueous solution 

conc.   concentrated 

C3′H   p-coumaroyl shikimate/quinate 3′-hydroxylase 

C4′H   cinnamate-4′-hydroxylase 

CCoAOMT  caffeoyl CoA 3′-O-methyltransferase 

COMT   caffeic acid methyltransferase 

D   Deuterium 

Da   Dalton 

DMSO   dimethyl sulfoxide 

EtOH   ethanol 

eV   electron volts 

F6′H   feruloyl CoA 6′-hydroxylase 

g   gram 

GMO   genetically modified organisms 

GSH   glutathione 

GST   glutathione-S-transferase 

GT   glucosyltransferase 

h   hour 

HCT   shikimate: quinate hydroxycinnamoyl transferase 

HPLC   high performance liquid chromatography 

HMBC   Heteronuclear Multiple Bond Correlation 

HR-ESI-MS   high resolution electrospray ionization mass spectrometry 

HSQC   heteronuclear single quantum coherence 

Hz   Hertz 

J   coupling constant 

kg   kilogram 
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L   litre 

LC-MS   liquid chromatography-mass spectrometry 

M   molar 

m/z    mass-to-charge ratio 

mg   milligram 

MHz   Mega Hertz 

min   minute(s) 

mL   millilitre 

mm   millimetre 

MS   mass spectrometry 

MS/MS   tandem mass spectrometry 

ng   nanogram 

NMR   nuclear magnetic resonance 

oC   degree Celsius 

OH   hydroxyl 

OMT   O-methyl transferase 

PAL   phenylalanine ammonia lyase 

ppm   parts per million  

PPD   postharvest physiological deterioration 

Rf   retention factor 

R.H.   relative humidity 

RNAi   RNA interference 

RT   retention time 

SOD   superoxide dismutase 

SPE   solid phase extraction 

TLC   thin layer chromatography 

v/v   volume by volume 

v/v/v   volume by volume by volume 
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w/w   weight by weight 

δ   chemical shift 

λ   wavelength 

µg   microgram(s) 

µL   microlitre 

µm   micrometre 
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Chapter 1 

Introduction 

 

1.1. Background to cassava research 

Cassava, Manihot esculenta Crantz, is a perennial shrub in the family Euphorbiaceae 

cultivated primarily for its edible starchy roots (Blagbrough et al., 2010; De Souza et al., 

2017). The roots of cassava can be cooked and pounded to prepare a meal known as fufu, a 

delicacy in Ghana which is served with soup and various sources of animal protein. The 

leaves of the cassava plant are also edible. M. esculenta is the most widely cultivated member 

of the genus Manihot which is made up of 98 species (Rogers and Appan, 1973; Nassar et al., 

2008). Cassava is recognised by many different names in different languages such as manioc 

in French, bankye in Twi, muhogo in Swahili, mandioca in Portuguese, yuca/yucca in 

Spanish, mushu in Chinese pinyin, albafrah/alkisafa in Arabic and agbeli in Ewe. Tapioca is 

a common commercial name under which cassava products are sold. 

Cassava, Manihot esculenta Crantz, is known as a root crop with several unanswered 

questions. Vital among these questions have been the origin of postharvest physiological 

deterioration (PPD) and the vascular streaking observed after harvesting the cassava crop. 

Olsen and Schaal (1999) reported that it was common knowledge that the present cassava 

cultivars were the result of the blended traits from various plant species in the Neotropics. 

However, its origins have now been traced to the Amazon basin. Since the domestication of 

cassava in Latin America, its production has branched out to Africa and Asia. Cassava is 

propagated primarily by stem cuttings and so the activity of man is definitely involved in its 

proliferate distribution in different countries. Cassava is a starch rich crop mainly grown for 

food. It serves as a source of starch for about 700 million people. Across the world, it is the 

second most important source of starch after maize (Stapleton, 2012). 

Cassava is predominantly cultivated in the warmer regions of the world and grows 

well in porous soils, with erratic rainfall patterns and under extreme drought conditions that 

can even last for several months. The storage roots of cassava cannot be used for its 
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propagation because the roots do not have buds; the roots are considered true roots (Wheatley 

and Chuzel, 1993; Beeching et al., 1998). Cassava is monoecious, i.e., each plant has both the 

female and male flowers on it. The female flowers are situated on the lower part of the 

inflorescence while the male flowers are located on the upper part of the inflorescence. The 

high heterozygosity observed in the cassava populations is due to the cross pollination of the 

female and male flowers, done mainly by insects. On the same branch of a plant, the female 

flowers mature before their male counterparts (about 1-2 weeks prior) to prevent self-

pollination. This is not always preventable however as the opening of the female and male 

flowers on different branches can coincide (Alves, 2002). Within a cassava population, 

individual plants often have varied and relatively long flowering times which may be 

influenced by their environment (Ceballos et al., 2004), although some cultivars are not 

known to flower (Alves, 2002; Manu-Aduening et al., 2005; Sayre et al., 2011). This 

variation among cultivars makes cassava breeding difficult and time consuming. In the cases 

where cross-pollination is effective, three seeds per trilocular fruit are produced after a 

successful fertilisation (Alves, 2002; Ceballos et al., 2004). Subsequently, seed dormancy 

must be disrupted by a high temperature after planting to bring about germination (Pujol et 

al., 2002). The propagation of cassava through sexual reproduction is therefore unpopular 

due to the uncertainty of cassava’s flowering system, the highly heterozygous population 

generated upon fertilisation and the extreme conditions needed for seed germination to take 

place (Ceballos et al., 2004). 

Cassava propagation is thus accomplished by using its stem; the stem cuttings are 

obtained from a mature plant that is ready for harvest using any clean sharp edge. The length 

of the stem cuttings used is between 20-30 cm and they are either propagated horizontally or 

vertically; a horizontal propagation gives rise to multiple young plants. The viable stem to be 

used for propagation can either be planted directly into beds or pre-sprouted and then 

transplanted onto the farm. Cassava requires negligible technological inputs to give a good 

yield but, where available, fertilisers can be applied to the soil. It takes about 6-12 months for 

cassava roots to reach maturation depending on the variety being used. Late harvesting is a 
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technique used by some farmers to store the roots for a longer period; its downside is that the 

roots can become fibrous. Cassava as a foodstuff for human (and animal) consumption is the 

major end-use of cassava at the global level. 

 

Importance of cassava research and its uses 

The African Union launched the Comprehensive Africa Agriculture Development 

Program (CAADP) initiative in 2003 (with a recommitment in 2014 in the Malabo 

Declaration), a policy framework for agricultural transformation, wealth creation, food 

security and nutrition, economic growth and prosperity for all on the African continent by 

2025. With regards to the reduction of poverty and increasing food security, some of the 

measures implemented to achieve these targets include the promotion of cassava and other 

crops to meet the rising dietary needs of the people in Africa. The cassava plant’s 

environmental adaptability is due to its cultivation between 30° North and 30° South of the 

equator and its ability to give a good yield where most crops fail makes it the basis for the 

advocation of cassava for food security (Prakash, 2008). Cassava can withstand extended 

periods of drought and grows well in nutrient-poor soil. Globally, M. esculenta fed about 500 

million people in the 1990s, a number which is expected to have increased by now. After 

rice, maize and sugarcane, cassava is the fourth source of calories consumed by man making 

it a vital part of the diet of many across the globe. It was said that cassava plants will survive 

attacks by pests and diseases. This trait in addition to the ability of cassava to accommodate 

the intercropping practices of farmers, used to mitigate pest and disease attack which could 

lead to a complete crop death, makes cassava a desirable crop for cultivation (Best and 

Henry, 1992). Nassar and Ortiz (2010) estimated that more than 800 million people depend 

on cassava for food. 

Currently, a quarter of global cassava storage root production is used as a feed 

ingredient for pork, poultry, cattle and fish farming, directly or indirectly through its 

incorporation into compound feeds (Vlaar et al., 2007; Prakash, 2008). The largest importer 

of cassava chips is currently China due to its prominent livestock industry and farming areas 



13 
 

involved in the production of cassava have seen development and industrialisation due to the 

potential high demand of cassava as it has various uses (Prakash, 2008; Kim et al., 2017). 

The use of cassava roots in biofuel production, because of its high starch content, and 

other industrial uses of cassava are also of interest for research and policymaking. According 

to the UN’s Food and Agriculture Organisation (FAO) (2014), there is an increasing demand 

for bioethanol produced from cassava and molasses in Asia and this demand will boost the 

production and use of cassava across the globe. The utilisation of cassava-based ethanol is 

also prominent elsewhere in the Asian region, especially in Thailand and Vietnam. Countries 

such as Cambodia, the Philippines, and Zambia have also announced initiatives to implement 

cassava-based ethanol in petroleum blending (FAO, 2014). An ideal substitute in the 

manufacturing of bioethanol from corn is cassava as it can be continually available around 

the clock all-year when planted (Nguyen et al., 2007). 

Another use of cassava is as a raw material for biodegradable plastic. Bioplastics can 

be decomposed by the action of microorganisms and by water under very high temperatures 

in the process of hydrolysis. pH, temperature and the presence or absence of oxygen are some 

of the factors that influence the degradation of bioplastics. The by-products from the 

decomposition are humus (aerobic conditions) or biogas (anaerobic conditions), water, 

biomass and CO2 and therefore, bioplastics are considered to be less harmful to the 

environment (Kale et al., 2007). In Indonesia (Avani Eco, Bali), India (EnviGreen, 

Bangalore) and Kenya (Novamont Kenya, Nairobi), industrial companies are producing 

biodegradable plastic bags and other materials for use from plant materials including cassava. 

Starch is used as a raw material for a wide range of food products and in the 

production process of industrial goods, including paper, textile, plywood, adhesives, in oil 

drilling, alcohol and pharmaceuticals. During sizing and dyeing in the textile industry, starch 

is used to increase the weight and brightness of the manufactured cloth (Tonukari, 2004). 

In the manufacturing of some pharmaceuticals, excipients in the form of starch from 

cassava are added. Excipients can be classified according to the functions they perform in the 

formulations, for example, as disintegrants, binders and diluents. Disintegrants aid the 

https://www.scidev.net/global/environment/
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breakdown of tablets in an aqueous medium while binders hold the pharmaceutically active 

and inactive ingredients together for a uniform product. A research by Uhumwangho et al. 

(2006) on different types of starches observed that cassava starch was the more effective 

binder due to the higher gel strength of its mucilages when compared to that of maize and 

cocoyam starches. The study showed “that cassava starch mucilage is a more effective binder 

than the mucilage of maize starch BP, which gave harder tablets with a lower brittle fracture 

predisposition”. The swelling of the disintegrant is an accepted (Desai et al., 2016) 

mechanism for tablet disintegration. The breaking down of a tablet presents a greater surface 

area of the tablet to the dissolution medium so the active drug substance can be released from 

the tablet. Diluents are fillers used to increase the bulk volume of a tablet or capsule. The 

final product attains the targeted weight and size to assist in production and handling when a 

diluent is used in the manufacture of pharmaceuticals. 

 

Shortcomings of cassava 

Though a crop with great potential to be of use in various industries such as food, 

pharmaceuticals, textiles, biofuel among others, cassava production faces a number of 

challenges that discourages farmers, processors and consumers from engaging in its 

production and distribution. These challenges include diseases, pests, the toxicity of cassava, 

its deficiency in beneficial nutrients and postharvest physiological deterioration (PPD). The 

Food and Agriculture Organisation’s Save and Grow initiative (FAO, 2013) found that 

measures that are environmentally friendly can be used to minimise losses caused by pests 

and diseases as opposed to chemical methods. Farmers in Nkhotakota, Malawi reported 

Cassava Mosaic Disease (CMD), Cassava Brown Streak (CBS), and Bacterial Blight (BB) as 

the diseases which posed a challenge to their production of cassava (personal communication, 

see Chapter 5). According to the FAO, the CBS and CMD are viral diseases while BB is 

caused by bacteria as its name suggests. CMD and CBS are passed on by infected plant 

material. Plants afflicted by CMD suffer stunting with symptoms that consist of mosaic, 

insufficient chlorophyll production, deformed leaves, and streaking. CBS is usually 
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undetected until harvest time as the plant may show no signs of infection; it causes death in 

roots that renders them unpalatable. Whiteflies are the vectors of the viral diseases and can 

transmit infection into adjoining unaffected farms. The use of resistant or tolerant cultivars 

and virus-free planting material as well as adhering to quarantine procedures during 

international exchange of germplasm are measures that will tackle CMD and CBS (FAO, 

2013). The proteobacterium Xanthomonas axonopodis pv. manihotis is the cause of BB; it is 

spread mainly by infected planting material or even by infected farm tools. When the leaves 

are infected, they become mottled and die off while the infection spreads to the stem. Some 

of the ways by which BB can be managed are by sterilising farm tools and planting material, 

using resistant varieties and the practice of crop rotation (FAO, 2013). 

Mealybugs, whitefly, and grasshoppers were the pests mentioned by the farmers in 

Nkhotakota, Malawi as causing a nuisance in their cassava farms. According to the farmers, 

the grasshoppers attacked both their maize and cassava farms. Whiteflies, mealybugs, and 

mites are the pests that have been identified by the UN’s FAO to be associated with cassava 

farming. Whiteflies are the vectors for the viral diseases of cassava and are thought to cause 

the most harm in all regions cultivating cassava. Intercropping with cowpeas and maize, 

while permitting the biological control of whiteflies, are non-chemical ways to tackle them. 

Cassava mites, green and red mites, feed mainly on the bottom of the leaves of cassava and 

are prevalent in the dry seasons of cassava cultivation. They are difficult to control as they 

have no readily known natural predators, which are effective. Mealybugs feed on cassava 

leaves, petioles and stems where they inject a toxin that in due course leads to the withering 

of the leaves. Mealybugs are controlled by their biological enemy, Anagyrus lopezi, a 

parasitic wasp (FAO, 2013). The farmers in Nkhotakota, Malawi highlighted the challenges 

of a ready market for their produce, technical know-how to increase their production rates, 

poor soil fertility and lack of hybrid varieties (personal communication, see Chapter 5). 

A major impediment to the use of cassava is the fact that raw, unprocessed cassava is 

poisonous due to the presence of cyanogenic glucosides (Ononogbu, 1980; Cork, 1985; 

Ceballos et al., 2004). Linamarin and lotaustralin (Figure 1.1) are the major cyanogenic 
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glucosides present in cassava with linamarin accounting for about 85 % of the total (Ceballos 

et al., 2004; Blagbrough et al., 2010). 

 

 

Fig. 1.1. Linamarin and lotaustralin 

 

These cyanogenic glucosides are hydrolysed by the enzyme linamarase to give a 

cyanohydrin and β-D-glucose and the cyanohydrin yields hydrogen cyanide (HCN) and a 

ketone in a second reaction at a pH over 5. Linamarase is found in the cell walls of cassava. 

When the plant is chewed or ground, it exposes the enzyme to compounds like linamarin and 

lotaustralin, which release cyanide compounds (Figure 1.2) that can be lethal to the eater. 

Cyanide is used as a defence mechanism as a deterrent for predators. The HCN then either 

dissolves readily in water or is released into the air. Not all the cyanide can be removed 

during processing. 

 

Fig. 1.2. Cyanide release from cyanogenic glucosides by enzymes 

 

https://en.wikipedia.org/wiki/Cell_wall
https://en.wikipedia.org/wiki/Linamarin
https://en.wikipedia.org/wiki/Lotaustralin
https://en.wikipedia.org/wiki/Cyanide
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Extensive processing of cassava reduces these glucosides to acceptable levels for the 

body to metabolise, but in cases where the processing is insufficient, taking-in cassava may 

lead to Konzo (Lancaster et al., 1982) or Tropical Ataxic Neuropathy (TAN) (Osuntokun, 

1968). Konzo is an unalterable upper motor neuron disorder caused by the inadequate 

breakdown of linamarin and its cyanogenic compounds (Howlett et al., 1990; Boivin et al., 

2013). It has been reported that mainly children and women depending on shoddily processed 

bitter cassava in addition to the lack of proper sulfur-based amino acids in their diets are most 

at risk of being afflicted by Konzo. Konzo is therefore not necessarily caused by only a diet 

of inadequately processed cassava because a limited sulfur intake impedes the conversion of 

cyanide into thiocyanate in the body (Tylleskär et al., 1992). TAN, unlike Konzo, is a 

progressive myeloneuropathy which is typified by a progressive onset of ataxia and was first 

seen in Nigeria (Kashala-Abotnes et al., 2019). Though TAN is thought to be caused by 

cyanide intoxication brought about by the consumption of cassava, the mechanisms involved 

in its pathogenesis are unknown (Osuntokun, 1973; Llorens et al., 2011) 

Nutrition-related deficiencies account for ~35 % child deaths across the globe and 11 

% of the total disease burden in the world (Pelletier et al., 2005). A large number of the 

world’s population is largely dependent on cassava as their staple diet for the supply of 

calories. However, such restricted diets without the supplement of essential nutrients such as 

vitamins, minerals, or protein from other sources can prove detrimental to the health of many 

(Sayre et al., 2011). It is reported by the FAO/WHO (2002) that of the minimum daily 

requirement for an average adult, a meal based on traditional cassava provides 10 % of the 

daily requirement of provitamin A, 10-20 % of the daily requirement for iron and zinc and 30 

% of the daily requirement for protein. 

The BioCassava Plus project was commissioned to improve the nutritional 

deficiencies in cassava. A biotechnological approach was used as traditional plant breeding 

was not a sufficient tool. A transgenic biofortified cassava, rich in the essential food 

elements, such as protein, zinc, vitamin A, and iron was produced. Other problem areas of 

cassava were also targeted in generating the transgenic cassava:  to reduce the cyanogen 



18 
 

content, increase viral disease resistance, and to extend the postharvest shelf-life of the roots 

(Sayre et al., 2011). The biotechnological approach used in the above project helped the 

researchers to achieve the target. “However, to deliver products to farmers, the transgenically 

imparted nutritional traits must be integrated into genetic backgrounds of cassava favoured by 

farmers. As for all the major crop species, morphogenic potential and transformability of 

cassava varies significantly between varieties. In the case of cassava, however, the option of 

integrating transgenes into amenable backgrounds followed by backcrossing with favoured 

breeding stock to produce agronomically suitable cultivars is problematic. Therefore, the 

capacity to genetically transform a given cultivar for delivery to its end-users needed to be 

developed empirically in each case” (Sayre et al., 2011). A protocol which has been 

developed and tested in Tanzania as reported by Bull et al. (2009) provides a basis for the 

transgenic transformation of cassava in other laboratories. Golden rice, which is rice 

biofortified with provitamin A (β-carotene), has improved the nutritional benefits of rice with 

a consequent improvement in health. Rice biofortified with iron is also under research 

(Sautter et al., 2006). 

Cassava has been the subject of research where attention has been focussed on 

delaying the post-harvest physiological deterioration (PPD), which the crop undergoes after 

harvest, and increasing its nutritional value because cassava roots are lacking in protein and 

beneficial vitamins. According to Prakash (2008), the trade in fresh cassava root is limited 

due to the perishability and sizeable weight of the roots. 

 

PPD 

Post-harvest Physiological Deterioration (PPD) is a biochemical perishing that occurs 

in cassava roots at least 24 hours after harvest. PPD is thought to occur as a result of the 

partial wound healing response in the roots upon detachment from the main plant (Beeching 

et al., 1998) and this observation is confirmed by Mwenje et al. (1998) when they reported 

that PPD is not observed in roots still attached to the main plant as complete wound healing 

takes place. Mwenje et al. (1998) sought to investigate the pathogenicity of Armillaria on 



19 
 

cassava cultivars. Cassava tubers were wounded by boring a hole in them, a colony of 

Armillaria was applied to each wound which was sealed off with paraffin jelly. They 

observed fluorescence between parenchyma cells in the necrotic regions only and not in the 

entire plant. Tubers attached to the plant were found to show restorative responses in their 

periderm upon infection, these responses were not present in tubers detached from the plant. 

The deterioration of cassava is in two stages:  physiological and microbial decay (Averre, 

1967); of interest is the process that causes the physiological deterioration. Averre noted that 

fresh roots of cassava could undergo vascular streaking signalled in some cases by a bluish 

fluorescence in the parenchyma cells and/or undergo microbial rot which makes the roots 

become brownish and soft. Microorganisms could not be recovered from the discoloured 

samples of cassava used in his experiment and therefore PPD was concluded to be 

physiological (enzymatic), not as a result of the activity of microbes. 

PPD is evident as a change in colour of the tissue of M. esculenta roots from white to 

blue-black, accompanied by the drying-out of the roots. In addition to what has been 

observed in the laboratory, farmers in Ghana (Prempeh et al., 2017) and Malawi (personal 

comm., see Chapter 5) corroborate these observations. The release and accumulation of 

secondary metabolites during PPD such as hydroxycoumarins (Tanaka et al. 1983; Wheatley 

and Schwabe, 1985; Beeching et al. 1998; Buschmann et al., 2000; Bayoumi et al., 2008a 

and b), diterpenoid compounds (Sakai and Nakagawa, 1988) among others have been well 

documented. The study of PPD has been necessitated by the fact that it is a phenomenon 

observed the world over with cassava production; economically, PPD causes a huge loss to 

producers and processors. A study in Thailand (Vlaar et al., 2007) reported that the earnings 

of farmers are reduced as during PPD the starch content and fresh weight of roots, the metric 

for payment, are diminished between harvesting and transporting the cassava tubers to 

factories. When comparing a PPD-susceptible cassava root to a relatively tolerant variety 

(Sanchez et al, 2013), it was found that their starch content was reduced by about 1 % per day 

after harvest. This reduction in starch was attributed to starch being lost as sugars following a 

hydrolysis and through respiration as CO2. Saravanan et al. (2014) reported that 5-25 % of 
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the total revenue generated globally by cassava roots are estimated to be lost due to PPD. 

Rudi et al. (2010) in an economic impact study of matrix-assisted breeding of cassava 

varieties with resistance to PPD (and its pests and diseases) forecasted an increase in profit by 

~$2.9 billion for Nigeria, ~$855 million for Ghana and ~$280 million for Uganda over a 20-

year period when the varieties are adopted in cassava production. In northeastern Thailand, 

farmers who received on average $1.12 million per ton per year of fresh cassava sold would 

earn $8.5 million (essentially 8-fold more) for the same period without PPD (Vlaar et al., 

2007). Due to its onset 24 hours after harvest, there is the need to process cassava roots 

immediately to avoid an appreciable and therefore economic loss during storage. The 

methods currently in use to tackle PPD can been grouped into three:  mechanical, 

biotechnological, and conventional plant breeding. 

Mechanical:  There are several ways that different communities process cassava. 

Cassava roots are processed into flour known locally as Kokonte (Twi dialect, Ghana), 

Kondowole (Chichewa dialect, Malawi). Other communities process the cassava roots into 

gari (a fine to coarse granular flour) or crisps. Cassava roots are waxed to exclude oxygen 

and refrigerated, but this is only suited to crops for export due to the high costs involved. 

Biotechnology:  There are varieties of cassava that are known to have delayed 

response to PPD, and an understanding of their make-up could yield PPD-tolerant cassava, 

but biotechnology has largely been untried in cassava research though it has been fruitful 

with other crops such as maize (CIMMYT, 2016) and golden rice (Ye et al., 2000). 

Conventional Plant Breeding:  PPD is said to be a complex multigene trait and hence 

conventional plant breeding has so far not been successful in addressing PPD while 

conventional breeding has been tried and tested in other crops such as tomato (Acquaah, 

2015). It is therefore important to explore other ways to understand and tackle PPD. 

Recent published research as part of efforts to tackle PPD has as its focal point the 

biology of the plant crop with specific research into genes, enzymes and proteins that could 

be implicated in the occurrence of PPD (Zidenga et al., 2012; Vanderschuren et al., 2014; Hu 

et al., 2016; Liu et al., 2017). Research which has been published that looks at the 
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biosynthetic and biochemical processes involved in the expression of PPD in cassava is 

limited. Uarrota and co-workers (2016) set out to study the biochemical changes occurring in 

cassava roots during storage and ascorbic acid, polyphenol and proteins were identified as 

potentially playing an important role in delaying the onset of PPD.  

Apart from the fundamental work carried out at the University of Bath (Bayoumi et 

al., 2008a and b), there are few published papers that systematically analyse the biochemical 

pathways taking place in the crop using stable isotopically-labelled precursors. Srivastava et 

al. (2016) published an overview of stable-isotope labelling in which they affirm its inherent 

practicality as an important tool in the field of metabolomics when utilised for analyses. Such 

stable-isotopically labelled precursors will potentially offer useful information concerning the 

biochemical processes associated with PPD when they are fed to cassava chips. 

 

Phenylpropanoid pathway - Proposed biochemical pathways related to 

hydroxycoumarins in PPD 

The phenylpropanoid pathway is responsible for a wide range of secondary 

metabolites manufactured in plants, these secondary metabolites result from the shikimate 

pathway and play various roles in the plants such as the biosynthesis of lignin for cell wall 

strengthening and the biosynthesis of coumarins, flavonoids for defence (Vogt, 2010). 

Using phosphoenolpyruvate and erythrose-4-phosphatase, the plant produces 

shikimic acid which is the direct precursor of the aromatic amino acids including L-

phenylalanine. The deamination of the amino acid, L-phenylalanine, catalysed by 

phenylalanine ammonia lyase (PAL) to produce cinnamate and ammonia, is the first step 

towards the biosynthesis of many plant secondary metabolites of importance (Figure 1.3) 

(Kong, 2015). The diversity of compounds emanating from the phenylpropanoid pathway 

(Figure 1.4) is as a result of the combined activity of different enzymes (Vogt, 2010). Not all 

classes of phenylpropanoid pathway derived compounds are present in all plant species. The 

(hydroxy)cinnamic acid and flavonoid classes are, however, pervasive in higher plants 

(Dixon et al., 2002). 
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Fig. 1.3. Derivatives of cinnamate in the phenylpropanoid pathway 

 

Hydroxycoumarins are involved in maintaining plant health and growth by acting in 

roles including the response to abiotic stresses, defence against phytopathogens, and 

regulation of oxidative stress among others (Bourgaud et al., 2006). Hydroxycoumarins are 

known to have a variety of biological activities such as antioxidant, anticancer, antifungal, 

anti-inflammatory, and antibacterial (Hoult and Payá, 1996; Silvan et al., 1996; Kim et al., 

2000; Adams et al., 2006; Stanchev et al., 2008; Farshori et al., 2011; Yang et al., 2016, 

2018). Coumarins can regulate plant growth by inhibiting some growth regulators such as 

gibberellins, cytokinin, and indole acetic acid (Brown, 1981). Jang et al. (2020) found in their 

studies that scopoletin exhibited an antidiabetic activity in 3T3-L1 adipocyte cells while Das 

et al. (2020) suggest that scopoletin may be useful against Candida biofilms. 
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Fig. 1.4. Examples of products from the phenylpropanoid pathway 

 

Research into the biosynthetic pathways of hydroxycoumarins (Kai et al., 2006; 

Bayoumi et al., 2008b) has highlighted 3 proposed pathways leading to hydroxycoumarins. 

In cassava, the first route is via umbelliferone, the second is via caffeic acid, and the third is 

via ferulic acid. The dominant pathway leading to the biosynthesis of scopoletin, scopolin, 

and other hydroxycoumarins during PPD was confirmed to be via ferulic acid. Alhalaseh 

(PhD, 2017) made observations which indicate the possible existence of another alternative 

pathway, a variant of routes 1 and 2 in which esculetin is glucosylated to yield cichoriin 

which could then be converted into scopolin on O-methylation (Figure 1.5). Cichoriin can be 

interconverted to esculin and the reverse is also known to occur (Ueno et al., 1985). Scopolin 

on acid hydrolysis will yield scopoletin, but its occurrence in vivo is uncertain. 
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Fig. 1.5. Proposed biosynthetic pathways with a new possible pathway leading from esculetin 

to cichoriin by non-specific glucosylation which forms scopolin on O-methylation. C3′H = 

coumaroyl-3′-hydroxylase, CCoAOMT = caffeoyl CoA O-methyltransferase, F6′H = feruloyl 

CoA hydroxylase, OMT = O-methyltransferase, GT = glucosyltransferase, GH = 

glucosylhydrolase. Dashed arrows are for unconfirmed transformations that may well occur. 
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An anthropogenic interference in the biochemical processes that take place in the 

pathways for biosynthesis of hydroxycoumarins in cassava could provide potentially useful 

information to aid in designing remedies for PPD. On their own, the events that initiate PPD 

symptoms upon wounding the cassava plant cannot be halted. There is therefore the need to 

understand the mechanisms at work under PPD conditions to ascertain the effect(s) of 

altering any of the mechanisms on the appearance of PPD symptoms and on the health of the 

plant as a whole. 

 

Transgenic cassava 

In finding a lasting solution to curb PPD, the potential of transgenic cassava is being 

explored (Bull et al., 2011). Some experiments have taken place with promising results and 

this leaves room for more experimental work to be carried out in this area of study. 

Kai et al. (2008) observed an almost complete inhibition of scopoletin when F6'H 

was knocked down in Arabidopsis thaliana. The biosynthesis of hydroxycoumarins in A. 

thaliana has been established to arise from the phenylpropanoid pathway (Kai et al., 2006). 

This was done by investigating the role of the enzyme p-coumaroylshikimate/quinate-3'-

hydroxylase (C3'H) in the coumarin biosynthesis in A. thaliana by silencing the enzyme. The 

transgenic roots were found to biosynthesise much lower amounts of scopoletin (9 %) and 

scopolin (3 %) in relation to the total amounts measured in the control. The result obtained 

pointed to the fact that the biosynthesis of scopoletin and scopolin was through the 3'-

hydroxylation which is only present in the pathway via ferulic acid and therefore the 

coumarins biosynthesised in A. thaliana proceed from the phenylpropanoid pathway. 

The pathway via ferulate was confirmed as the route that contributes predominantly 

to the accumulation of hydroxycoumarins, e.g. scopoletin, when isotopically-labelled 

intermediates were used in probing the three alternative pathways to scopoletin biosynthesis 

in cassava storage roots, while scopoletin and its glucoside, scopolin, were accumulated via 

the other two pathways in small amounts (Bayoumi et al., 2008b). The PPD response of 

created cassava lines was observed to have been reduced when transgenic cassava roots made 
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by co-overexpressing catalase (CAT) and superoxide dismutase (SOD), or by over-

expressing cyanide-insensitive alternative oxidase (AOX), were analysed. In the experiment 

with AOX, it was observed that the biomass of the roots was also decreased (Zidenga et al., 

2012; Xu et al., 2013). 

Based on the similarity of the major biosynthetic pathway of hydroxycoumarins in 

both A. thaliana and M. esculenta, Liu et al. (2017) designed a single mutant transgenic 

cassava by knocking down the expression of F6′H gene in cassava and observed its response 

to PPD and the levels of scopoletin amassed during PPD. They observed a significant 

reduction in the amount of scopoletin accumulated by the transgenic plant with visibly 

reduced PPD symptoms. These results obtained suggest an approach in modifying the 

biosynthesis of hydroxycoumarins in cassava during PPD using transgenic plants. 

 

1.2. Aims and objectives 

 

The aims of this research project are to elaborate on the biochemical pathways 

present in cassava leading to the biosynthesis of hydroxycoumarins, to tie together the 

various strands of research about PPD into a coherent body of knowledge, and to assess 

transgenic cassava with specific gene knockdowns as a potential control for PPD. In this way, 

in the longer-term, understanding how it might be possible to extend the shelf-life of cassava. 

This research project will also follow-up and thereby aim to explain some of the observations 

that have previously been made in our research group. Answers to the questions raised will 

enhance our understanding of the biochemical processes taking place in M. esculenta Crantz 

during PPD. Such an understanding will help in designing measures to tackle PPD. 

Generally, to biosynthesise scopoletin the intermediates will undergo hydroxylation, 

E-Z-isomerisation, and lactonisation. E-Cinnamic acids are intermediates in the proposed 

biosynthetic pathways of hydroxycoumarins in cassava. E-Cinnamic acid potential substrates 

labelled with different stable isotopes will be designed, synthesised and characterised by 

various analytical methods (Chapter 2). Using such E-cinnamic acids in feeding experiments 
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will provide significant information about the biosynthetic pathways in cassava under PPD 

based on the products extracted. 

Another objective is to assess the biochemical responses in transgenic cassava plants 

recently produced by Dr Yi-Wen Lim in the Beeching laboratories, University of Bath. 

Included in these plants is the single mutant (F6′H) knockdown first produced by Dr Liu Shi, 

also in the Beeching laboratories. Scopoletin will be traced in the transgenic plants, which 

have different enzymes knocked down to give 1x, 2x and 3x transgenic plants. Specific 

intermediates on the pathways will be fed to the transgenic plants and a wild-type plant to 

evaluate the uptake of the intermediates and their distribution by the plants. This will inform 

us about the effect of the knockouts on the plant’s biochemistry and enable a rational 

evaluation of specific enzyme knockout as an approach to combatting PPD in commercial 

cassava production. Feeding experiments done to analyse the transgenic cassava, specifically 

the double (2x) and triple (3x) mutant constructs are reported here for the first time. The 

implications of the accumulation pattern of hydroxycoumarins in A. thaliana as a compared 

to M. esculenta Crantz are also discussed. Alhalaseh (PhD thesis, 2017) observed a split peak 

for esculin, the glucoside of esculetin, in LC-MS analyses, of her cassava samples; this split 

peak was not observed when standard esculin was run under the same conditions. Kai et al. 

(2006) observed the accumulation of trace amounts of esculin or cichoriin, the structural 

isomer of esculin in Arabidopsis thaliana. Without a standard of cichoriin, Kai and his team 

could not confirm which isomer was being biosynthesised or if both isomers were present. If 

the split peak observed by Alhalaseh is an indication of the biosynthesis of both esculin and 

cichoriin in M. esculenta, this will indicate an alternative pathway leading from esculetin to 

form cichoriin which could give rise to scopolin by O-methylation and then potentially 

undergo de-glucosylation to form scopoletin. Cichoriin standard will be isolated from 

Cichorium intybus florets and characterised by various analytical methods. The standard 

solution of cichoriin and esculin will be analysed by HPLC, LC-MS to observe their retention 

times and then spiked standards of both solutions will be studied. The chromatographic 

methods will be optimised to give a better separation if separation is achieved, otherwise a 
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new method will be developed to enable a separation of the isomers, esculin and cichoriin. 

The experiments and results of the investigation of the biosynthetic pathway of 

hydroxycoumarins in cassava using transgenic plants and cichoriin are reported in Chapter 3. 

To facilitate our understanding of the E-Z-isomerisation (Chapter 4), singly- and 

doubly-labelled E-cinnamic acids with stable isotopes will be fed to wild-type plants and the 

extracts analysed. Additionally, Bayoumi et al. (2008a) observed that when E-d7-cinnamic 

acid was fed to cassava chips, a deuterium atom was lost at C-2 to give a scopoletin-d3 

product instead of a scopoletin-d4, as might be expected if the E-Z-isomerisation was 

photochemical. The hydroxycoumarins of interest will be isolated after PPD has been 

allowed to take place and the extracts obtained will be analysed by LC-MS. With the 

objective of understanding the exchange of deuterium for a proton at carbon 2 in E-cinnamic 

acids, an experiment will be designed to ascertain the source of the proton. The proton is 

hypothesised to be supplied by the water present in the tissues of cassava roots and so the 

source of the proton will be investigated by exchanging water (H2O) in the interstitial spaces 

with deuterium oxide (D2O) through lyophilisation and rehydration of cassava chips from 

D2O. Labelled E-cinnamic acids will then be fed to the chips rehydrated from D2O and PPD 

allowed to take place. The hydroxycoumarins biosynthesised by the chips will be analysed by 

LC-MS. 

Chapter 5 details the public engagement activities undertaken as part of this research 

project, applications of cassava in the real world, and an overall summary of the findings of 

and general conclusions to this research project. 

Following this general introduction to cassava, Chapter 2 will delve into the methods 

used in the synthesis and the characterisation of the stable isotopically-labelled substrates 

designed and made for the cassava chips feeding experiments that will be undertaken in 

studying the proposed biosynthetic pathways to hydroxycoumarins in the following chapters. 
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Chapter 2 

Synthesis and characterisation of stable-isotopically labelled derivatives of E-cinnamic 

acid  

 

2.1. Introduction 

 

In this chapter, different potential biosynthetic intermediates were designed, 

synthesised, and characterised. In chapters 3 and 4, these intermediates were used in feeding 

experiments with cassava plantlets obtained from the University of Bath Greenhouses. The 

design of the E-cinnamic acids was based on what is known about the possible biosynthetic 

pathways through systematic research (Kai et al., 2006; Bayoumi et al., 2008a and b; 

Shimizu et al., 2008) and on the need to understand the biochemistry surrounding the PPD 

process that takes place in cassava. 

 

2.2. Experimental 

 

Chemicals 

All chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK). 

General Methods 

Synthesis of labelled E-cinnamic acids using the Knoevenagel-Doebner condensation 

The organic synthesis was carried out according to the method published by Robbins 

and Schmidt (2004) with a few modifications. Benzaldehyde-α-13C (99 atom % 13C, 94 mg) 

or benzaldehyde-α-13C,α-d1 (99 atom % 13C, 99 atom % D, 94 mg) and malonic-d4 acid (99 

atom % D, 137 mg) were dissolved in pyridine (330 µL). To the mixture, piperidine (6.5 µL, 

65 nmol) was added and the flask was placed in an oil bath heated to 70 °C for 24 h. The 

reaction was worked-up by adding water (5 mL, chilled to ~5 °C) followed by concentrated 

HCl (0.4 mL) in order to precipitate the desired product. The resulting mixture was cooled to 

0 °C, the precipitate was collected and recrystallised (water). 
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Synthesis of E-2',4'-dihydroxycinnamic acid 

2,4-Dihydroxybenzaldehyde (127 mg) and unlabelled malonic acid (276 mg) were 

reacted together as described above. 

Synthesis of E-cinnamic-2-13C acid, E-caffeic-2-13C acid and E-ferulic-2-13C acid 

Benzaldehyde, 3,4-dihydroxybenzaldehyde or vanillin (4-hydroxy-3-

methoxybenzaldehyde) (68 mg) and malonic-2-13C acid (99 atom % 13C, 138 mg) were used 

in the synthesis reaction as described above. 

Cinnamic-2-13C acid, C813CH8O2 requires 148.0514, HR MS gave m/z 148.0522 [M-

H]-. 1H NMR:  δ 6.47 (H-2, dd), 7.67 (H-3, dd), 7.59 (H-2', d), 7.39 (H-3',5'), 7.40 (H-4', d), 

7.58 (H-6', d). 13C NMR:  δ 170.3 (C-1), 119.4 (C-2), 146.3 (C-3), 135.9 (C-1'), 130.0 (C-

2',6'), 129.2 (C-3',5'), 131.4 (C4'). 

Enrichment of E-d7-cinnamic acid with 17O and 18O atoms 

Following the method employed by Bayoumi et al. (2008b), a solution of E-d7-

cinnamic acid (20 mg), H217O (40-45 atom % 17O) or H218O (97 atom % 18O) (0.5 mL) and 

concentrated HCl (10 µL) in acetonitrile (1 mL) was stored in a flask sealed with a stopper 

for four days at 70 °C in an oven. The extent of enrichment was monitored by MS at 3 h, 48 

h, and 96 h. 

NMR 

1H and 13C spectra were recorded on a Bruker Avance III 500 MHz spectrometer at 

25 oC. The chemical shifts (δ) are given in parts per million (ppm) with tetramethylsilane 

(TMS) as reference at 0.0 ppm. Samples (20 mg) were weighed into vials and dissolved in 

~0.6 mL of deuterated solvents. TMS was added to the vial and the solutions were transferred 

to 5 mm diameter NMR tubes. MNova (MestReNova version 11.0.2-18153, 2016) was used 

to process the recorded spectra. 

Infrared 

Infrared spectra were obtained by scanning prepared potassium bromide (KBr) discs 

with a Spectrum 65 FT-IR Spectrometer (PerkinElmer, Norwalk, CT, USA). The KBr discs 

were prepared by adding each sample to KBr powder (1:100 w/w) and grinding them 
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together with an agate pestle and mortar. The disc cell was filled with the powder and 

pressure was then manually applied using a hand press; about 10 tons of pressure was 

applied to form the disc. The empty compartment was run as the background which was 

automatically subtracted from the spectra generated to remove the interference of air. FTIR 

spectra of samples were recorded in the 4000-450 cm-1 region at ~20 °C. 100 scans were 

taken for each interferogram at 4 cm-1 resolution. The data were processed using 

PerkinElmer Spectrum IR, version 10.6.0.893. 

LC-MS 

The QTOF-UHPLC analysis was conducted using a MaXis HD quadrupole 

electrospray time-of-flight (ESI-QTOF) MS (Bruker Daltonik GmbH, Bremen, Germany) 

operated in ESI positive- and negative-ion modes. The QTOF was coupled to an Ultimate 

3000 UHPLC (Thermo Fisher Scientific, Carlsbad, CA, USA). The capillary voltage was 

4500 V, nebulising gas at 4 bar, drying gas at 12 L/min at 220 °C. The TOF scan range was 

from 75-1000 mass-to-charge ratio (m/z). LC was performed using an Acquity UPLC BEH 

C18, 1.7 μm, 2.1 x 50 mm reverse phase (RP) column (Waters, Milford, MA, USA) at a flow 

rate of 0.3 mL/min at 45 °C, injection volume of 10 μL. Mobile phases A and B were H2O 

with 0.1 % v/v formic acid and MeOH with 0.1 % v/v formic acid, respectively. Gradient 

elution was carried out with 1 % mobile phase B to 2 min followed by a linear gradient to 

100 % B at 5 min, maintaining 100 % B to 8 min and returning to 1 % B, re-equilibrating for 

3.9 min, in a total run time of 12 min. The MS instrument was calibrated using a range of 

sodium formate clusters by switching valve injection during the first minute of each 

chromatographic run. The mass calibrant solution consisted of 3 parts of 1 M aqueous NaOH 

to 97 parts of 50:50 water: isopropanol with 0.2 % formic acid. The data obtained were 

processed and analysed using Data Analysis 4.3 software from Bruker (Germany). The peak 

areas were processed and quantified by Bruker Compass QuantAnalysis 4.3 software 

(Germany). 
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2.3. Results and Discussion 

 

E-Cinnamic acid is known to be an intermediate in the biosynthetic pathway of 

hydroxycoumarins during the occurrence of PPD in cassava (Wheatley and Schwabe, 1985). 

Isotopically labelled E-cinnamic acids were designed for use in feeding experiments. The 

design was primarily based on observations that have been made in the study of the 

pathways in our research group (Bayoumi et al. 2008a and b) and also on cumulative 

research (Buschmann et al., 2000; Salcedo et al., 2011; Ma et al., 2016; Liu et al., 2017) 

targeted at stopping PPD or reducing the symptoms e.g. discolouration associated with PPD. 

This is the first report of the syntheses of E-cinnamic-2-D,3-13C acid, E-cinnamic-2-

D,3-13C,3-D acid, E-d7-cinnamic-17O2 acid, and E-d7-cinnamic-18O2 acid achieved using the 

condensation reaction of labelled malonic acid with labelled benzaldehyde to give α,β-

unsaturated compounds (Robbins and Schmidt, 2004) (Figure 2.1 and Figure 2.2). 

 

X = H or D 

A = pyridine, piperidine, 70 °C, oil bath 

Y = H for E-cinnamic-2-13C acid, OH for E-caffeic-2-13C acid, OCH3 for E-ferulic-2-13C 

acid 

Z = H for E-cinnamic-2-13C acid, OH for E-caffeic-2-13C acid, OH for E-ferulic-2-13C acid 

Fig. 2.1. Knoevenagel-Doebner condensation reaction for the synthesis of labelled E-

cinnamic acids from benzaldehydes (labelled and unlabelled) and labelled malonic acids 
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Fig. 2.2. Mechanism of Knoevenagel-Doebner condensation reaction of benzaldehyde-α-13C 

(99 atom % 13C) and malonic-d4 acid (99 atom % D) to give E-cinnamic-2-D,3-13C acid.  

E-Cinnamic-2-D,3-13C,D acid was synthesised in the same manner. The mechanism of E-

cinnamic-2-13C acid, E-caffeic-2-13C acid and E-ferulic-2-13C acid proceed in a similar 

manner with their respective starting materials. 
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Characterisation of the synthesised intermediates 

The structures of the synthesised intermediates were confirmed by characterising 

them using different analytical methods (Table 2.1). 

 

Table 2.1. MS parameters of the intermediates synthesised 

Acid Yield Mass [M-H]-, m/z 

  Expected Found 

E-Cinnamic-2-D,3-13C acid 60 % 149.0537 149.0563 

E-Cinnamic-2-D,3-13C,D acid 55 % 150.0600 150.0623 

E-d7-Cinnamic-17O2 acid 97 % 156.0964 156.0970 

E-d7-Cinnamic-18O2 acid 97 % 158.0965 158.0976 

E-Cinnamic-2-13C acid 65 % 148.0514 148.0522 

E-Caffeic-2-13C acid 67 % 180.0372 180.0387 

E-Ferulic-2-13C acid 67 % 194.0529 194.0542 
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E-Cinnamic-2-D,3-13C acid 

E-Cinnamic-2-D,3-13C acid with numbering 

 

Analysis by IR showed (Figure 2.3) a broad and strong band between 2500 cm-1 and 

3050 cm-1 which corresponds to carboxylic acid-OH stretching, 1675 cm-1 for a carbonyl 

stretching for an unsaturated carboxylic acid, and bands at 1597 cm-1 and 1569 cm-1 are 

indicative of aromatic/alkene C=C stretching. 

 

Fig. 2.3. IR spectrum E-cinnamic-2-D,3-13C acid (blue) compared to authentic E-cinnamic 

acid (pink) (KBr disc) 

The vibrational energy levels of molecules, νe, are defined by the equation:  

𝑉𝑒 =
1

2𝜋
√
𝑘

𝜇
 

Where k = the force constant 

 µ = reduced mass 

When an atom in a molecule is changed to one of its isotopes, the mass number 

changes which in turn changes the reduced mass, µ. µ will be increased if the change in 
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isotope is to an atom with a higher mass. From the equation, the value of Ve will become 

smaller when the mass increases which will result in a shift to lower wavenumbers. 

A detailed inspection of the expanded spectrum shows the isotope effect on the 

carbonyl-conjugated system observed from 1600-1675 cm-1 as a shift of the peaks to a lower 

wavenumber when compared to the conjugated system of the carbonyl-alkene bonds of the 

authentic. This isotopic shift to the right in IR is indicative of the presence of deuterium and 

carbon-13 in the sample. Further analysis by 1H and 13C NMR spectroscopy showed the 

isotopic effects of deuterium and carbon-13 on their neighbouring atoms. In the 1H NMR 

spectrum (Figure 2.4), the doublet of doublets at 6.47 ppm is the residue of the proton on 

carbon-2 (99 atom % D, 3JHH = 16 Hz, 2JCH = 1 Hz) which is coupled to the proton on carbon-

3, the 2JCH is the isotopic effect of 13C on proton-2. This 16 Hz coupling constant is consistent 

with the coupling for trans-protons which are expected to be in the range 11-18 Hz. 

 

 

Fig. 2.4. Aromatic region showing the 1H NMR peaks for E-cinnamic-2-D,3-13C acid (upper) 

and authentic E-cinnamic acid (lower) in MeOD-d4 at 500 MHz 
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The proton on carbon-2 was replaced with a deuterium hence the quantitative integral 

ratio of the residue proton signal to the proton on carbon-3 is not in a 1:1 ratio. Deuterium 

obviously does not give a signal in 1H NMR and so the signal for proton-2 is given by the 

residual 1H isotope. The signal for the proton on carbon-3 (H-3a and H3b) was observed at 

7.51 ppm and at 7.82 ppm (7.66 ppm, 1JCH = 156 Hz) due to H-3 being directly bonded to a 

carbon-13 isotope. The effect of the deuterium at proton-2 on proton-3 (3JHCCD) could not be 

measured due to unresolved peaks. The coupling constant of the residue proton signal at 2 to 

the proton signal at 3 is 16 Hz (3JHCCH). The protons at 2′ and 6′ are in the same magnetic 

environment and deshielded, due to the electron withdrawing effect of the carbonyl oxygen 

atom, being observed as a multiplet at 7.58 ppm, 3′ and 5′ occur at 7.39 ppm as a triplet 

(3JHCCH = 2 Hz) with 4′ at 7.40 ppm as a triplet (3JHCCH = 1 Hz). 

The 13C NMR (Figure 2.5) was referenced to TMS at δ = 0.0 ppm. The carboxylic 

acid carbon, C-1, was observed at 170.3 ppm. A closer look at the peak shows a split at the 

top hence a coupling (2JCCC = 1 Hz) to the 13C on C-3, which is two bonds away from C-1. C-

2 is directly attached to a deuterium and a 13C atom. The presence of a deuterium atom will 

split adjacent neighbouring carbon atoms into 3 peaks (1:1:1 ratio of intensity) while a 13C 

atom splits into 2 peaks making the signals for the carbon at position 2 a multiplet centred at 

119.1 ppm. C-3 is a 13C atom (99 atom % 13C) which is observed as a singlet at 146.3 ppm 

with a high intensity as compared to the other carbon atoms, which are 13C atoms at natural 

abundance (1.1 %). The major peak of C-3 is of a high intensity when compared to the other 

13C peaks because it is enriched at 99 %. C-3 experiences the 13C effect, which splits a typical 

13C peak into a doublet. The 13C-13C coupling of C-3 to C-2 and C-1' are responsible for the 

observed satellite peaks attached to the major C-3 peak (Figure 2.6) with coupling constants 

(1JCC = 55 Hz) for coupling to C-1' and (1JCC = 71 Hz) for coupling to C-2. C1′ is a quaternary 

carbon directly bound to a 13C and was observed as a d at 135.8 ppm (1JCC = 55 Hz). This 

splitting is the effect of a direct bond to 13C. While 13C NMR spectroscopic signals do not 

always integrate quantitatively, C2′ and C6′ appear as a doublet at 130.0 ppm (2JCCC = 5 Hz). 
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Fig. 2.5. Expanded 13C NMR spectrum showing the carbons atoms of E-cinnamic-2-D,3-13C 

acid compared to authentic E-cinnamic acid in MeOD-d4 at 125 MHz 

 

Fig. 2.6. Expanded 13C NMR view of E-cinnamic-2-D,3-13C acid showing the peaks of 

interest; insets show the multiplet signal of C2 and the peak of C3 
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Similarly, C3′ and C5′ also appear as a doublet at 129.2 ppm (3JCCCC = 3 Hz). The 

doublet at 131.4 ppm (4JCCCCC = 1 Hz) is the peak for C4′. C2′ and C6′ are observed as a 

single peak instead of two sets of signals, double the height of the single carbon atom peak of 

C4' (δ = 131.4 ppm). Williams and Fleming (2008, pg 85) report that 1JCC is majorly 

influenced by the geometry of the compound. 

The expected splitting pattern for C2 is a dt due to its direct bond to a 13C atom at C3 

and a deuterium atom substituent; eight peaks are actually observed (Figure 2.6). The two 

extra peaks arise from the small amount of sample that is protonated at C2. As the 13C 

spectrum was recorded with full proton decoupling, C2 is only split by the adjacent carbon, 

giving a doublet and by the deuterium atom resulting in a triplet. It is difficult without further 

NMR experiments to fully assign the eight peaks. Yet, numbering the C2 peaks as I-VIII 

from left to right, peaks II, III and IV in addition to peaks VI, VII and VIII are presumably 

the two triplets (1JCD = 24 Hz). Peaks I and V are likely to be the result of the influence of the 

small proton impurity at C2 with a coupling constant of 71 Hz consistent with 1JCH. 

 

E-Cinnamic-2-D, 3-13C,D acid 

E-Cinnamic-2-D,3-13C,D acid with numbering 

In Figure 2.7, analysis by IR showed a broad and strong band between 2547 cm-1 and 

3100 cm-1 which corresponds to a carboxylic acid group, 1677 cm-1 for a carbonyl stretching 

of a carboxylic acid, and a band at 1588 cm-1 is from aromatic/alkene stretching. A close 

inspection of the expanded IR spectrum shows the isotope effect on the conjugated system 

from C-1 to C-3. The specific effects of the individual isotopes of 13C and deuterium cannot 

be singled out, the overall isotope effect observed in the IR is a shift to a lower wavenumber 

of the carbonyl-alkene system in the region of 1600-1700 cm-1. 
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Fig. 2.7. IR spectrum E-cinnamic-2-D,3-13C,D acid (red) compared to authentic E-cinnamic 

acid (pink) KBr disc 

 

In the 1H NMR spectrum (Figure 2.8), the residual proton on C2 was observed as a singlet at 

6.47 ppm with unresolved peaks. A 13C isotope which is two bonds away from H2 and a 

deuterium isotope three bonds away from H2 are expected to induce an isotopic effect on its 

residue proton, a quintet or multiplet splitting pattern is consistent with the isotopes present. 

This residue proton signal at position 2 (99 atom % D) does not have any proton interaction 

in its environment as the proton at position 3 was replaced by a deuterium atom (99 atom % 

D). The peak expected downfield for H3 at about 7.70 to 7.80 ppm is not seen due to the 

presence of a deuterium directly attached to carbon-3, its residue is expected to resonate as a 

multiplet with one half at 7.82 ppm, but this peak cannot be seen (Figure 2.8). A large 

coupling constant was expected as a result of the direct bond to a 13C isotope with a multiple 

splitting pattern due to the combined isotope effects of 13C (one bond away) and D (two 

bonds away, H2). However, the coupling constant could not be measured because the other 

half of the peak for H3, expected between 7.40 and 7.55 ppm, has overlapped with the peaks 

in the aromatic region. The protons at 2′ and 6′ which are in a highly similar magnetic 

environment are expected to be deshielded and are observed as a multiplet at 7.58 ppm, 3′ 

and 5′ occur at 7.39 ppm (3JHCCH = 2 Hz) with 4′ at 7.40 ppm (3JHCCH = 1.25 Hz). 
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Fig. 2.8. Aromatic region of the 1H NMR spectrum of E-cinnamic-2-D,3-13C,D acid and 

authentic E-cinnamic acid in MeOD-d4 at 500 MHz 

 

Fig. 2.9. Expansion of the 1H NMR spectrum of E-cinnamic-2-D,3-13C,D acid 
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Figure 2.9 shows the expanded view of the 1H NMR spectrum of E-cinnamic-2-D,3-

13C,D acid with an increased intensity of the peaks. In Figure 2.10, the carboxylic acid 

carbon, C-1, was observed at 170.4 ppm as a singlet. C-2 is directly attached to a deuterium 

and to a 13C atom (C-3). C-3 is also directly linked to another deuterium atom. A deuterium 

atom will split its adjacent 13C atoms into 3 peaks (ratio 1:1:1) while a 13C isotope splits its 

neighbouring atoms into 2 peaks. This varied splitting resulted in the appearance of a 

multiplet for C-2 observed at 119.0 ppm. C-3 is a 13C atom directly attached to a deuterium 

atom and two bonds away from another deuterium atom which is found on C-2. C-3 is 

observed as a triplet in a 1:1:1 ratio at 145.9 ppm (1JCD = 24 Hz, shift difference 2JDCCD = 12.5 

Hz) due to its direct bond to a deuterium atom. As the spin quantum number of deuterium is 

1, the intensities of its multiplet splitting are 1:1:1 (Chamberlain, 1974). C-3 is also two 

bonds away from the C-2 deuterium, and the deuterium effect is observed as smaller satellite 

peaks (Figure 2.11) attached to each major peak, with a similar splitting pattern. 

The expected splitting pattern for C2 is a dt due to its direct bond to staple isotopes of 

carbon and hydrogen. In Figure 2.11, eight peaks are observed for C2. Without further NMR 

experiments it is difficult to fully assign the eight peaks, however it is likely that peaks II, III 

and IV and VI, VII and VIII are the two triplets (1JCD = 24 Hz), with I and V being the 

doublet arising from the small proton impurity. Though there is only a small amount of the 

protonated compound, the apparent heights of the peaks in the 13C spectrum are likely to be 

increased by the nuclear Overhauser effect, not seen for deuterated carbons. The splitting 

pattern of C2 in E-cinnamic-2-D,3-13C acid and E-cinnamic-2-D,3-13C,D acid are similar 

because 2JDCCD is likely to be negligible and therefore the presence of an extra deuterium in 

E-cinnamic-2-D,3-13C,D acid at C3 did not visibly influence the splitting pattern of C2. 

C-1′ is a quaternary carbon directly bonded to a 13C isotope and was observed as a 

doublet resonating at 135.8 ppm (1JCC = 55 Hz). This splitting is the effect of C-1′ being 

directly bound to a 13C atom at C-3. C-2′ and C-6′ appear as a doublet at 130.0 ppm (2JCCC = 

4.5 Hz). Similarly, C-3′ and C-5′ also appear as a doublet at 129.2 ppm (3JCCCC = 2.5 Hz). The 

doublet at 131.4 ppm (4JCCCCC = 1.25 Hz) is the peak for C-4′. 
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Fig. 2.10. Expanded 13C NMR spectrum showing the carbons atoms of E-cinnamic-2-D,3-

13C,D acid and authentic E-cinnamic acid in MeOD-d4 at 125 MHz 

 

  

Fig. 2.11. Expanded 13C NMR spectrum of E-cinnamic-2-D,3-13C,D acid showing the 

carbons atoms of interest; the multiplet signals of C2 are shown in the inset 
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17O2/18O2-enrichment of E-d7-cinnamic acid 

 

Fig. 2.12. Mechanism of the enrichment of E-cinnamic acid with 17O2 labels. E-Cinnamic 

acid is shown above for clarity, the reactions were also performed with E-cinnamic-d7  acid 

and H218O to make E-d7-cinnamic-18O2 acid as well. 

 

A solution of E-d7-cinnamic acid (20 mg), H217O (40-45 atom % 17O) or H218O (97 

atom % 18O) (0.5 mL) in acidified acetonitrile (1 mL) was kept in a sealed flask for four days 

at 70 °C. The enrichment of E-d7-cinnamic acid with water-17O and water-18O was achieved 

via a double acid-catalysed exchange reaction, whose mechanism is shown above (Figure 

2.12). The desired extent of labelling was achieved after 4 days. The forming of a bond 

between the attacking water molecule and the carbonyl oxygen is thought to be a 

simultaneous reaction with the transfer of proton to the carbonyl oxygen as the rate 

determining step in excess labelled water with oxygen isotopes (Mega et al., 1990). 
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Fig. 2.13. The monitoring of the enrichment reaction to form E-d7-cinnamic-17O2 acid. EICs, 

obtained by selective ion monitoring in LC-MS, show the incorporation of the labelled 

oxygen atoms into E-d7-cinnamic acid on days 1, 2, and 4 

 

Table 2.2. LC-MS data for the enrichment of E-d7-cinnamic acid with H217O 

Reaction time Percentage of unlabelled 

E-d7-cinnamic acid, 

C9HD716O2 

Percentage of E-d7-

cinnamic-17O acid, 

C9HD716O17O 

Percentage of E-d7-

cinnamic-17O2 acid, 

C9HD717O2 

24 h 68.1 % 27.4 % 4.5 % 

48 h 54.7 %  36.8 % 8.5 % 

96 h 44.3 %  42.6 % 13.1 % 

 

The extent of label incorporation is dependent on the percentage of label present in 

the starting material (water) used. The percentage of enrichment for 17O was not expected to 

be high as the starting material had only 40-45 % 17O. The reaction was monitored by LC-MS 

over a period of 4 days by taking out small amounts (10 µL) of the reaction mixture at 

stipulated times (24 h, 48 h, 96 h) and diluting them in acetonitrile (1 mL) for LC-MS 

analyses. The peak areas observed in LC-MS were processed and quantified using 

QuantAnalysis. The relative peak areas (Figure 2.13) were then calculated for incorporation 

of single and double isotopic oxygen labels in the total E-d7-cinnamic acid in the reaction 

vessel (Table 2.2). 
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Fig. 2.14. The monitoring of the enrichment reaction to form E-d7-cinnamic-18O2 acid. EICs, 

obtained by selective ion monitoring in LC-MS, shows the incorporation of the labelled 

oxygen atoms into E-d7-cinnamic acid on days 1, 2, and 4 (left to right) 

 

The reaction was monitored by LC-MS over 4 days. In this enrichment experiment 

by acid-catalysed exchange, the percentage of 18O-enrichment was expected to be high as the 

starting material contained 97 % 18O. The peak areas observed in LC-MS were quantified 

(QuantAnalysis). The relative peak areas (Figure 2.14) were then calculated for incorporation 

of single and double isotopic oxygen labels to the total E-d7-cinnamic acid (Table 2.3). 

 

Table 2.3. LC-MS data for the enrichment of d7-cinnamic acid with H218O 

Reaction time Percentage of unlabelled 

E-d7-cinnamic acid, 

C9HD716O2 

Percentage of E-d7-

cinnamic-18O acid, 

C9HD716O18O 

Percentage of E-d7-

cinnamic-18O2 acid, 

C9HD718O2 

24 h 37.0 %  48.5 % 14.5 % 

48 h 15.5 %  48.4 % 36.1 % 

96 h 3.3 %  30.2 % 66.5 % 
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E-d7-Cinnamic-17O2 acid 

E-d7-Cinnamic-17O2 acid with numbering 

 

In Figure 2.15, IR analysis showed a broad and strong band between 3430 cm-1 and 

3500 cm-1 which corresponds to a carboxylic acid group, bands at 1590 cm-1 and 1685 cm-1 

for a carbonyl stretching in a carboxylic acid while a band at 1425 cm-1 is indicative of an 

aromatic/alkene stretching. 

 

 

Fig. 2.15. IR spectrum d7-cinnamic-17O2 acid (blue) compared to authentic d7-cinnamic acid 

(pink) KBr disc 

 

In Figure 2.16, the effect of the presence of a stable isotope oxygen-labelling was 

observed in the 13C NMR and not in the 1H NMR. The carboxylic acid carbon, C-1, was 

observed at 170.3 ppm as a singlet. C-2 is directly attached to a deuterium and is observed as 

a triplet in a 1:1:1 ratio at 118.9 ppm (1JCD = 24 Hz). C-3 is observed as a triplet (1:1:1 ratio) 

at 145.8 ppm (1JCD = 24 Hz) due to its direct bond to a deuterium atom. C-1′ is a quaternary 
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carbon and is therefore observed as a singlet at 135.5 ppm. C-2′ and C-6′ are observed 

together at 129.5 ppm (1JCD = 24 Hz) while C-3′ and C-5′ are observed at 128.7 ppm (1JCD = 

24 Hz) as two sets of 1:1:1 triplets owing to their individual one-bond distance from a 

deuterium atom. C-4′ is also observed as a triplet (1:1:1 ratio) at 130.8 ppm (1JCD = 24 Hz) for 

the same reason. 

 

Fig. 2.16. Expanded 13C NMR spectrum of E-d7-cinnamic-17O2 acid (upper) compared to E-

d7-cinnamic-16O2 acid (lower) in MeOD-d4 at 125 MHz 

 

An expansion at the carbonyl peak (Figure 2.17) shows multiple satellite peaks due to 

the incorporation of 17O atoms in the substrate. Oxygen-17 has a magnetic spin, I = 
5

2
 and this 

makes the 17O isotope quadrupolar which causes peak broadening. 17O-isotope occurs at a 

low natural abundance (0.037 %) and it has relatively low sensitivity (compared to 

deuterium, natural abundance 0.02 %) and it can therefore only be observed when enriched or 

in high concentrations. Figure 2.17 shows the multiple splitting (line broadening) of the 

carboxylic acid peak in 13C NMR due to the presence of the oxygen-17 isotope(s). 
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Fig. 2.17. Expanded 13C NMR spectrum of E-d7-cinnamic-17O2 acid showing its carboxylic 

acid peak 

 

LC-MS analysis (Table 2.2) of the product showed approximately equal amounts of 

C9HD716O2 and C9HD716O17O and thus the peak seen in Figure 2.17 is mainly a combination 

of a prominent singlet and a sextet of equal overall intensity. C9HD717O2 comprises ~13 % of 

the total product; the multiple couplings produced by this will be lost in the noise. 

A 17O NMR observe of E-d7-cinnamic-17O2 acid showed a peak at 279.7 ppm, a peak 

which was absent in the E-d7-cinnamic acid standard under 17O NMR observe (Figure 2.18). 

Klemperer (1978) reported that the chemical shift of oxygen-17 in a carboxylic acid was 

between + 240 ppm and + 280 ppm. The + 279.7 ppm is therefore a confirmation of the 

presence of 17O isotope label(s) in the synthesised E-cinnamic acid. 
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Fig. 2.18. Expanded 17O NMR spectrum of E-d7-cinnamic-17O2 acid (upper, ̴ 40 % enriched in 

17O from MS) compared to E-d7-cinnamic acid (lower) in MeOD-d4 at 68 MHz 

 

E-d7-Cinnamic-18O2 acid 

E-d7-Cinnamic-18O2 acid with numbering 

 

In Figure 2.19, analysis by IR showed a broad and strong band between 3375 cm-1 

and 3500 cm-1 which corresponds to a carboxylic acid group, a band from 1585 cm-1 to 1695 

cm-1 for the carbonyl stretching of a carboxylic acid, and a band at 1425 cm-1 represents an 

aromatic/alkene stretching. 
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Fig. 2.19. IR spectrum E-d7-cinnamic-18O2 acid (green) compared to authentic E-d7-cinnamic 

acid (pink) KBr disc 

 

The effect of the presence of a stable isotope oxygen-labelling was observed in the 

13C NMR (Figure 2.20) and not in the 1H NMR. The rest of the carbon spectrum is the same 

as shown in Figure 2.16. Figure 2.20 shows the progressive incorporation of the oxygen-18 

isotopes. Mega et al. (1990) and Risley and Van Etten (1982) have previously used the 18O 

isotope-induced shift in 13C NMR to follow the exchange of oxygen at the anomeric carbon 

atom of D-erythrose and D-glucose. 

For spectrum A, 18O2 atoms are the dominant atoms, which indicates that the 

exchange reaction has been successful and the presence of 18O2 isotopes result in an isotopic 

shift to the right. In spectrum B, going from left to right, the first peak is as a result of 2 x 16O 

isotopes, the second peak is 1:1 16O:18O while the last peak is for 2 x 18O isotopes present in 

the reaction. The appearance of three peaks indicates an incomplete exchange reaction. 

Spectrum C is the authentic E-d7-cinnamic acid with no isotopic oxygen labels, that is, with 2 

x 16O atoms. As mentioned earlier, the stable isotope labelling is proportional to the 

percentage of the labelled atom in the water used. Therefore, the E-d7-cinnamic-18O2 acid is 

expected to have 3 % 16O2 atoms. 16O18O is responsible for the small shoulder peak observed 

in spectrum C which is confirmed by its position relative to the peaks in the two other spectra 

(Figure 2.20). 
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Fig. 2.20. Expanded 13C NMR spectrum of E-d7-cinnamic-18O2 acid showing the carboxylic 

acid peak. Spectrum A shows the complete exchange of 16O2 atoms to 18O2 atoms, spectrum B 

shows the incomplete exchange of 16O2 atoms to 18O2 atoms and spectrum C shows the peak 

corresponding to the starting material with 16O2 atoms only 

 

Jameson (1977) predicted an upfield shift in 13CO2 with 18O isotopic labels. She 

explained the empirical observations made by Batis-Hernandez and Bernheim (1967) using 

theoretical formulation, the results of both methods were in agreement. Jameson predicted 

that a CO2 molecule with both oxygen atoms as 18O would have twice the isotopic shift of a 

mono-18O labelled CO2 molecule and this is clearly shown (similarly labelled E-cinnamic 

acid in Figure 2.20). She attributed this observation and that of the upfield shift in general, 

predominantly to the anharmonic vibration in molecules. Risley and Van Etten (1979) in 

studying oxygen-18 isotope shift using 13C NMR found an upfield shift when 18O was 

directly bound to a carbon atom. Their upfield shift was 0.035 ppm in water (D2O). In these 

studies, a similar shift of 0.03 ppm was observed in deuterated methanol. They reported the 
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separation of the 13C resonance positions as:  0.7 Hz at 20 MHz, 1.32 Hz at 37.7 MHz, and 

3.17 Hz at 90 MHz. Here a separation of 3.75 Hz at 125 MHz was observed (Figure 2.20). 

In the attempted synthesis of E-2',4'-dihydroxycinnamic acid (umbellic acid) from 

2,4-dihydroxybenzaldehyde with malonic acid in pyridine with piperidine as catalyst, the 

major product found in MS analysis was umbelliferone. Umbelliferone was found at m/z 

161.0250 [M-H]- which requires m/z 161.0244 [M-H]- and no peak corresponding to E-2',4'-

dihydroxycinnamic acid at m/z 179.0339 [M-H]- was seen in the spectrum (Figure 2.21 A), 

authentic umbelliferone run under the same conditions requires m/z 161.0244 [M-H]- and a 

m/z 161.0251 [M-H]- was found (Figure 2.21 B). The product of the reaction could not be 

precipitated for complete characterisation. 

 

A.  

B.  

Fig. 2.21. MS spectra of reaction mixture of 2,4-dihydroxybenzaldehyde and malonic acid 

(A) and of standard umbelliferone (B) 

 

E-Cinnamic-2-13C acid was synthesised so that the gain of a deuterium atom from the 

solvent can be monitored using MS and also in NMR using the isotope effect of deuterium in 

13C NMR. The isotope effect of 13C in E-cinnamic-2-13C acid can also be seen in the IR. In 

Figure 2.22, the carbonyl stretching of the carboxylic acid is seen at 1610 cm-1 to 1690 cm-1 

while a band at 1460 cm-1 represents an alkene/aromatic stretching. The IR spectrum shows 

the differences between the 13C-labelled E-cinnamic acid and its unlabelled authentic with the 

Reaction mixture 

Umbelliferone authentic 



62 
 

C=C-C=O stretch shifting to lower wavenumbers due to the presence of the heavier isotope 

of carbon. The downward shift of the band for conjugated stretching observed is due to the 

increase in mass of the carbon atom from 12C to 13C, resulting in a smaller vibrational energy. 

 

Fig. 2.22. IR of authentic E-cinnamic acid (blue) and E-cinnamic-2-13C acid (orange) 

 

The NMR data for the synthesised E-cinnamic-2-13C acid are presented in Table 2.4. 

 

Table 2.4. 1H and 13C NMR data for synthesised E-cinnamic-2-13C acid 

Compound E-Cinnamic-2-13C acid 

Position 1H NMR (J) 13C NMR (J) 

1 - 170.34 (73) 

2 6.47 dd (161, 16) 119.36 

3 7.67 dd (16, 3) 146.32 (71) 

1' - 135.85 

2' 7.59 (5) 130.03 

3' 7.39 129.20 (5) 

4' 7.40 (2) 131.43 

5' 7.39 129.20 (5) 

6' 7.58 (2) 130.03 
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Structural characterisation of E-caffeic-2-13C acid 

Analysis by IR showed a broad and strong band between 3200 cm-1 and 3500 cm-1 

that corresponds to a carboxylic acid group. This band is slightly different with a reduced 

shoulder band when compared to the unlabelled caffeic acid (Figure 2.23), 1620 cm-1 and 

1633 cm-1 for a carbonyl stretching of carboxylic acid, and a band at 1532 cm-1 indicates an 

aromatic/alkene stretching. 

 

Fig. 2.23. IR spectrum of E-caffeic-2-13C (purple) and authentic E-caffeic acid (blue) (KBr 

discs) 

 

 

Fig. 2.24. Expanded IR spectrum of E-caffeic-2-13C (purple) and authentic E-caffeic acid 

(blue) (KBr discs) 
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A closer inspection of the conjugated system’s stretch (-C=C-C=O) in the carboxylic 

acid (Figure 2.24) shows a reduced band with a shift to the right which is as a result of 13C 

being a heavier isotope than 12C. The carbonyl band was observed at 1645 cm-1 for authentic 

E-caffeic acid while in E-caffeic-2-13C acid, the carbonyl band was observed at 1633 cm-1 

which shows an isotopic shift of the band to the right. 

 

E-Caffeic-2-13C acid 

 

Fig. 2.25. Expanded 1H-NMR of E-caffeic-2-13C acid (upper) compared to standard E-caffeic 

acid (lower) showing the aromatic region in DMSO-d6 at 500 MHz 
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For 1H NMR (Figure 2.25), the signal of H-2 is split into two distinct doublets 

appearing at 6.17 ppm (J = 160 Hz, 16 Hz) is the effect of the presence of an enriched 13C 

atom (99 atom % 13C) at position two. The coupling constant of 160 Hz is because H-2 has a 

direct bond to a carbon-13 atom while the 16 Hz coupling is consistent with the coupling 

expected for trans-protons, which is expected to be in the range of 11-18 Hz. The signal for 

proton on carbon-3 is observed at 7.41 ppm (J = 16 Hz, 2.5 Hz). The signal for the proton at 

2′ is observed downfield in the aromatic region at 7.03 ppm as a doublet (J = 2 Hz) due to its 

meta-coupling with H-6′. H-6′ is a doublet of doublets (J = 8 Hz, 2 Hz) appearing at 6.96 

ppm due to its coupling with H-5′ and a meta coupling H-2′. H-5′ is a doublet (J = 8.5 Hz) 

which is seen at 6.765 ppm because it couples to the proton at H-6′. 

In Figure 2.26, the carboxylic acid carbon, C-1, is observed as a doublet at 168.1 ppm 

(1JCC = 73 Hz). The split is due to the influence of the 13C on C-2, which is directly bonded to 

C-1. C-2, observed at 115.49 ppm is an enriched 13C atom (99 atom % 13C) and hence its high 

intensity compared to the other carbon atoms, which are 13C atoms that are not isotopically 

enriched occurring naturally at 1.1 %. The presence of a 13C atom will split adjacent carbon 

atoms into 2 peaks. C-3 is therefore, observed as a doublet at 144.1 ppm (1JCC = 71 Hz). C1′ 

is a quaternary carbon which is two bonds away from the enriched 13C atom C-2 and the 13C 

atom effect is observed as a doublet at 120.9 ppm (2JCCC = 5 Hz). C2′ is also observed as a 

doublet, three bonds away from the enriched 13C atom C-2 at a chemical shift of 114.5 ppm 

(3JCCCC = 4 Hz). C-3′, another quaternary carbon is observed downfield at a chemical shift of 

148.0 ppm as a single peak. C-4′ follows at a chemical shift of 145.5 ppm. C-6′ is observed at 

125.6 ppm. C-5′ is observed together with C-2 and is the peak at 115.4 ppm. The peaks at 

110.3 ppm and 117.7 ppm do not correlate with any of the peaks in the authentic E-caffeic 

acid and so they could not be accounted for. They are unconverted starting material, solvent 

peaks, or impurities that were not removed on purification. 
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Fig. 2.26. Expanded 13C-NMR of E-caffeic-2-13C acid (upper) compared to standard E-

caffeic acid (lower) in DMSO-d6 at 125 MHz 

 

Structural characterisation of E-ferulic-2-13C acid 

For IR analysis (Figure 2.27), 1595 cm-1 to 1686 cm-1 for a carbonyl stretching of 

carboxylic acid while a band at 1516 cm-1 represents an aromatic/alkene stretching. A closer 

look at the IR spectrum shows the differences between the 13C-labelled E-ferulic acid and its 

unlabelled authentic with the conjugated olefinic group stretch shifting downward to lower 

wavenumbers due to presence of the heavier isotope. The rest of the spectra is not shown 

because of their similarity. 
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Fig. 2.27. IR spectrum of E-ferulic-2-13C (orange) and authentic E-ferulic acid (green) (KBr 

discs) 

E-Ferulic-2-13C acid 

 

In 1H NMR (Figure 2.28), the signal of H-2 is split into a distinct doublet of doublets 

appearing at 6.36 ppm (J = 160 Hz, 16 Hz) is the effect of the presence of an enriched 13C 

atom (99 atom % 13C) at position two. The coupling constant of 160 Hz is because H-2 has a 

direct bond to a carbon-13 atom while the 16 Hz coupling is consistent with the coupling 

expected for trans-protons, which is expected to be in the range of 11-18 Hz. The signal for 

the proton on carbon-3 was observed at 7.47 ppm (J = 16 Hz, 2 Hz). The signal for the proton 

at 2′ is observed downfield in the aromatic region at 7.26 ppm as a doublet (J = 2 Hz) due to 

its meta-coupling with H-6′. H-6′ is a doublet of doublets (J = 8 Hz, 2 Hz) appearing at 7.07 

ppm due to its coupling with H-5′ and a meta-coupling H-2′. H-5′ is a doublet (J = 8 Hz) 

which is seen at 6.80 ppm coupled to the proton at H-6′. The peak at 3.81 ppm is that of the 

three protons in the 3'-methoxy group. 
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Fig. 2.28. Expanded 1H-NMR of E-ferulic-2-13C acid (upper) compared to standard E-ferulic 

acid (lower) showing the aromatic region in DMSO-d6 at 500 MHz 

 

In Figure 2.29, the carboxylic acid carbon, C-1, resonates as a doublet 168.2 ppm 

(1JCC = 74 Hz), coupled to the 13C on C-2. C-2, observed at 116.1 ppm is an enriched 13C 

atom (99 atom % 13C) and hence its high intensity compared to the other 13C carbon atoms, 

which are occurring at 1.1 % and are not isotopically enriched. The presence of a 13C atom 

will split adjacent carbon atoms into 2 peaks. C-3 is therefore observed as a doublet at 144.0 

ppm (1JCC = 70 Hz). C-1′ is a quaternary carbon two bonds away from the enriched 13C atom 

at C-2 and the 13C-13C coupling is a doublet at 122.6 ppm (2JCCC = 5 Hz). C-2′ is also a 

doublet, three bonds away from the enriched 13C atom C-2 at 111.0 ppm (3JCCCC = 4 Hz). C-

3′, another quaternary carbon is observed downfield at 148.9 ppm as a singlet. C-4′ follows at 

a chemical shift of 147.8 ppm. C-6′ was observed at 125.7 ppm. C-5′ is observed together 

with C-2 and is the peak at 115.4 ppm. The peaks at 118.3 ppm and 151.7 ppm do not 

correlate with any of the peaks in the authentic E-ferulic acid and so they could not be 
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accounted for from the spectrum. They are unconverted starting material, solvent peaks, or 

impurities that were not removed on purification. The peak at 55.6 ppm is that of the methoxy 

group at C-3′. 

 

 

Fig. 2.29. Expanded 13C-NMR spectrum of E-ferulic-2-13C acid (upper) compared to standard 

E-ferulic acid (lower) showing the peaks of interest in DMSO-d6 at 125 MHz 

 

2.4. Conclusions 

 

Four novel E-cinnamic acids were designed to address biosynthetic pathway 

questions in the phenylpropanoid pathway. They were synthesised, purified, and the 

characterisation of the substrates was undertaken by MS, IR and NMR spectroscopy. The 

isotopically labelled E-cinnamic acids were fed to cassava root chips in competitive feeding 

experiments (see Chapters 3 and 4). Taking advantage of the stable isotopes, their 

incorporation into the hydroxycoumarins’ biosynthetic pathways was determined by LC-MS. 
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Chapter 3 

Investigation of the biosynthetic pathways leading to hydroxycoumarins in cassava 

undergoing PPD 

 

3.1. Introduction 

The PPD phenomenon has been observed by farmers with plants from the field and 

also by researchers using store-bought cassava roots and greenhouse plants. The 

hydroxycoumarin, scopoletin has been shown to be involved in the development of PPD due 

to its increased production during the PPD process. It has been postulated that the blue-black 

discolouration synonymous with PPD is the result of the oxidation of scopoletin and 

subsequent polymerisation to a quinone (Wheatley and Schwabe, 1985; Reilly et al., 2004). 

Various studies (Schoch et al., 2001; Kai et al., 2006; Bayoumi et al., 2008a and b; Kai et al., 

2008; Shimizu et al., 2008; Vialart et al., 2012) have unearthed possible pathways leading to 

the biosynthesis of hydroxycoumarins in Manihot esculenta Crantz together with some of the 

corresponding enzymes catalysing the individual stages (Figure 3.1). 

Liu et al. (2017) studied the effect of the knocking down of feruloyl-6-hydroxylase 

(F6′H) genes in wild type plants (cv. 60444) in relation to PPD in cassava. They observed 

that the F6′H genes were downregulated which caused a low accumulation of scopoletin and 

a reduced PPD discolouration. In light of these results and to improve our understanding of 

the biosynthetic pathways of hydroxycoumarins in cassava, Lim (PhD Thesis, 2019) created 

double and triple mutant construct plants by knocking down F6′H and caffeoyl CoA O-

methyltransferase (CCoAOMT) for the double mutant construct and F6′H, CCoAOMT, and 

esculetin O-methyltransferase (EOMT) for the triple mutant construct. Lim generously shared 

her plants with us. In her work, Lim renamed EOMT as COMT for easy identification as her 

analyses on M. esculenta were compared to results from Arabidopsis thaliana samples in 

which the selected enzymes perform the same roles. In this work, the name COMT is 

reverted to EOMT which will help with the discussion. However, there is no evidence that 

EOMT specifically uses esculetin as its preferred substrate. 

https://www.sciencedirect.com/science/article/pii/S0925521417311201#bib0070
https://www.sciencedirect.com/science/article/pii/S0925521417311201#bib0030
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Fig. 3.1. The three proposed biosynthetic pathways of hydroxycoumarins in cassava showing 

the target enzymes silenced (singly and in combination) for this experiment in red. L-Phe = 

L-Phenylalanine, PAL = Phenylalanine ammonia lyase, C4′H = cinnamate-4′-hydroxylase, 

C3′H = coumaroyl-3′-hydroxylase, CCoAOMT = caffeoyl CoA O-methyltransferase, F6′H = 

feruloyl CoA hydroxylase, EOMT = esculetin O-methyltransferase, GT = glucosyltransferase 
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The aim of this chapter is to explore the response to and levels of incorporation of the 

exogenous substrates introduced into the created transgenic lines. The results from these 

experiments will inform the way forward in designing measures to curb or reduce the 

occurrence of PPD in cassava roots. 

Some of these measures could be designing a more efficient model for the silencing 

of genes with a confirmatory approach to validate that the gene silencing has taken place or 

investigating the impact of the alternative pathways in the biosynthesis of scopoletin outside 

of the three proposed pathways. Identified intermediates within the pathways which have 

been labelled with stable isotopes:  E-d7-cinnamic acid, E-caffeic-2-13C acid and E-ferulic-2-

13C acid, were used. The products extracted, after allowing PPD to occur, indicate which 

biotransformations occur in the pathway(s). 

 

The roles of the specific enzymes targeted for silencing 

The enzymes that were silenced were chosen based on their identified roles in the 

biosynthesis of hydroxycoumarins. 

Caffeoyl CoA 3′-O-methyltransferase (CCoAOMT):  The specific 3′-O-methylation 

of caffeoyl CoA to give feruloyl CoA is catalysed by caffeoyl CoA 3′-O-methyltransferase 

(CCoAOMT). Only one CCoAOMT gene has been established to be active in A. thaliana 

(CCoAOMT1) though other CCoAOMT-like genes are said to be present. Kai et al. (2008) 

showed that when the enzyme CCoAOMT is not functioning in A. thaliana, the biosynthesis 

of coumarins was reduced. Quantitatively, the scopoletin and scopolin levels were ~30 % and 

~15 % respectively less in comparison to that of the wild type roots. CCoAOMT is therefore 

involved in the biosynthesis of scopoletin in A. thaliana. The incomplete inhibition of 

scopoletin biosynthesis was proposed to be because of some activity of other CCoAOMT-like 

genes. 

Feruloyl CoA 6'-Hydroxylase (F6′H):  Feruloyl CoA 6′-hydroxylase 1 and 2 (F6′H1 

and F6′H2) are A. thaliana genes which regulate the o-hydroxylation of feruloyl CoA to 6′-

hydroxyferuloyl CoA which is essential for the biosynthesis of scopoletin. F6′H2 was found 
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to be 77 % identical to F6′H1 in its amino acid sequence and is a homologue of F6′H1 (Kai et 

al., 2008). Both genes are members of the 2-oxoglutarate dependent dioxygenase (2OGD) 

enzyme family. 2OGD aids the insertion of an oxygen atom from molecular oxygen into a 2-

oxoglutarate molecule and its substrate. F6′H1 was highly expressed in the roots while the 

expression of F6′H2 was minute. F6′H1 and F6′H2 showed a similar affinity for substrates. 

T-DNA knockout mutants in A. thaliana showed that scopoletin and scopolin barely 

accumulated in the roots at 3 % and 0.5 % respectively compared to the wild type (Kai et al., 

2008). The dominant scopoletin biosynthetic pathway in cassava is thought to be the same as 

in A. thaliana. (Liu et al., 2017) 

Caffeic acid O-methyltransferase (COMT):  Kim et al. (2006) showed that 

Escherichia coli expressing an O-methyltransferase gene from poplar (Populus deltoids 

Marsh), POMT-9, was able to produce scopoletin, isoscopoletin, and scoparone from 

esculetin. In A. thaliana, caffeic acid O-methyltransferase 1 (COMT1) is the homologue of 

POMT-9. COMT introduces an O-methyl group at the C5 position of the phenolic ring. A 

COMT1 gene knockout in a transgenic A. thaliana plant showed lignin with non-existent 

syringyl (S) units and increased 5-hydroxyguaiacyl (5-OH-G) units. The lignin content was 

however not affected (Goujon et al., 2003). COMT genes in A. thaliana and EOMT genes in 

cassava bear a 73.5 % bootstrap percentage to poplar OMT after 10,000 replicates 

(Alhalaseh, PhD Thesis, 2017). Therefore, the function of COMT in Arabidopsis and that of 

EOMT in cassava can be said to be similar though the umbelliferone-esculetin-scopoletin 

route is not functional in A. thaliana (Kai et al., 2006, 2008). An O-methyltransferase 

enzyme can catalyse the O-methylation of esculetin at position 6 to produce scopoletin. 

A recent study in our research group (Alhalaseh, PhD Thesis, 2017) observed that the 

esculin extracts from the leaves and roots of a transgenic A. thaliana plant fed with stable 

isotopically labelled esculetin displayed a shoulder peak in its LC-MS chromatogram (Figure 

3.2, indicated by the red star). 
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Fig. 3.2. LC-MS chromatogram of selectively monitored ions of esculin and its isotopomers 

in A. thaliana-EOMT roots. Reproduced from Alhalaseh (PhD Thesis, 2017). 

The transgenic A. thaliana was named A. thaliana-EOMT (A.t-EOMT) for the 

enzyme esculetin O-methyltransferase (EOMT) which was knocked out for the experiment. 

Kai et al. (2008) reported that the umbelliferone-esculetin-scopoletin pathway does not 

function in Arabidopsis and as such, EOMT genes would not exist in Arabidopsis. However, 

to select genes to be knocked down in her experiment Alhalaseh constructed an EOMT 

phylogenetic tree which compared the genes of cassava, Arabidopsis, and poplar, Populus 

deltoides Marsh, for similarities in their O-methyltransferase genes. Kim et al. (2006) 

reported the synthesis of scopoletin, scoparone, and isoscopoletin (Figure 3.3) when an O-

methyltransferase isolated from poplar leaves was expressed in Escherichia coli. This was the 

first report of different O-methylated products made by an O-methyltransferase. This made 

the poplar gene an appropriate reference gene for the investigation of the biosynthesis of 

hydroxycoumarins in the EOMT phylogenetic tree. 

 

Fig. 3.3. O-Methylated products isolated from poplar leaves:  scopoletin, isoscopoletin, and 

scoparone 
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The selected genes of cassava (cassava4.1_010187 and cassava4.1_010203) and 

Arabidopsis (AT5G54160.1) had a bootstrap 73.5 % with the reference poplar genes 

(Potri.014G106600.1) and a bootstrap 100 % with each other. It can be concluded that the 

chosen genes could perform the same functions as the poplar O-methyltransferase in the 

different plants and therefore A. thaliana AT5G54160.1 was renamed A.t-EOMT. An 

authentic standard of esculin analysed under the same chromatographic conditions as the A. 

thaliana extracts however gave a single sharp peak (Figure 3.4). 

 

 

Fig. 3.4. LC-MS chromatogram of selectively monitored ions of authentic esculin. 

Reproduced from Alhalaseh (PhD Thesis, 2017). 

 

This observation led to the hypothesis that the LC-shoulder peak could result from a 

molecule that is similar in structure and weight to esculin, but chemically distinct. This 

compound was proposed to be cichoriin also known as isoesculin (Alhalaseh, PhD Thesis, 

2017). Structurally, esculin is the 6-β-glucoside of esculetin while cichoriin is the 7-β-

glucoside of esculetin (Figure 3.5) and they are therefore structural isomers, with molecular 

weight [M] 340.0749 Da. 

 



78 
 

 

Fig. 3.5. Formation of esculin and cichoriin from esculetin, GT = glucosyltransferase, GH = 

glucosylhydrolase (Satô and Hasegawa, 1972; Ueno et al., 1985) 

 

If this hypothesis proves to be true, it indicates a potential novel pathway leading 

from esculetin to scopolin with cichoriin as an intermediate (Figure 3.6). This pathway could 

exist if the glucosyltransferase (GT) is not selective for the O-glucosylation of the phenols on 

positions 6 and 7 of esculetin which will result in esculin and cichoriin respectively. The 

interconversion of esculin to cichoriin is another possibility (Ueno et al., 1985).  

A. thaliana and cassava have a similar dominant pathway leading to the biosynthesis 

of hydroxycoumarins. Kai et al. (2006), in their detailed analysis of coumarins biosynthesised 

by A. thaliana, could not determine if either esculin or cichoriin or perhaps even both were 

present due to the unavailability of authentic cichoriin for comparison. Rees and Harborne 

(1985) reported that both cichoriin and esculin are biosynthesised by the Cichorium intybus 

plant. The two compounds were found to be present in the leaves and non-existent in the 

roots. In the petals, however, only cichoriin was found to be present. Therefore, in order to 

obtain the standard of cichoriin required in this experiment, the extraction of the florets of 

chicory and the subsequent purification to homogeneity were undertaken. 

 



79 
 

 

Fig. 3.6. Biosynthetic pathways of hydroxycoumarins in cassava during PPD with proposed 

new pathways (in red) 
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3.2. Experimental 

 

Plant materials 

The transgenic plants were provided by Dr Yi-Wen Lim in the Beeching Research 

Group, Department of Biology and Biochemistry, University of Bath. The different strains 

used were LS1 Line 1, 2xA RNAi, 2xB RNAi, 3xB RNAi and 3xD RNAi. For LS1, the 

targeted enzyme of which the gene silenced was feruloyl CoA 6′-hydroxylase (F6′H) enzyme. 

2xA and 2xB RNAi, called the double mutant, had both F6′H and caffeoyl CoA 3-O-

methyltransferase (CCoAOMT) genes silenced while 3xB and 3xD RNAi, also known as the 

triple mutant, had F6′H, CCoAOMT, and esculetin O-methyltransferase genes (EOMT) 

silenced. 

Using cassava friable embryogenic calli (cassava FEC) samples, published by Bull et 

al., 2009, cassava plantlets were successfully regenerated from the post-transformation FEC 

after eight months of intensive care. The plantlets were transplanted to soil (M2 medium + 

perlite, 3:1) 8-14 days after propagation depending on the rate of root growth and kept under 

controlled conditions (26 °C, 16 h light). The plants were moved to the glasshouse (25-28 °C, 

30-50 % relative humidity R.H. and 16 h light) a month after their transfer into soil, 

transplanted into 1 L sized pots with the same soil composition. 

The florets and leaves of Cichorium intybus (chicory) were provided by Dr. Michael 

G. Rowan (University of Bath) from his garden. The florets were picked throughout the 

months of summer and then immediately refrigerated. 

 

Chemicals 

E-Cinnamic-2, 3, 2′, 3′, 4′, 5′, 6′-d7 acid (98 atom % D) was purchased from CDN 

isotopes. E-Caffeic-2-13C acid and E-ferulic-2-13C acid were synthesised from starting 

materials purchased from Sigma-Aldrich (Gillingham, Dorset), UK. Esculin standard was 

purchased from Sigma-Aldrich (Gillingham, Dorset, UK). 
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General methods 

Feeding cassava roots with isotopically labelled intermediates 

70 % ethanol was used to clean the plants to prevent any microbial contamination of 

the roots. The roots were fed according to the method reported in Bayoumi et al. (2008a). 

The potted cassava roots were removed and detached from the main plant rapidly, washed, 

peeled and cut up into small cubes. Cubes of each mutant plant (20 g) were placed in petri 

dishes lined with filter paper. Three different substrates (E-d7-cinnamic acid, E-caffeic-2-13C 

acid, and E-ferulic-2-13C acid) were fed to all the roots in three different sets of experiments. 

Aqueous solutions of the substrates to be fed to the roots were prepared by dissolving E-d7-

cinnamic acid, E-caffeic-2-13C acid, and E-ferulic-2-13C acid (2 mg) in aqueous 4 % Na2CO3 

solution and the pH was adjusted to 7.5 using 1 M HCl. The solution was transferred into a 

handheld aerosoliser and sprayed onto the cassava cubes placed in the filter paper-lined petri 

dishes. The cassava cubes were kept under controlled conditions (20 °C, 80-90 % R.H.) for 

PPD to occur. A gentle vacuum was applied to the chamber where the cassava cubes were 

kept to aid the movement of the exogenous material into the interstitial spaces of the plants 

where the substrates would be taken up and in to the biosynthetic processes of the plant. 

The cassava cubes were mashed up on Day 4 and extracted with ethanol (4 x 50 mL). 

The combined extracts were filtered and then concentrated under vacuum at 40 °C to give a 

yellow viscous residue. 

Detection of hydroxycoumarins by Liquid Chromatography-Mass Spectrometry 

Each crude extract (100 mg) was dissolved in water (0.5 mL). The solution was 

filtered and then submitted for LC-MS analyses. MS analysis was achieved using a High 

Resolution Electrospray Ionisation Time of Flight (HR-ESI-TOF) instrument from Bruker 

(Germany) coupled to an Ultimate High Performance Liquid Chromatograph (UHPLC) from 

Thermo Fisher Scientific. A pre-packed C18-reversed phase column Acquity UPLC BEH 

(1.7 µm, 2.1 x 50 mm) from Waters (USA) was the column used. 10 µL of each sample was 

injected using an RS auto-sampler, gradient elution (as in Chapter 2) with methanol/water as 

the mobile phase carried out at a flow rate of 0.3 mL/min. The data obtained were processed 



82 
 

and analysed using Data Analysis 4.3 software from Bruker (Germany). The peak areas 

observed in the LC-MS were processed and quantified using QuantAnalysis. The percent 

enrichment was calculated using the peak areas of the labelled peaks relative to the sum of 

the natural abundance peak areas and those of the labelled peaks of the biosynthesised 

coumarins expressed as a percentage.  

Extraction of cichoriin from Cichorium intybus florets 

The extraction method used was adapted from Mulinacci et al. (2001) and Innocenti 

et al. (2005). The florets (100 g) were washed with distilled water (3 times) in order to 

remove any foreign materials present. The excess of water was removed by laying the 

chicory florets on layers of Wypall blue tissue paper. The florets were then frozen by pouring 

liquid nitrogen onto the florets in a glass bowl, followed by lyophilisation (24 h). The dried 

chicory florets were crushed with a ceramic mortar and pestle to create a large surface area 

for effective extraction. Dried chicory florets (10 g) was placed in an empty round-bottom 

flask with methanol: water (8:2, 80 mL) and then continuously stirred (16 h) to extract 

cichoriin. The solvent was separated by filtration. The extraction was performed twice and 

the filtered extracts were then placed in tared round-bottom flasks. The hydroalcoholic 

extracts were pooled, filtered and concentrated under vacuum at < 40 °C to give a golden 

yellow residue. 

Thin-Layer Chromatography (TLC) 

Preliminary analysis of the crude extract was undertaken to identify the best solvent 

system for separating cichoriin by spotting diluted samples of the extracts on analytical TLC 

plates purchased from Merck (Darmstadt, Germany). The analytical TLC plates used were 

pre-coated aluminium backed with silica gel 60 F254 of 0.20 mm thickness. The mobile 

phases used were ethanol: ammonia 32 % (1:1 v/v), butanol: acetic acid: water (BAW) (4:1:5 

v/v/v). Elution using upper and lower layers of BAW was investigated; the best system was 

found to be BAW (upper layer). The developed spots were visualised using short- and long-

wave UV radiation, λ = 254 and 365 nm respectively, and with iodine vapour. 
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High Performance Liquid Chromatography (HPLC) 

Separation, characterisation, and isolation of cichoriin from Cichorium intybus was 

carried out using a High Performance Liquid Chromatography (HPLC) instrument with a 

Jasco PU-980 pump and monitored at λ = 360 nm using a Jasco UV-975 detector. A pre-

packed C18 reverse-phase semi-preparative (10 mm x 250 mm) Gemini column from 

Phenomenex, Aschaffenburg, Germany was used. Samples (100 μL) were injected manually. 

Acidified 16 % aqueous acetonitrile (0.05 % formic acid) was the mobile phase used for an 

isocratic elution at a flow rate of 3 mL/min. The water was pre-filtered through Milli-Q plus 

PF using a Whatman cellulose nitrate filter with a membrane diameter of 47 mm and pore 

size of 0.45 μm. The mobile phase was degassed for 30 min using a Decon ultra-sonicator, 

UK. The chromatographic traces were recorded on a Goerz Metrawatt Servogor 120 recorder. 

The peak observed at 7.1 min was collected and characterised; authentic esculin retention 

time 7.1 min was used as a standard. 

Nuclear Magnetic Resonance spectroscopy 

1H, 13C, HSQC, and HMBC were recorded on a Bruker Avance III 500 MHz 

spectrometer at 25 oC. Samples (6 mg) were dissolved in ~0.6 mL of deuterated methanol and 

transferred into 5 mm diameter NMR tubes. MNova (MestReNova version 11.0.2-18153, 

2016) was used to process the recorded spectra. 

LC-MS 

Three different methods and columns were used to attempt chromatographic 

separation between esculin and cichoriin. High Resolution Electrospray Ionisation Mass 

Spectrometry (HR-ESI MS) was carried out on a Bruker Daltonics (MaXis), Bremen, 

Germany. 

The first chromatographic method used is as described above. 

For the second method employed for separation of the standards, the in source CID 

was set to 0.0 eV, ion energy of 3.0 eV with the collision energy for TOF MS acquisition at 7.0 

eV. LC was performed using a Luna C18 (2), 5 µm, 4.60 x 250 mm reverse phase (RP) column 

(Phenomenex, Torrance, CA, USA) with a flow rate of 0.6 mL/min at 40 °C, and an injection 
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volume of 10 µL. Mobile phases A and B consisted of 0.1 % v/v formic acid in water, and 0.1 

% v/v formic acid in acetonitrile, respectively. Gradient elution was carried out with 1.0 % 

mobile phase B until 2 min followed by a linear gradient to 25 % B at 14 min, thereafter ramped 

to 100 % B at 15 min, keeping 100 % B until 18 min, then returned to 1.0 % B min at 18.1 min 

for re-equilibration in a 22 min total run time. 

For the third method, the protocol published by Tóth et al. (2015) was used. The TOF 

scan range was from 50-500 mass-to-charge ratio (m/z). The in-source CID was set to 0.0 eV, 

ion energy of 2.0 eV with the collision energy for TOF MS acquisition at 3.0 eV. LC was 

performed using an InfinityLab Poroshell 120 EC-C18, 2.7 µm, 3 x 150 mm RR column 

(Agilent, Santa Clara, CA, USA) with a flow rate of 0.3 mL/min at 25 °C, and an injection 

volume of 10 µL. Mobile phases A and B consisted of 0.2 % v/v glacial acetic acid in water, 

and methanol, respectively. Gradient elution was carried out with 5.0 % mobile phase B until 

2 min thereafter increased linearly to 95 % B at 22 min, maintaining 95 % B until 24 min, and 

returned to 5.0 % B min at 25 min for re-equilibration until 30 min in a 30 min total run time. 

The MS instrument was calibrated using a range of sodium formate clusters 

introduced by 10 µL loop-injection prior to the chromatographic run. The mass calibrant 

solution consisted of 3 parts of 1 M NaOH to 97 parts of 50:50 water: isopropanol with 0.2 % 

formic acid. Precursor compounds were detected as [M + H]+ and [M + Na]+ ions with a m/z 

ratio of EIC C8H11NO2 [M+H]+ 154.0863 within 0.005 Da. 

For MS/MS acquisitions, the collision energy was set to a sliding scale from 100 m/z 

at 14.0 eV, 500 m/z at 20.0 eV, and 1000 m/z at 30.0 eV. For the analytes, the actual collision 

energy was between 5.0-40.0 eV. Data processing was performed using the Data Analysis 

software version 4.3 (Bruker Daltonik GmbH, Bremen, Germany). 
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3.3. Results and discussion 

3.3.1. Experiments with wildtype and knockout cassava strains with various cinnamic 

acid intermediates 

 

General discussion 

The names of the transgenic roots were not changed when they were taken from the 

greenhouse. The plants used (LS1 Line1, 2xA, 2xB, 3xB and 3xD) were chosen based on a 

recent study by Lim (PhD Thesis, 2019) where these 5 strains showed the most significant 

reduction in PPD discolouration when compared to the wild type and in relation to the other 

mutant plants used in the study. The peaks corresponding to scopoletin, C10H8O4 and 

C10H5D3O4, were selectively monitored as scopoletin is the most abundant hydroxycoumarin 

biosynthesised during PPD in cassava as demonstrated by prior studies (Tanaka et al., 1983; 

Wheatley and Schwabe, 1985; Buschmann et al., 2000b). The peaks for the different mutants 

were compared against that of the wild type. The specific enzymes that were targeted in the 

silencing were chosen based on their roles speculated in the biosynthetic pathways leading to 

the production of hydroxycoumarins in cassava during PPD. 

In pathway 1, E-p-coumarate gains a hydroxyl group to form 2′,4′-dihydroxy-

cinnamate which is followed by E-Z-isomerisation, lactonisation to the hydroxycoumarin, 

umbelliferone, and then a further hydroxylation to form esculetin. E-o- and E-p-Coumaric 

acids and umbellic acid (E-2′,4′-dihydroxycinnamic acid) were observed to all be effective 

precursors of umbelliferone in Hydrangea macrophylla (Billek and Tidl, 1962; Brown, 

Towers and Chen, 1964; Austin and Meyers, 1965). Kai et al. (2006) confirmed this pathway 

in A. thaliana when they observed that umbelliferone was biosynthesised from a precursor 

that had not undergone 3′-hydroxylation by C3′H. Esculetin is either O-glucosylated to give 

esculin, or O-methylated to give scopoletin. The single knockdown transgenic plant (LS1) 

lacks a key enzyme of pathway 3 but should, in theory, allow both pathways 1 and 2 to 

operate if they are present. A recent study (Lim, PhD Thesis 2019) showed accumulation of 

scopoletin in these plants suggesting that pathways 1 and 2 are of minor importance in 

https://www.sciencedirect.com/science/article/pii/S0031942210003420#b0545
https://www.sciencedirect.com/science/article/pii/S0031942210003420#b0605
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cassava. In pathway 2, E-caffeate is converted into E-2′,4′,5′-trihydroxycinnamate through 

hydroxylation followed by E-Z-isomerisation and then lactonisation to form esculetin. The 2x 

mutants lack CCoAOMT in addition to F6′H and were expected to have similar or lower 

scopoletin levels accumulating. Kai et al. (2008) showed that in A. thaliana, T-DNA 

insertions of CCoAOMT 1 alone gave a pronounced reduction (~30 % less than the wild 

type) in scopoletin levels and T-DNA insertions of F6′H solely also gave an extreme 

reduction (3 % accumulation) in scopoletin accumulation. CCoAOMT and F6′H genes have 

both been knocked down in 2x and for this reason, only pathways 1 and 2 are theoretically 

active. In pathway 3, E-caffeate undergoes a m-O-methylation to form E-ferulate prior to 6′-

hydroxylation, followed by E-Z-isomerisation and finally, lactonisation to form scopoletin. 

The 3x mutant plants also lack EOMT, the key enzyme of pathways 1 and 2, and they 

should hypothetically reduce scopoletin levels even further if these two pathways can 

complement the loss of scopoletin biosynthesis in pathway 3. 

 

Table 3.1. Transgenic plants with their corresponding knocked down enzyme(s) and the 

pathways the enzymes act in 

Transgenic plant Enzyme knocked down Pathway enzyme acts in 

LS1 F6′H Pathway 3 

2xA, 2B F6′H, CCoAOMT Pathways 2 and 3 

3xB, 3xD F6′H, CCoAOMT, EOMT Pathways 1, 2 and 3 

 

Feeding with E-d7-cinnamic acid 

Unlabelled scopoletin was monitored in the feeding experiments with E-d7-cinnamic 

acid. LS1 Line 1, which is the single mutant lacking F6′H, showed a marked decrease in 

scopoletin m/z 193.0495 [M+H]+ accumulation as compared to the wild type. This finding is 

in agreement with the findings of Liu et al. (2017), Alhalaseh (PhD thesis, 2017), and Lim 

(PhD Thesis, 2019). 2xA and 2xB, lacking CCoAOMT and F6′H, also showed a decrease, 

but not as great as expected in their scopoletin accumulation. It was expected that 2xA and 
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2xB should accumulate lower levels of scopoletin than LS1 due to the silencing of two 

enzymes in the major pathway, pathway 3; rather the levels of scopoletin accumulated by 

2xA and 2xB were more than that of LS1 Line 1. 3xB and 3xD showed a comparable 

decrease in their scopoletin accumulation to the double mutant strains. 

 

 

Fig. 3.7. The three proposed biosynthetic pathways of hydroxycoumarins taking place during 

PPD in cassava with the silenced enzymes (red) 
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These results therefore, emphasize the fact that pathway 3 (Figure 3.7) is the main 

pathway leading to the accumulation of scopoletin in cassava during the PPD process and that 

the F6′H enzyme is vital in this process. This is because LS1 has F6′H alone, an enzyme on 

pathway 3, knocked down and this LS1 Line 1 accumulated the least amount of scopoletin 

when PPD was allowed to occur; the other two proposed pathways were unhindered in LS1 

and could accordingly produce scopoletin through pathways 1 and 2. 

The knocking down of CCoAOMT and F6′H also occurs in pathway 3, but does not 

result in the substantial reduction in scopoletin accumulation recorded for the F6′H only 

knock-down. This could be due to an incomplete silencing of the genes of CCoAOMT and 

F6′H (Lui et al., 2016; Alhalaseh, PhD Thesis 2017; Lim, PhD Thesis 2019). Pathways 1 and 

2 (Figure 3.7) make little or no contribution to the biosynthetic bioaccumulation of scopoletin 

in cassava during PPD because the knock-down of EOMT (COMT) in 3xB and 3xD did not 

have any notable effect on the quantity of scopoletin detected. 

In addition, the amounts of scopoletin biosynthesised from pathways 1 and 2 deduced 

from scopoletin levels in F6′H single knockdown is low as compared to the wild type. The 

amounts of scopoletin detected in 2xA and 2xB compared to the wild type are about the same 

as the amounts detected in 3xB and 3xD when compared to the wild type and therefore, the 

additional silencing of EOMT did not have much relevance to the scopoletin amounts 

detected. These findings are in agreement with the recent observations of Lim (PhD Thesis, 

2019). Lim compared endogenous scopoletin content (ng/mg) over a period of 6 days: 1xA 

(LS1 Line 1 in this work) had the least scopoletin content, followed by 2xA and 2xB. From 

Figure 3.8, a similar order was observed in this work with 2xA having a higher accumulation 

of scopoletin than 2xB. While Lim (PhD Thesis, 2019) recently observed 3xB accumulating a 

lesser amount of scopoletin than 3xD, 3xB and 3xD showed an equivalent amount of 

endogenous scopoletin accumulation in this experiment. The reason for the differences in 

results could be due to the differences in individual plant chemistry/biology resulting from 

the silenced enzymes though they are generated from the same plant. Generally, the observed 

scopoletin accumulation in relation to the wild type was in the order:  1x <<< 3x ≤ 2x.  
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Fig. 3.8. EICs of endogenous scopoletin accumulated for the individual transgenic plants 

compared to the wild type by selective monitoring:  A. LS1, B. 2xA, C. 2xB, D. 3xB, and E. 

3xD 

 

A B 

C D 

E 
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Fig. 3.9. EICs of biosynthesised scopoletin and their corresponding d3 peaks by selective 

monitoring:  A. LS1, B. 2xA, C. 2xB, D. 3xB and E. 3xD 

A 

B 

C 

D 

E 
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With the selective monitoring of the d3-product of scopoletin, C10H5D3O4, m/z 

196.0684 [M+H]+ (Figure 3.9), there was a general increase in incorporation of the labelled 

substrate with an increase in the number of enzymes silenced (see Table 3.3). LS1 Line 1 had 

the least amount of labelled substrate incorporation with 6.9 % enrichment, followed by 2xA 

RNAi with 15.3 % enrichment and 2xB RNAi was slightly higher with 23.0 % enrichment. 

3xB RNAi had a large amount of d3-product in relation to the endogenous with 32.4 % 

enrichment. The peak corresponding to 3xD RNAi had an unexpectedly high level of 

incorporation, 53.5 % enrichment. This amount of enrichment (d3) was higher than the 

endogenous scopoletin biosynthesised in the 3xD RNAi line as shown in E in Figure 3.9. 

 

Table 3.2. Quantitative LC-MS results for the amount of endogenous scopoletin accumulated  

Feeding transgenic 

cassava (with d7-cinnamic 

acid) 

m/z of scopoletin (natural 

abundance, expected m/z 

193.0495 [M+H]+) 

% of accumulated 

scopoletin 

LS1 193.0492 13.7 

2xA 193.0486 92.8 

2xB 193.0487 72.5 

3xB 193.0492 66.8 

3xD 193.0488 72.5 
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Table 3.3. LC-MS results for the incorporation of E-d7-cinnamic acid 

Feeding 

transgenic 

cassava with d7-

cinnamic acid 

m/z of scopoletin 

(natural 

abundance, 

expected m/z 

193.0495 [M+H]+) 

m/z of scopoletin-d3 

(C10H5D3O4), 

expected m/z 

196.0684 [M+H]+ 

% of 

incorporated 

enrichment 

LS1 193.0492 196.0675 6.9 

2xA 193.0486 196.0673 15.3 

2xB 193.0487 196.0673 23.0 

3xB 193.0492 196.0679 32.4 

3xD 193.0488 196.0679 53.5 

 

The trend of the increase in the number of knocked down enzymes corresponding 

with an increase in the incorporation of the exogenous substrate introduced by feeding could 

have been explained as the low availability of endogenous intermediates due to the silencing 

of the selected enzymes and hence the incorporation of the alternative: E-d7-cinnamic acid 

(Alhalaseh, PhD Thesis 2017). However, it has been shown by Liu et al. (2017), Lim (PhD 

Thesis, 2019), and also in this work that scopoletin accumulation was only drastically 

reduced in the single mutant in comparison to the other mutants which suggests that the 

endogenous intermediates should be available for use by the plants. Another explanation is 

that not all the members of the F6′H gene family were knocked out because separating the 

individual genes for targeted complete silencing was not feasible (Liu et al., 2017) while Lim 

(PhD Thesis, 2019) recently observed that the verification of the downregulation of 

CCoAOMT and EOMT genes was inconclusive because these genes were not expressed 

during the PPD monitoring period of 6 days she used. It can therefore be concluded that 

residual F6′H genes in addition to those of CCoAOMT and EOMT are responsible for the 

scopoletin biosynthesis in the transgenic plants and they have an increasing preference for the 

exogenous substrate especially in 3xD. The 3xD RNAi line was found to give some distinct 
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results in the biochemical analyses (Lim, PhD Thesis 2019). Of the triple mutants, 3xD 

(along with LS1) had a reasonable root weight in comparison to the other transgenic plants, 

which all had smaller root weights in relation to the weight of a wild type root. The relative 

quantity of gene expression in 3xD was also found to be similar to that of the wild type on 

day 6, the only line of the 5 that gave this result. The rest of the transgenic plants showed a 

reduction in gene expression from Day 2 until the end of the experiment on Day 6 (Lim, PhD 

Thesis 2019). These results show the 3xD line differing from the rest in the parameters 

measured and these differences in the 3xD plant’s biochemistry could account for its 

unexpectedly high d3-peak. 

In comparison to the wild type plant, the triple knock-out plants (3x) had the most 

difference in height and growth rate which were both reduced. The leaves of LS1 were 

broader and had a dark green colour while the leaves of the 2x and 3x plants were pincer-

shaped which reverted to a normal shape for some of the plants. All the transgenic plants also 

had a decrease in their root weights when compared to the wild type roots. These 

observations led to the conclusion that CCoAOMT and EOMT(COMT) genes are more 

important to the development of the plant compared to F6′H genes (Lim, PhD Thesis 2019). 

A possible explanation for the individual differences in the knockout plants when fed 

with E-d7-cinnamic acid is that as more E-cinnamic acid is introduced, it turns off the activity 

of phenylalanine ammonia lyase (PAL) (O’Neal and Keller, 1970; Mavandad et al., 1990; 

Blount et al., 2000). When PAL is on, it continuously supplies endogenous E-cinnamic acid 

which dilutes the pool of exogenous material applied. With PAL turned off, endogenous E-

cinnamic acid is no longer supplied and this causes an increased uptake of isotopically-

labelled E-cinnamic acid in the competitive feeding experiments resulting in the observed 

high levels of enrichment in the transgenic plants. Alternatively, Dubery (1990) reported that 

in vitro, the inhibitory effects of scopoletin on PAL from Citrus sinensis increased 

proportionally with an increasing concentration of scopoletin. As more scopoletin is 

biosynthesised, it turns PAL off resulting in more of the labelled substrate being taken up. 
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Was the silencing/knockdown of the enzymes of interest effective? 

In 2017, Liu et al. reported that all the genes of the F6′H were targeted together in the 

knockdown for the 1x construct as it was impractical to design primers to distinguish between 

the individual genes of the F6′H family. This is because the seven (7) gene members 

belonging to the F6′H family found in cassava are all similar. The targeting of the F6′H genes 

altogether, instead of individually, led to a significantly reduced scopoletin biosynthesis with 

delayed PPD taking place. Alhalaseh (PhD Thesis, 2017) also showed that a single mutant 

with EOMT knocked down did not significantly affect the levels of scopoletin 

biosynthesised, the scopoletin levels in the wild type and EOMT-mutant plant root were 

comparable. Lim (PhD Thesis, 2019) could not determine the thoroughness of the RNAi 

constructs to effectively silence the genes of interest for the 2x and 3x constructs as the genes 

for CCoAOMT and EOMT were not expressed in the duration allowed for PPD to occur in 

her experiment (6 days). CCoAOMT and EOMT both have two related members in their 

respective gene families. It was non-viable to target these genes singly and therefore a pair of 

primers were constructed respectively to target all the genes in the individual CCoAOMT and 

EOMT gene families. 

Lim observed that 2xA and 2xB had a significant reduction (p< 0.001) in the amount 

of scopoletin biosynthesised due to the knocking-down of both F6′H and CCoAOMT. The 

3xB and 3xD also had a reduction (p< 0.001) in the biosynthesised scopoletin levels though 

3xD had almost an equivalent amount of scopoletin to what was measured in the wild type on 

Day 6. The reduction in the scopoletin levels in the transgenic plants compared to the levels 

measured in the wild type does confirm that a targeted silencing of the genes took place, but 

the degree to which these knockdowns have occurred cannot be ascertained. In addition to the 

possible incomplete silencing of the enzymes chosen, it was also speculated that the residual 

scopoletin observed in the transgenic plants could be due to the activation of other pathways 

as well (Liu et al., 2017; Alhalaseh, PhD thesis 2017; Lim, PhD thesis 2019). In pathways 1 

and 2, the biosynthesis of esculetin via EOMT leading to scopoletin has been shown not to be 
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a significant contributory factor to the amount of scopoletin detected. This result is confirmed 

in this work. 

RNA interference (RNAi) was the method used in all the gene knockdowns cited 

above. The double-stranded RNA hairpins were found to give a range of diverse results when 

different genes were targeted for silencing (Wesley et al., 2001). Munkacsy et al. (2016) 

reported that a statistical analysis done on recorded RNAi data on mammalian cells showed 

that the reduction of the expression of the genes of interest was less than half. On account of 

this, it can be said that the RNAi technique may be an insufficient tool for the total 

knockdown of targeted genes. 

Scopoletin biosynthesis in the roots of A. thaliana has been shown to be a product of 

the phenylpropanoid pathway (Kai et al., 2006) making Arabidopsis a good model plant for 

pathway studies regarding hydroxycoumarins biosynthesis. Further, the vast libraries of data 

available concerning Arabidopsis are a convincing reason to make comparisons with it (Kai 

et al., 2006). In 2008, Kai et al. had success with the almost-complete inhibition of scopoletin 

biosynthesis in A. thaliana when the enzyme F6′H was silenced by a T-DNA insertion. In 

that work, T-DNA insertions of CCoAOMT 1 also gave a pronounced reduction in scopoletin 

levels. With this knowledge, it was expected that the knockdown in M. esculenta would also 

completely inhibit the biosynthesis of scopoletin and other hydroxy-coumarins because the 

primary biosynthetic pathways of hydroxycoumarins in A. thaliana and M. esculenta are 

similar, but this has not been the observed experimentally. 

The biosynthesis of hydroxycoumarins in the roots of A. thaliana is intrinsic as the 

roots are deemed to be constantly exposed to threats (Kai et al., 2006), but the PPD process 

and hence the biosynthesis of hydroxycoumarins in cassava is induced upon wounding. 

Hydroxycoumarins in cassava are only produced on demand after injury where oxygen 

species are released and coumarins are produced (Reilly et al., 2004). Therefore, though the 

same phenylpropanoid pathway leading to the biosynthesis of scopoletin may exist in both 

plants, their specific biosynthetic pathways may function differently with possible differing 

alternative pathways, differing mechanisms of control, and differing responses to gene 
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silencing. The phenylpropanoid systems in A. thaliana and M. esculenta cannot thus be 

sufficiently compared. For instance, Kai et al. (2008) reported that the umbelliferone-

esculetin-scopoletin mechanism is non-existent in A. thaliana as feruloyl CoA is a major 

intermediate in the scopoletin biosynthetic pathway. However, Bayoumi et al. (2008a) 

showed the umbelliferone-esculetin-scopoletin pathway is functional in M. esculenta in 

addition to a pathway through E-2′-hydroxycaffeate leading to esculetin. 

Overall, the results of the scopoletin levels of the transgenic plant in relation to the 

wild type show that some of the targeted genes were indeed knocked down, but perhaps not 

completely. It can therefore be inferred that the primers designed/method used may not have 

been sufficiently effective to knockout completely the genes of interest especially as the 

number of targeted genes increased, that is, in the 2x and 3x mutants. In addition, there may 

be other alternative pathways present in M. esculenta that are not present in A. thaliana 

giving rise to the incomplete inhibition of scopoletin production after the knockdowns have 

been performed. 

 

Feeding with E-caffeic-2-13C acid 

E-Caffeic-2-13C acid 

 

Feeding results 

Synthesised E-caffeic-2-13C acid was fed to the wild type (TMS 60444) as a control 

and compared to each of the transgenic plants (1x, 2xA, 2xB, 3xB, 3xD). E-Caffeic acid is 

the second intermediate that comes after E-cinnamic acid in pathway 3 in the proposed 

biosynthetic pathways (Figure 3.1). Figure 3.1 and Figure 3.7 show the simplified version of 

E-coumaric acid being converted into E-caffeic acid. However, Figure 3.1 shows the possible 

transformations that take place in the plant from E-coumarate to E-caffeate: E-coumarate to 
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E-coumaroyl CoA, the E-coumaroyl CoA then either adds a quinic acid moiety to form E-

coumaroyl quinate or a shikimic acid moiety to form a E-coumaroyl shikimate (Figure 3.10). 

These esters are hydroxylated to give E-caffeoyl quinate or E-caffeoyl shikimate, which is 

then converted into E-caffeoyl CoA and moves further in the pathway to give E-ferulate and 

finally scopoletin. m-Hydroxylation is important in lignin biosynthesis and also for the 

formation of coumarins among other important plant metabolites. Free acids were believed to 

be the substrates for 3′-hydroxylation, but this could not be proven as the enzymes catalysing 

the process could not be identified (Schoch et al., 2006). 

 

Fig. 3.10. Simplified biochemical transformations of p-coumarate to form caffeate and 

ferulate in the phenylpropanoid pathway (adapted from Schoch et al. 2001 and 2006). PAL = 



98 
 

Phenylalanine ammonia lyase, C4′H = cinnamate-4′-hydroxylase, C3′H = p-coumaroyl 

shikimate/quinate-3′-hydroxylase, COMT= caffeic-acid/5-hydroxyferulic-acid O-

methyltransferase, CCoA3H = p-coumaroyl-CoA 3-hydroxylase, 4CL = 4-hydroxy-

cinnamoyl-CoA ligase, HCT= hydroxycinnamoyl-CoA:shikimate/quinate hydroxycinnamoyl 

transferase 

 

Studies with A. thaliana revealed that CYP98A3, the enzyme responsible for the 3′-

hydroxylation of phenolic esters, does not convert free E-p-coumaric acid or its CoA esters 

into its E-caffeic acid conjugates. Rather, CYP98A3 prefers shikimate and quinate 

derivatives of E-p-coumarate (Schoch et al., 2001). 

Heller and Kühnl (1985) were the first to make this observation in parsley cell 

suspension cultures. Likewise, further studies done with parsley cell cultures (Pakusch et al., 

1989) and in transgenic alfalfa stem cells (Parvathi et al., 2001) observed that the CoA ester 

of E-caffeate was the main substrate used in the O-methylation process to form E-ferulate. 

Consequently, the introduced substrate, E-caffeic-2-13C acid, would require biological 

activation to enter these metabolic pathways and it would be distributed in a manner 

depending on the needs of the plant. The substrate is not necessarily completely converted 

into E-ferulic acid/E-ferulate in the biosynthetic pathway of hydroxycoumarins. 

Scopoletin was monitored in the wild type plant as well as in all the 5 transgenic lines 

and the results are presented in Figure 3.11. Naturally occurring scopoletin C10H8O4 which 

requires m/z 193.0495 [M+H]+ was monitored, scopoletin-13C1, C913CH8O4, which requires 

m/z 194.0529 [M+H]+ was also monitored. 13C abundance naturally occurs at 1.1 % and so 

for this experiment to be considered successful, the naturally occurring scopoletin-13C1 peak 

was expected to increase in peak height ratio. This increase was hypothesised to be due to the 

incorporation of E-caffeic-2-13C acid in the biosynthetic pathway of scopoletin. The results 

obtained confirm the hypothesis. 

To verify the increase in peak height ratio of the scopoletin-13C1 peak to that of the 

endogenous scopoletin (13C0 peak), the results obtained for each transgenic plant were 
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compared to an authentic scopoletin, to scopoletin from a wild type plant that had been fed 

with E-caffeic-2-13C acid (wild type-fed), and from a wild type plant which had had no 

feeding done (wild type-unfed). Experimentally, the enrichment of the authentic scopoletin 

with 13C1 was 12.5 %, wild type-fed was 8.4 %, and wild type-unfed was 9.2 %. The isotope 

peak of scopoletin-13C2, C813C2H8O4, which requires m/z 195.0562 [M+H]+, became more 

prominent in the MS spectra of the transgenic plants due to the incorporation of the enriched 

exogenous substrate. 

A.   B.    

 

C.   D.  



100 
 

E.   F.    

G.  

Fig. 3.11. EIC spectra showing the results of feeding E-caffeic-2-13C acid to a wild type 

cassava plant (B) and to the 5 transgenic cassava plants: LS1 (C), 2xA (D), 2xB (E), 3xB (F) 

and 3xD (G) where the peak height ratios of endogenous scopoletin is compared to 

scopoletin-13C1 in each spectrum. Scopoletin-13C2 peaks are more prominent in the spectra of 

the transgenic plants due to the uptake of E-caffeic-2-13C acid. The spectrum of standard 

scopoletin (A) is included for analogy 

 

In relation to the wild type, 2xA had the highest level of incorporation in scopoletin-

13C. LS1, 2xB, 3xB, and 3xD had comparable levels of the incorporation of the exogenous 

substrate, E-caffeic-2-13C acid. These results show that E-caffeic acid is an intermediate in 

the pathway and therefore is used in the biosynthesis of scopoletin. The transgenic plants 
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incorporated similar amounts of E-caffeic-2-13C acid irrespective of the specific enzymes that 

had been silenced. Based on the genes targeted, it would have been expected that 2x and 3x 

plants will have an equivalent amount of incorporation as both CCoAOMT and F6′H have 

been knocked down in their pathway. Their level of incorporation should have been less than 

that observed in LS1 as only the F6′H enzyme is knocked down in LS1. However, the levels 

of incorporation are dependent on the degrees to which the knockdowns took place and on 

other possible alternative pathways and processes that make use of the intermediates 

available in the plant. 

 

The percentages of the incorporation of E-caffeic-2-13C acid by the various plants are 

summarised in Table 3.4. 

 

Table 3.4. LC-MS results for the incorporation of E-caffeic-2-13C acid 

Feeding 

transgenic 

cassava 

with E-

caffeic-2-

13C acid 

m/z of 

scopoletin 

(natural 

abundance, 

expected m/z 

193.0495 

[M+H]+) 

m/z of 

scopoletin-13C1 

(C913CH8O4), 

expected m/z 

194.0529 

[M+H]+ 

m/z of scopoletin-

13C2 

(C813C2H8O4), 

expected m/z 

195.0562 [M+H]+ 

% of 

incorporated 

enrichment 

LS1 193.0491 194.0547 195.0599 27.9 

2xA 193.0492 194.0542 195.0591 33.5 

2xB 193.0489 194.0544 195.0595 27.6 

3xB 193.0486 194.0541 195.0590 25.7 

3xD 193.0491 194.0545 195.0594 25.5 
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Feeding with E-ferulic-2-13C acid 

E-Ferulic-2-13C acid 

 

Feeding results 

Mimicking the E-caffeic-2-13C acid feeding experiment, E-ferulic-2-13C acid was fed 

to a wild type plant and all 5 transgenic lines. Scopoletin, the most abundant of the 

hydroxycoumarins biosynthesised in cassava, was monitored in all the samples and the EIC 

LC-MS spectra from the feeding experiments are shown below in Figure 3.12. Endogenous 

scopoletin C10H8O4 which requires m/z 193.0495 [M+H]+ and scopoletin-13C1 which requires 

m/z 194.0529 [M+H]+ were the ions selectively monitored. This experiment was designed to 

complement the experiment with E-caffeic-2-13C acid in that, the incorporation of the 

different intermediates by the transgenic plants could be studied. It was proposed that labelled 

E-ferulic acid when fed would be taken up by the plant in the biosynthesis of scopoletin 

despite the knockouts as endogenous scopoletin and its monitored enriched peaks had been 

observed with E-d7-cinnamic acid and E-caffeic-2-13C acid feeding experiments. This 

incorporation of the 13C-enriched E-ferulic acid would also lead to an increase in the peak 

height ratio of scopoletin-13C1 to scopoletin-13C0, an increase that can be confirmed by 

comparing the results with standard scopoletin, scopoletin from a wild type root fed with E-

ferulic-2-13C acid, and a wild type root which has not been fed a labelled substrate. 

On the other hand, it can be seen in the pathways (Figure 3.1 and Figure 3.7) that E-

cinnamic acid and E-caffeic acid can undergo biotransformations in pathway 3 which cause 

them to move into pathways 1 and 2. Figure 3.10 gives a more detailed look at these possible 

biotransformations. This movement into the other pathways is not possible for E-ferulic acid 

and therefore it is either converted directly into scopoletin, when the F6′H enzyme is active, 

or it will act as an accumulation product otherwise known as a sink when there is a 
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knockdown of F6′H enzyme. If E-ferulic acid does act as a sink, there will be no 

incorporation of E-ferulic-2-13C in hydroxycoumarins biosynthesised in the transgenic plants 

and this will be observed as no substantial change in the peak height ratio of scopoletin-13C1 

peak relative to the peak height ratio of scopoletin isolated from a wild type plant or to 

authentic scopoletin. 

 

 

  

C D 

A 
B 



104 
 

    

 

Fig. 3.12. EIC spectra showing the results of feeding E-ferulic-2-13C acid to a wild type 

cassava plant (B) and to the 5 transgenic cassava plants: LS1 (D), 2xA (E), 2xB (F), 3xB (G) 

and 3xD (H) where the peak height ratios of endogenous scopoletin is compared to 

scopoletin-13C1 in each spectrum. The spectrum of standard scopoletin (A) and wild type with 

no feeding (C) are included for analogy 

 

From Figure 3.12, the results obtained clearly show no visible differences in the 

height ratios of the scopoletin-13C1 peaks for each of the transgenic plants in comparison to 

their control. This means that in the absence of F6′H to convert E-ferulic acid/E-ferulate into 

E-hydroxyferulate, which is converted into scopoletin after E-Z-isomerisation, E-ferulic 

acid/E-ferulate acts as an accumulation product. In the experiment, the enrichment of the 

E F 

G H 
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authentic scopoletin was calculated as 8.5 %, wild type-fed was 11.1 %, and wild type-unfed 

was 9.2 %. The HR-MS data for the transgenic samples are presented below (Table 3.5). 

 

Table 3.5. LC-MS results for the incorporation of E-ferulic-2-13C acid 

Feeding 

transgenic 

cassava with 

ferulic-2-13C acid 

m/z of scopoletin 

(natural 

abundance, 

expected m/z 

193.0495 [M+H]+) 

m/z of scopoletin-

13C1 (C913CH8O4), 

expected m/z 

194.0529 [M+H]+ 

% of incorporated 

enrichment 

LS1 193.0494 194.0527 9.0 

2xA 193.0487 194.0521 9.2 

2xB 193.0489 194.0524 9.4 

3xB 193.0488 194.0523 11.3 

3xD 193.0489 194.0524 9.6 

 

There was generally little or no incorporation of the labelled E-ferulic-2-13C acid fed 

to the transgenic cassava samples when compared to the wild type with the exception of 3xB. 

3xB had a similar incorporation level of the fed labelled-substrate as the wild type cassava 

used in the experiment. However, in comparison to the authentic scopoletin analysed, all the 

transgenic plant samples have incorporated E-ferulic-2-13C acid though at low levels. 

Scopoletin-13C2 peaks were not monitored in this experiment due to inadequate incorporation 

levels. E-Ferulic acid therefore acts as a sink in all the transgenic plants used when F6′H 

enzyme is inactive. 
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3.3.2. Isolation and characterisation of cichoriin and attempts to show whether it is an 

intermediate or not 

 

General discussion 

Arabidopsis thaliana plants are easy to grow as they do not require a long time to 

reach maturation relative to cassava. A. thaliana also has a well-established database at the 

National Centre for Biotechnology Information (NCBI). These features, in addition to its 

biosynthesis of some hydroxycoumarins of interest to this research, make A. thaliana an 

attractive model plant to study where cassava is not readily available due to the time needed 

for its roots to mature (6-12 months) and the location as cassava thrives in temperate 

environments. 

There was a chance observation of a shoulder peak (Figure 3.2) in the LC-MS peak 

selectively monitored for esculin in A. thaliana-EOMT extracts of leaves and roots, which 

had been fed labelled esculetin, which was not observed in the esculin standard. The absence 

of the peak in the esculin standard suggests that the compound of interest can be found in the 

plant material. The enzyme EOMT had been knocked down in the A. thaliana plant materials 

in order to explore the effect of the down-regulation of EOMT in the samples. An inference 

of the findings could be made in relation to M. esculenta as the major biosynthetic pathway 

leading to the production of hydroxycoumarins is believed to be the same in both plants 

(Bayoumi et al., 2008a; Liu et al., 2016; Lim, PhD Thesis, 2019). This split peak observation 

suggests the probable existence of an alternative pathway leading from esculetin through 

cichoriin to scopolin. The possibility of a reversible interconversion of esculin to cichoriin is 

another potential reaction that could be taking place in the biosynthetic system of cassava. 

Satô and Hasegawa (1972) reported that esculin could be formed from cichoriin by 

transglucosylation in the inflorescence of Cichorium intybus though the reverse of forming 

cichoriin from esculin was not observed. Crystal and molecular studies (Ueno et al., 1985) of 

the structures of cichoriin and esculin concluded that the formation of esculin from cichoriin 

by transglucosylation is more favoured than the reverse reaction because esculin is more 
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stable. The stability of moving the glucosyl moiety from cichoriin to esculin at position 6 

renders any movement of the glucosyl moiety from esculin to cichoriin at position 7 not 

easily seen. This reverse reaction, forming cichoriin from esculin, could therefore be taking 

place, but it is possibly happening at a concentration that is practically undetectable. 

In 1963, Dewey and Stepka suggested, as part of their research on scopolin 

biosynthesis in tobacco, Nicotiana tabacum, that cichoriin could be a precursor for the 

synthesis of scopolin in plants through the O-methylation of its 6'-hydroxy group. However, 

in his research, Steck (1967) observed only a trace of activity in extracted scopolin when 

esculetin-14C was fed to tobacco leaves. He therefore concluded that cichoriin as an 

immediate precursor for the formation of scopolin was not substantiated experimentally. 

Firstly, the starting materials used in both experiments are different. Dewey and Stepka 

(1963) used the roots of tobacco to avoid the obstruction by pigments present in the extracts 

of tobacco leaves to their compound of interest, and also because they observed that scopolin 

was found to be in higher concentrations in the roots than in the leaves of tobacco. Steck 

(1967) used only the leaves of tobacco in his experiment. Additionally, Steck observed a 

trace of activity in the isolated scopolin which could imply the presence of cichoriin in 

particularly low concentrations. The presence of cichoriin has been reported from South 

African flue-cured tobacco samples together with only a little scopolin (Glennie and Nel, 

1973), and similarly earlier reported from Canadian flue-cured tobacco (Runeckles, 1962). 

The petals of potato tubers, Solanum pinnatisectum, have been studied for their 

polyphenol content (Harborne, 1960). Cichoriin, scopolin, and esculin were part of the major 

polyphenolic compounds identified. Harborne concluded that the reported presence of these 

three compounds in the same plant implied that esculetin is a common precursor leading to 

their formation in the plant. Harborne also noted that the roots of domestic varieties of S. 

pinnatisectum are known to biosynthesise coumarins, especially when they are infected. 

However, their flowers do not biosynthesise coumarins. 

To investigate the molecule responsible for the shoulder peak (Figure 3.2), the 

experiment should have been repeated with the original plant material used, but this was not 
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possible due to the unavailability of that specific transgenic plant material. Hence, the 

experiment designed to test the source of the shoulder peak was to simulate the peak using 

spiking experiments. The spiked samples were made from cichoriin (100 µL) and esculin (10 

µL) and vice versa using the authentic standards of both compounds. 

To obtain the cichoriin authentic standard, its extraction and purification from 

Cichorium intybus was carried out. Under UV light, esculin showed a blue fluorescence 

while cichoriin was observed as pale pink (Harborne, 2013, p. 50). Preliminary 

chromatographic analysis by TLC (Figure 3.13) showed a spot corresponding to cichoriin 

using esculin as the standard which gave a pinkish fluorescence under λ = 365 nm 

illumination. 

 

 

Fig. 3.13. TLC plate showing spots for cichoriin and esculin using different solvent systems: 

EtOH: ammonia 32 % (1:1) for 1, Butanol: AcOH: H2O (BAW) (4:1:5, a mixture of both 

layers) for 2, BAW (upper layer) for 3 and BAW (lower layer) for 4 

 

Further chromatographic purification was carried out for the rest of the extract and 

the resulting solution (0.2 g/mL) was submitted for HPLC analysis using esculin as a 

1 
2 3 

4 

Cichoriin spots Esculin standard spot 
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standard. The retention time of esculin was 7.1 min at a flow rate of 3 mL/min. The 

compound of interest also eluted at this same retention time (7.1 min) (Figure 3.14). 

 

  

Fig. 3.14. Semi-preparative HPLC trace of the crude extract of chicory florets with cichoriin 

shown as the peak of interest (RT = 7.1 min) 

 

HPLC injections of the peak of interest on a semi-preparative column, peak 3 (RT = 

7.1 min) were collected, concentrated, and submitted for MS analysis. MS confirmed the 

presence of a compound with the same mass as cichoriin in peak 3. Then ~150 more 

injections were collected from the semi-preparative HPLC and concentrated to dryness under 

vacuum for NMR spectroscopic analysis. The crude extract obtained was re-dissolved in 

water and lyophilised to give a more purified sample. 

 

 

 

Peak of interest 

Esculin standard 
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NMR 

 

 

In the 1H NMR spectrum obtained (Figure 3.15), the protons on the glucosyl group 

were observed between 3.20 ppm and 4.00 ppm for both compounds. The peaks in the sugar 

region agree closely and therefore the sugar moiety in esculin and in cichoriin is the same and 

is glucose. Esculin and cichoriin are both known to be glucosides of esculetin. The proton on 

the anomeric carbon in esculin is observed at 4.84 ppm (J = 7.4 Hz) while the anomeric 

proton for cichoriin is observed at 4.98 ppm (J = 7.4 Hz). The anomeric proton chemical 

shifts are downfield in comparison to the other sugar peaks because of the electron 

withdrawing effect of the two oxygen atoms with a direct bond to the anomeric carbon. The 

anomeric protons appear as a doublet due to their 3JHH coupling with the proton on the 

adjacent carbon atom. 

On the coumarin ring of cichoriin, H-3 is observed as a doublet at 6.29 ppm (J = 10 

Hz) due to a cis-coupling to H-4 in the 6-membered ring. H-8 appears as a singlet at 7.05 

ppm and H-5 is a singlet at 7.21 ppm. H-4 is also observed as a doublet at 7.83 ppm (J = 10 

Hz). In esculin, H-3is observed as a doublet at 6.21 ppm (J = 10 Hz) due to its cis-coupling to 

H-4 in the pyran-2-one ring. H-8 appears as a singlet at 6.80 ppm and the peak for H-5 is 

observed as a singlet at 7.43 ppm. H-4 is also observed as a doublet at 7.83 ppm (J = 10 Hz). 

Therefore, the main differences in their 1H NMR spectra are due to the chemical shifts of H-5 

and H-8 peaks which are found in different chemical environments in cichoriin and esculin, 

following the regiochemistry of the O-glucosyl moiety located on either C-6 (esculin) or C-7 

(cichoriin) (see Figure 3.15). 

 

For esculin, R1 = β-glucosyl group and R2 = H 

 

For cichoriin, R1 = H and R2 = β-glucosyl group 
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Fig. 3.15. Stacked 1H NMR spectra of esculin (upper) and cichoriin (lower) standards in 

MeOD-d4 at 500 MHz 

 

In an experiment to determine the conformation of a glucopyranose ring in sugars 

(Rao and Foster, 1963) using 1H NMR spectroscopy, it was reported that the signal for the 

equatorial proton was found to be more deshielded by about 0.5-0.7 ppm than the signal for 

the axial proton (Lenz and Heeschen, 1961). It was established that α- and β-D-glucose 

pentaacetates can be differentiated by the variation in the chemical shifts of their anomeric 

protons in equatorial and axial positions and by their coupling constants which are 

determined by the dihedral angle between vicinal protons (Pearson and Spessard, 1975). 

H4 
H5 

H8 H3 
O-CH-O 

H4 

H5 H8 

H3 
O-CH-O 
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Figure 3.16 shows the expanded anomeric proton region in the 1H NMR spectrum which 

might be interpreted that perhaps cichoriin contains a β-glucosyl while esculin contains an α-

glucosyl due to the positions of their respective anomeric protons in the spectrum (Lemieux 

et al., 1958, Drake and Brown, 1977). This is however not the case; the chemical shifts of 

cichoriin and esculin differ by 0.1 ppm and so are protons in the same orientation on their 

glucosyl group. Lenz and Heeschen (1961) found that the coupling constant of the anomeric 

proton on an α-glucose is 2.4 Hz and that of an anomeric proton on a β-glucose is 7.5 Hz. The 

coupling constants of the anomeric protons in both esculin and cichoriin are 7.4 Hz, 

indicative of an axial-axial coupling. Thus, esculin and cichoriin are both β-glucosides of 

esculetin as their α-anomeric protons are both in axial-(axial) positions. 

 

Fig. 3.16. Expanded 1H NMR spectrum of showing the anomeric protons for esculin (upper, δ 

= 4.85 ppm, J = 7.4 Hz) and cichoriin (lower, δ = 4.98 ppm, J = 7.4 Hz) standards  

 

The NMR data obtained from the cichoriin standard in this experiment agree with the 

literature. Kisiel and Michalska (2002) reported that H-3 resonated at 6.28 ppm as a doublet 

(J = 9.5 Hz), H-8 at 7.04 ppm as a singlet, and H-5 at 7.20 ppm as a singlet. H-4 was 
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observed at 7.82 ppm as a doublet (J = 9.5 Hz). According to El-Bassouny and Abdel-Hamid 

(2006), H-3 resonated at 6.27 ppm as a doublet (J = 9.5 Hz) due to its coupling to H-4. H-8 

appeared as a singlet at 7.03 ppm and H-5 was also a singlet at 7.20 ppm. H-4 was a doublet 

at 7.81 ppm (J = 9.5 Hz). The anomeric proton was a doublet at 4.96 ppm (J = 7.5 Hz) in both 

papers. However, in Kanho et al. (2004) the chemical shifts of protons 4, 5, and 8 differed 

from what was observed in this experiment and from the other literature data; their other 

chemical shifts are in agreement. H-3 was assigned to a doublet at 6.29 ppm (J = 9.5 Hz), H-8 

a singlet at 7.12 ppm, H-5 a singlet at 7.08 ppm, and H-4 was also a doublet at 7.91 ppm (J = 

9.5 Hz). The signal for the anomeric proton was a doublet and had a chemical shift of 4.92 

ppm (J = 7.4 Hz). These chemical shift data are summarised in Figure 3.17. 

 

Fig. 3.17. The 1H NMR chemical shift data summary of cichoriin from this experiment in 

relation to three sets of published data 

 

This work, those of El-Bassouny and Abdel-Hamid (2006) and Kisiel and Michalska (2002) 

used methanol-d4 as the solvent for the NMR spectra while Kanho et al. (2004) used 

dimethylsulfoxide-d6 as their solvent and this could account for the differences in some of the 

chemical shifts recorded. 
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UV absorption spectrum 

A comparison of the UV spectra of both esculin and cichoriin showed that their 

electron sharing systems are not alike resulting in the differences observed when their 

individual UV spectra are compared (Figure 3.18). The UV absorption of esculin is mainly 

dependent on one chromophore with a maximum absorbance at 338 nm and a minor 

absorbance at 295 nm (ignoring their common maximum peak at ~220 nm) while the UV 

absorption of cichoriin is dependent on two chromophores of approximately equal magnitude 

giving rise to two maxima at 288 nm and 339 nm (in addition to the common ~220 nm peak). 

 

Fig. 3.18. A stacked plot of the UV spectra of aqueous solutions of cichoriin and esculin 

 

The data for their molar absorptivity coefficients, (ε) values, are shown below in Table 3.6. 
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Table 3.6. Molar absorptivity coefficient (ε) values corresponding to each maximum 

absorbance  

Esculin Cichoriin 

Absorbance λ values, 

nm 

ε values (M-

1cm-1) 

Absorbance λ values, 

nm 

ε values (M-

1cm-1) 

2.5 228 850,340 1.688 219 574,150 

1.375 295 467,687 0.459 288 156,122 

2.456 335 835,374 0.497 339 169,048 

Concentration (C) = 1 µg/mL, 2.94 x 10-6 M 

 

The shape of the curves of cichoriin and esculin correspond to the curves published 

by Goodwin and Pollock (1954) with cichoriin having two maxima and esculin one 

maximum excluding their commonly shared maximum peak at ~220 nm. Goodwin and 

Pollock (1954) reported their absorption values in units of millimicron (mµ) which are 

equivalent to nanometres (nm). They observed that the absence of the double bond at 

position-3,4 of the pyran-2-one ring in coumarin caused a substantial decrease in the 

absorption at wavelengths longer than 300 nm when compared to the absorption spectra of 4-

methylcoumarin and 3,4-dihydroxycoumarin. The presence of either a hydroxy, an O-methyl 

or an O-glucosyl group at position 7 saw a bathochromic shift of the absorption maxima 

previously recorded at ~275 nm for coumarin to ~320 nm for 7-hydroxy-, 7-O-methyl- and 7-

O-glucosyl-coumarin. Comparison of the spectra of 6,7-dihydroxy- and 6,7-dihydroxy-3,4-

dihydroxy-coumarin (Figure 3.19) showed that both compounds had a similar spectrum with 

an absorption maximum at ~290 nm for 6,7-dihydroxy-3,4-dihydroxy-coumarin and ~295 nm 

for 6,7-dihydroxy-coumarin. 6,7-Dihydroxy-3,4-dihydroxy-coumarin did not show any 

absorption beyond 300 nm while 6,7-dihydroxy-coumarin had a second absorption maxima at 

~350 nm. 6-O-Glucosyl-7-hydroxy-coumarin (esculin) and 6-hydroxy-7-O-glucosyl-

coumarin (cichoriin) had a similar spectrum with a first absorption maxima at ~290 nm for 6-

hydroxy-7-O-glucosyl-coumarin and ~295 nm for 6-O-glucosyl-7-hydroxy coumarin while a 
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second absorption maxima was observed at ~340 nm for both compounds. The results 

observed in these experiments are in agreement with those reported by Goodwin and Pollock 

(1954) (Figure 3.18). 

 

Fig. 3.19. Goodwin and Pollock’s (1954) numbering system for the coumarins they analysed 

To investigate the functional groups responsible for absorption in both compounds, 

aqueous solutions of coumarin and umbelliferone (7-hydroxycoumarin) were prepared and 

their UV absorption was measured (Figure 3.20). Coumarin had a maximum absorption at 

277 nm which coincides with the region of the first absorption maxima peak for cichoriin 

while umbelliferone had a maximum absorption at 324 nm. The absorption maxima peak of 

umbelliferone fits into the region for both the maximum absorption peak of esculin and the 

second absorption maxima peak of cichoriin. 

 

 

Fig. 3.20. A stacked plot of the UV spectra of aqueous solutions of esculin, cichoriin, 

umbelliferone, and coumarin 
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A bathochromic shift was observed on the addition of a drop of aqueous 1 M NaOH 

solution to a solution of esculin and to a solution of cichoriin (Figure 3.21). This shift, also 

known as a red shift, is indicative of the effect of NaOH solution on the samples causing their 

electrons to move to a lower energy state. The base NaOH increases the solution pH and 

thereby increases the polarisability of the sample solutions, removing the weakly acidic 

phenolic protons. The resulting phenoxides gave the observed bathochromic shifts, red shifts, 

where the maxima moved to longer wavelengths. 

A.  

B.  

Fig. 3.21. Bathochromic shift of esculin (A) and cichoriin (B) on addition of a drop of 1 M 

NaOH compared respectively to their standards 
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On the addition of a drop of 1 M NaOH to esculin in solution, the phenoxide ion is 

formed when the hydroxy group at position 6 is lost. The ion formed is stabilised by the 

distribution of the negative charge by resonance. The structure of cichoriin does not support a 

stability by resonance. 

Fig. 3.22. Stability of esculin by resonance. The structure of cichoriin does not support this 

 

LC-MS analyses 

HR-MS was carried out on the standards of cichoriin and esculin and their prepared 

spiked samples. The spiked samples in methanol were first run under the same conditions 

operated by Alhalaseh (PhD Thesis, 2019) where the shoulder peak was observed: BEH C18 

column using 0.1 % formic acid in water and 0.1 % formic acid in methanol as the mobile 

phases. A repeated run of the spiked samples in water, under the same conditions, did not 

achieve a separation of the standards. 

A further attempt was made at achieving a separation of the spiked samples of 

esculin with cichoriin and cichoriin with esculin. Luna C18 was the new column employed 

with 0.1 % formic acid in water and 0.1 % formic acid in acetonitrile as the mobile phase 

using a newly developed chromatographic method. The spiked samples containing the two 

compounds appeared as one peak. These methods were not successful in separating the 

structural isomers after a total run time of 22 min (Figure 3.23). The two standards co-eluted 

with a retention time of 20.1 min. The peak monitored was m/z 341.0867 [M+H]+ ± 0.002 Da. 

 



119 
 

 

Fig. 3.23. LC-MS chromatogram using Luna C18 in the positive-ion detection mode showing 

the peaks for esculin (upper) and cichoriin (lower) standards eluting at the same retention 

time 

 

The LC-MS conditions were adjusted again to examine a method reported by Tóth et 

al. (2015). This method reported achieving the separation of esculin and cichoriin in olive, 

Olea europaea, bark extracts with retention times of 4.56 and 4.74 min respectively. The 

column used was Poroshell C18 with 0.2 % v/v glacial acetic acid in water and pure methanol 

as the mobile phase. The analysis was conducted in the negative-ion mode and separation of 

the standards was not achieved (Figure 3.24) at the end of a total run time of 30 min. The 

retention time for both standards was 12.6 min. The peak monitored was m/z 339.0722 [M-

H]-  ± 0.005 Da. 
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Fig. 3.24. LC-MS chromatogram using Poroshell C18 in the negative-ion mode showing the 

peaks for esculin (upper) and cichoriin (lower) standards eluting at the same retention time 

 

As separation could not be achieved by the methods used in LC-MS, an MS/MS 

analysis was undertaken. If esculin and cichoriin molecules fragment in different ways, they 

can then be confidently identified in the spiked samples even with their superimposed LC-

MS peaks. Each standard was submitted for MS/MS analysis and possible fragmentation 

patterns (Wang et al., 2016) that esculin and cichoriin could yield have been given below 

(Figure 3.25). 

 

Fig. 3.25. Possible MS/MS fragmentation patterns of esculin and cichoriin. Esculin is used as 

the representative example (Wang et al., 2016) 
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Theoretically, esculin (and cichoriin) in the positive-ion mode with a m/z of 341.0867 

[M+H]+ will form esculetin with a m/z of 179.0339 [M+H]+ on losing its glucose moiety (-

162 Da). When esculetin loses the carbonyl group (-28 Da), the mass fragment with m/z 

151.0391[M+H]+ is formed. When compound m/z 151.0391 [M+H]+ loses a molecule of 

water (-18 Da), the mass fragment with m/z 133.0284 [M+H]+ is formed. The MS/MS results 

of both cichoriin and esculin (Figure 3.26) show that both compounds have the same 

fragmentation pattern: m/z 341.0885, 179.0345, 133.0285 [M+H]+ for cichoriin and m/z 

341.0885, 179.0344, 133.0286 [M+H]+ for esculin. 

 

A.   B.   

Fig. 3.26. MS/MS spectra of cichoriin and esculin in positive-ion mode:  A. spectrum for the 

fragmentation pattern of esculin; B. spectrum for the fragmentation pattern of cichoriin 

 

1H NMR analysis on the crude extract from cassava roots, after PPD has been 

allowed to take place in the laboratory, showed that sugar signals were dominant in the 

spectrum (from 3.50 ppm to 4.00 ppm) in comparison to the hydroxycoumarin signals of 

interest which were expected in the region of 6.00 ppm to 8.00 ppm. Though NMR is not 

very sensitive at low concentrations, a concentrated sample of the extract was presumed to be 

able to show hydroxycoumarin signals without any purification. However, the 

hydroxylcoumarin signals could not be differentiated from the noise. To identify the sugars 
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present, mass spectrometric analyses of the crude extract of wildtype cassava roots was done 

and peaks were found corresponding to m/z 179.0607 [M-H]- and m/z 341.1172 [M-H]- 

respectively. MS results of glucose, galactose, and mannose analysed individually and of 

their mixture showed dominant peaks corresponding to m/z 179.0550 [M-H]-. Galactose and 

mannose are isomers (epimers) of glucose (Figure 3.27); mannose is an epimer at position 2' 

and galactose is an epimer at position 4'. Results for sucrose in an MS analysis gave a 

prominent peak for m/z 341.1078 [M-H]-. MS could not distinguish between a mixture of the 

three different sugar molecules and as a result, glucose and its two epimers could all be 

present in cassava along with sucrose and/or trehalose which are the possible sugars 

responsible for the m/z 341.1172 [M-H]- peak. Trehalose, an isomer of sucrose, has been 

reported to provide tolerance against stresses (such as high temperature, drought) in the cell 

(Herdeiro et al., 2006) and Wang et al. (2011) observed the accumulation of trehalose from 

cassava starch by a mutant and a microorganism, points to the presence of trehalose in 

cassava. 

Fig. 3.27. Glucose and its epimers, galactose and mannose 

 

The presence of fructose, glucose, sucrose, and trehalose was confirmed by Han et al. 

(2016) (Figure 3.28) in cassava leaves (the study of the distribution of trehalose in cassava 

was done with the leaves, stem, and roots). They showed a relationship between the presence 

of trehalose and tolerance to dehydration, an admirable trait in cassava. The sugar findings 

from our sugar analyses are in agreement with the results of Han et al. (2016). 
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Fig. 3.28. Fructose, sucrose, and its isomer, trehalose 

The shoulder peak (Alhalaseh, PhD Thesis 2017) could therefore occur as a result of 

an unknown coumarin in A. thaliana and M. esculenta having its sugar moiety of the same 

mass as that of glucose, such as galactose or mannose, yet chemically distinct (Figure 3.27). 

This experiment has confirmed that the entity responsible for the shoulder peak 

observed is present in the plant material as the peak was not reproducible in the laboratory. 

 

3.4. Conclusions 

Scopoletin biosynthesis in transgenic cassava plants, generated at the University of 

Bath, was traced using feeding experiments where different substrates:  E-d7-cinnamic acid, 

E-caffeic-2-13C acid, and E-ferulic-2-13C acid were introduced. In terms of uptake, the 

transgenic plants were found to have different responses to the different exogenous substrates 

introduced. It was found that the transgenic plants increasingly incorporated more of the d7-

cinnamic acid with an increase in the number of enzymes knocked down in the plants, giving 

rise to the scopoletin-d3 peak. The 3x plants had the highest scopoletin-d3 peaks, followed by 

the 2x plants and then the 1x plant in relation to the wild type plant. The 1x knockout plant 

had the least accumulation of naturally occurring scopoletin and therefore has the most 

potential in PPD reduction. 

The uptake of E-caffeic-2-13C acid by the samples was comparable; all the transgenic 

plants seem to have distributed the introduced substrate in a similar manner. Due to the 

knockouts in the plants, E-caffeic-2-13C acid was pushed into pathways 2 and 3 in a similar 

distribution pattern in all the plants. 

An explanation for the individual differences in the knockout plants when fed with E-

d7-cinnamic acid, as compared to feeding with E-caffeic-2-13C acid, is that as more E-d7-
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cinnamic acid is introduced it turns off the activity of phenylalanine ammonia lyase (PAL). 

With PAL turned off, endogenous E-cinnamic acid/E-cinnamate is no longer supplied which 

reduces the dilution of labelled E-cinnamic acid uptaken resulting in the high levels of 

enrichment in the transgenic plants. Scopoletin could also have an inhibitory effect on PAL. 

Feeding with E-ferulic-2-13C acid showed that when F6′H is inactive, E-ferulic acid 

acts as an accumulating product in transgenic cassava, storing all biosynthesised and 

introduced ferulic acid being unable to channel them out to form scopoletin. When F6′H is 

active, the product accumulating will form scopoletin after hydroxylation followed by E-Z-

isomerisation and lactonisation. 

Cichoriin was successfully isolated from Cichorium intybus, purified, and 

characterised. The purified cichoriin was used as a standard in the experiments conducted. 

Cichoriin and esculin are structural isomers with the same mass (340 Da). Using HPLC 

analysis, it was found that cichoriin and esculin have the same retention time of 7.1 min. LC-

MS could not distinguish between the two compounds and therefore separation was not 

achieved. In the published data (Tóth et al., 2015) where cichoriin and esculin were reported 

to have been separated, the difference in their retention time was 0.18 min (11 s) and the 

analytes could easily co-elute. Several attempts to reproduce the reported conditions for this 

separation all proved futile. An MS/MS analysis gave the same fragments:  m/z 341.0885, 

179.0345, 133.0285 [M+H]+ for cichoriin and m/z 341.0885, 179.0344, 133.0286  [M+H]+ for 

esculin. 

Though cichoriin and esculin show different colours as they fluoresce under UV light 

of long wavelength, there is the possibility of an interconversion of cichoriin to esculin and 

vice versa though the conversion of cichoriin to esculin is more favoured. Therefore, 

cichoriin could exist in M. esculenta, and possibly in A. thaliana, as itself or as a precursor 

for esculin by interconversion and/or for esculetin by deglucosylation. The results of this 

experiment do not give enough evidence to support or disprove the possible biosynthesis of 

cichoriin in cassava and hence, the existence of another alternative pathway from esculetin 

through cichoriin to scopolin could also not be confirmed.  



125 
 

References 

Alhalaseh, L., 2017. Phytochemistry of hydroxycoumarins from Manihot esculenta 

Euphorbiaceae (cassava). PhD, University of Bath. 

Austin, D.J., Meyer M.B., 1965. The formation of 7-oxygenated coumarins in hydrangea and 

lavender. Phytochemistry, 4, 245-254. 

Bayoumi, S.A.L., Rowan, M.G., Beeching, J.R., Blagbrough, I.S., 2008a. Investigation of 

biosynthetic pathways to hydroxycoumarins during post-harvest physiological 

deterioration in cassava roots by using stable isotope labelling. Chembiochem, 9, 3013-

3022. 

Bayoumi, S.A.L., Rowan, M.G., Blagbrough, I.S., Beeching, J.R., 2008b. Biosynthesis of 

scopoletin and scopolin in cassava roots during post-harvest physiological 

deterioration:  the E-Z-isomerisation stage. Phytochemistry, 69, 2928-2936. 

Blount, J.W., Korth, K.L., Masoud, S.A., Rasmussen, S., Lamb, C., Dixon, R.A., 2000. 

Altering expression of cinnamic acid 4-hydroxylase in transgenic plants provides 

evidence for a feedback loop at the entry point into the phenylpropanoid pathway. 

Plant Physiol., 122, 107-116. 

Brown, S.A., Towers G.H.N., Chen D., 1964. Biosynthesis of the coumarins-v. Pathways of 

umbelliferone formation in Hydrangea macrophylla. Phytochemistry, 3, 469-476. 

Bull, S.E., Owiti, J.A., Niklaus, M., Beeching, J.R., Gruissem, W., Vanderschuren, H., 2009. 

Agrobacterium-mediated transformation of friable embryogenic calli and regeneration 

of transgenic cassava. Nature Protocols, 4, 1845-1854. 

Buschmann, H., Rodriguez, M.X., Tohme, J., Beeching, J.R., 2000b. Accumulation of 

hydroxycoumarins during post-harvest deterioration of tuberous roots of cassava 

(Manihot esculenta Crantz). Annals Botany, 86, 1153-1160. 

Dewey, L.J., Stepka, W., 1963. Scopolin:  its isolation, characterisation and relation to 

nicotine metabolism in harvested tobacco. Arch. Biochem. Biophys., 100, 91-96. 

 



126 
 

Do, C.T., Pollet, B., Thévenin, J., Sibout, R., Denoue, D., Barrière, Y., Lapierre, C., Jouanin, 

L., 2007. Both caffeoyl coenzyme A 3-O-methyltransferase 1 and caffeic acid O-

methyltransferase 1 are involved in redundant functions for lignin, flavonoids and 

sinapoyl malate biosynthesis in Arabidopsis. Planta, 226, 1117-1129. 

Drake, E.N., Brown, C.E., 1977. Application of NMR to biochemical kinetics. A laboratory 

experiment in physical biochemistry. J. Chem. Educ., 54, 124-127. 

Dubery, I.A., 1990. Effect of hydroxylated and methoxylated coumarins on the regulatory 

properties of phenylalanine ammonia-lyase from Citrus sinensis. Phytochemistry, 29, 

2107-2108. 

El-Bassouny, A.A., Abdel-Hamid, N.M., 2006. Antibacterial coumarins isolated from 

Launaea resedifolia. Химия растительного сырья, 1, 65-68. 

Glennie, C.W., Nel, J.G., 1973. The polyphenols of flue-cured tobacco. Agrochemophysica, 

5, 75-76. 

Goodwin, R.H., Pollock, B.M., 1954. Ultraviolet absorption spectra of coumarin derivatives. 

Arch. Biochem. Biophys., 49, 1-6. 

Goujon, T., Sibout, R., Pollet, B., Maba, B., Nussaume, L., Bechtold, N., Lu, F., Ralph, J., 

Mila, I., Barrière, Y., Lapierre, C., Jouanin, L., 2003. A new Arabidopsis thaliana 

mutant deficient in the expression of O-methyltransferase impacts lignins and sinapoyl 

esters. Plant Mol. Biol., 51, 973-989. 

Han, B., Fu, L., Zhang, D., He, X., Chen, Q., Peng, M., Zhang, J., 2016. Interspecies and 

intraspecies analysis of trehalose contents and the biosynthesis pathway gene family 

reveals crucial roles of trehalose in osmotic-stress tolerance in cassava. Int. J. Mol. Sci. 

17, 1-18. 

Harborne, J.B., 1960. Plant polyphenols:  2. The coumarins of Solanum pinnatisectum. 

Biochem. J., 270-273. 

Harborne, J.B., 2013. Phytochemical methods:  A guide to modern techniques of plant 

analysis. Springer, p. 50. 



127 
 

Heller, W., Kühnl T., 1985. Elicitor induction of a microsomal 5-O-(4-coumaroyl) shikimate 

3'-hydroxylase in parsley cell suspension cultures. Arch. Biochem. Biophys., 241, 453-

460. 

Herdeiro, R.S., Pereira, M.D., Panek, A.D., Eleutherio, E.C., 2006. Trehalose protects 

Saccharomyces cerevisiae from lipid peroxidation during oxidative stress. Biochim. 

Biophys. Acta, 1760, 340-346. 

Innocenti, M., Gallori, S., Giaccherini, C., Ieri, F., Vincieri, F.F., Mulinacci, N., 2005. 

Evaluation of the phenolic content in the aerial parts of different varieties of Cichorium 

intybus L. J. Agric. Food Chem., 53, 6497-6502. 

Kai, K., Shimizu, B.-I., Mizutani, M., Watanabe, K., Sakata, K., 2006. Accumulation of 

coumarins in Arabidopsis thaliana. Phytochemistry, 67, 379-386. 

Kai, K., Mizutani, M., Kawamura, N., Yamamoto, R., Tamai, M., Yamaguchi, H., Sakata K., 

Shimizu, B.-I., 2008. Scopoletin is biosynthesized via ortho-hydroxylation of feruloyl 

CoA by a 2-oxoglutarate-dependent dioxygenase in Arabidopsis thaliana. Plant J., 55, 

989-999. 

Kanho, H., Yaoya, S., Itani, T., Nakane, T., Kawahara, N., Takase, Y., Masuda, K., 

Kuroyanagi, M., 2004. Glucosylation of phenolic compounds by Pharbitis nil hairy 

roots:  I. Glucosylation of coumarin and flavone derivatives. Biosci. Biotechnol. 

Biochem., 68, 2032-2039. 

Kim, B.G., Lee, Y., Hur, H.G., Lim, Y., Ahn, J.H., 2006. Production of three O-methylated 

esculetins with Escherichia coli expressing O-methyltransferase from poplar. Biosci. 

Biotechnol. Biochem., 70, 1269-1272. 

Kisiel, W., Michalska, K., 2002. A new coumarin glucoside ester from Cichorium intybus. 

Fitoterapia, 73, 544-546. 

Lemieux, R.U., Kullnig, R.K., Bernstein, H.J., Schneider, W.G., 1958. Configurational 

effects on the proton magnetic resonance spectra of six-membered ring compounds. J. 

Am. Chem. Soc., 80, 6098-6105. 



128 
 

Lenz, R.W., Heeschen, J.P., 1961. The application of nuclear magnetic resonance to 

structural studies of carbohydrates in aqueous solution. J. Polymer Sci. Part A: General 

Papers, 51, 247-261. 

Lim, Y.-W., 2019. The role of genes involved in the biosynthesis of scopoletin in cassava 

post-harvest physiological deterioration. PhD, University of Bath. 

Liu, S., Zainuddin, I.M., Vanderschuren, H., Doughty, J., Beeching, J.R., 2017. RNAi 

inhibition of feruloyl CoA 6′-hydroxylase reduces scopoletin biosynthesis and post-

harvest physiological deterioration in cassava (Manihot esculenta Crantz) storage 

roots. Plant Mol. Biol., 94, 185-195. 

Mavandad, M., Edwards, R., Liang, X., Lamb, C.J., Dixon, R.A., 1990. Effects of trans-

cinnamic acid on expression of the bean phenylalanine ammonia-lyase gene family. 

Plant Physiol., 94, 671–680. 

Mulinacci, N., Romani, A., Galardi, C., Pinelli, P., Giaccherini, C., Vincieri, F., 2001. 

Polyphenolic content in olive oil waste waters and related olive samples. J. Agric. 

Food Chem., 49, 3509-3514. 

O’Neal, D., Keller, C.J., 1970. Partial purification and some properties of phenylalanine 

ammonia-lyase of tobacco (Nicotiana tabacum). Phytochemistry, 9, 1373-1383. 

Pakusch, A.-E., Kneusel, R.E., Matern, U., 1989. S-Adenosyl-L-methionine: trans-caffeoyl-

coenzyme A 3-O-methyltransferanse from elicitor-treated parsley cell suspension 

cultures. Arch. Biochem. Biophys., 271, 488-494. 

Parvathi, K., Chen, F., Guo, D., Blount, J.W., Dixon, R.A., 2001. Substrate preferences of O-

methyltransferase in alfalfa suggest new pathways for 3-O-methylation of 

monolignols. Plant J., 25, 193-202. 

Pearson, W.A., Spessard, G.O., 1975. α- and β-D-glucose pentaacetate. An experiment in 

structure assignment using NMR. J. Chem. Educ., 52, 814-815. 

Rao, V.S.R., Foster, J.F., 1963. On the conformation of the D-glucopyranose ring in maltose 

and in higher polymers of D-glucose. J. Phys. Chem., 67, 951-952. 



129 
 

Rees, S.B., Harborne, J.B., 1985. The role of sesquiterpene lactones and phenolics in the 

chemical defence of the chicory plant. Phytochemistry, 24, 2225-2231. 

Reilly, K., Gómez-Vásquez, R., Buschmann, H., Tohme, J., Beeching, J.R., 2004. Oxidative 

stress responses during cassava post-harvest physiological deterioration. Plant Mol. 

Biol., 56, 625-641. 

Runeckles, V.C., 1962. Cichoriin in tobacco. Chem. Ind. London, 893. 

Satô, M., Hasegawa, M., 1972. Transglucosylases in Cichorium intybus converting cichoriin 

to esculin. Phytochemistry, 11, 3149-3156. 

Schoch, G., Goepfert, S., Morant, M., Hehn, A., Meyer, D., Ullmann, P., Werck-Reichhart, 

D., 2001. CYP98A3 from Arabidopsis thaliana is a 3'-hydroxylase of phenolic esters, a 

missing link in the phenylpropanoid pathway. J. Biol. Chem., 276, 36566-36574. 

Schoch, G., Morant, M., Abdulrazzak, N., Asnaghi, C., Goepfert, S., Petersen, M., Ullmann, 

P., Werck-Reichhart, D., 2006. The meta-hydroxylation step in the phenylpropanoid 

pathway:  a new level of complexity in the pathway and its regulation. Environ. Chem. 

Lett., 4, 127-136. 

Shimizu, B.-I., Kai, K., Tamai, M., Yamaguchi, H., Mizutani, M., Sakata, K., 2008. 

Biosynthetic origin of the 1-oxygen of umbelliferone in the root tissue of sweet potato. 

Z. Naturforsch., 63C, 687-690. 

Steck, W., 1967. The biosynthetic pathway from caffeic acid to scopolin in tobacco leaves. 

Can. J. Biochem., 45, 1995-2003. 

Tanaka, Y., Data, E.S., Hirose, S., Taniguchi, T., Uritani, I., 1983. Biochemical changes in 

secondary metabolites in wounded and deteriorated cassava roots. Agric. Biol. Chem., 

47, 693-700. 

Tôth, G., Alberti, Á., Sólyomváry, A., Barabás, C., Boldizsár, I., Noszál, B., 2015. Phenolic 

profiling of various olive bark-types and leaves:  HPLC–ESI/MS study. Ind. Crops 

Prod., 67, 432-438. 

Ueno, K., Shiraki, M., Satô, M., Saito, N., 1985. The crystal and molecular structures of 

esculetin 6-glucoside and 7-glucoside. Bull. Chem. Soc. Jpn., 58, 230-235. 



130 
 

Vialart, G., Hehn, A., Olry, A., Ito, K., Krieger, C., Larbat, R., Paris, C., Shimizu, B.-I., 

Sugimoto, Y., Mizutani, M., Bourgaud, F., 2012. A 2-oxoglutarate-dependent 

dioxygenase from Ruta graveolens L. exhibits p-coumaroyl CoA 2'-hydroxylase 

activity (C2'H):  a missing step in the synthesis of umbelliferone in plants. Plant J., 70, 

460-470. 

Wang, D.S., Zhao, S.F., Zhao, M.X., Li, J., Chi, Z.M., 2011. Trehalose accumulation from 

cassava starch and release by a highly thermosensitive and permeable mutant of 

Saccharomycopsis fibuligera. J. Ind. Microbiol. Biotech., 38, 1545-1552. 

Wang, Y., Zhao, M., Ou, Y., Zeng, B., Lou, X., Wang, M., Zhao, C., 2016. Metabolic profile 

of esculin in rats by ultra high performance liquid chromatography combined with 

Fourier transform ion cyclotron resonance mass spectrometry. J. Chromatogr. B, 1020, 

120-128. 

Wesley, S.V., Helliwell, C.A., Smith, N.A., Wang, M., Rouse, D.T., Liu, Q., Gooding, P.S., 

Singh, S.P., Abbott, D., Stoutjesdijk, P.A., Robinson, S.P., Gleave, A.P., Green, A.G., 

Waterhouse, P.M., 2001. Construct design for efficient, effective and high-throughput 

gene in plants. Plant J., 27, 581-590. 

Wheatley, C.C., Schwabe, W.W., 1985. Scopoletin involvement in post-harvest physiological 

deterioration of cassava root (Manihot esculenta Crantz). J. Exp. Bot., 36, 783-791. 

Yan, P., Shen, W., Gao, X., Li, X., Zhou, P., Duan, J., 2012. High-throughput construction of 

intron-containing hairpin RNA vectors for RNAi in plants. PLoS One, 7, 1-8. 

 

 

  



131 
 

Chapter 4 

Investigation of the mechanism of the E-Z-isomerisation and lactonisation steps in the 

production of hydroxycoumarins in cassava undergoing PPD 

 

4.1. Introduction 

 

Mega et al. (1990) noted that isotopic labelling is beneficial in mechanistic studies, 

where transformations from one form to the other can be monitored. They studied the 

oxygen-exchange kinetics of D-erythrose, glucose, mannose, and fructose at the anomeric 

carbon atoms using the 18O isotope shift in 13C NMR spectroscopy. 

In 2008, Bayoumi et al. (2008a) published their work on using stable isotopic labels 

to investigate the biosynthesis of hydroxycoumarins during PPD. They proposed three 

pathways (Figure 4.1) by which hydroxycoumarins may be biosynthesised in cassava when 

PPD is taking place in the harvested plant roots. The first route is via umbelliferone, the 

second is via caffeic acid, and the third is via ferulic acid. Cinnamic and coumaric acids are 

common precursors/intermediates in all the proposed biosynthetic pathways. 

The various proposed biosynthetic pathways as depicted in Figure 4.1 are drawn as 

such for convenience. The biochemical transformations that take place in the plant are more 

complex and involve shikimate esters, quinate esters and/or Coenzyme A (CoA) thioesters 

for many of the steps. Free cinnamic acid was found to be the substrate for plant cytochrome 

P450 CYP73 when expressed in yeast (Pierrel et al., 1994). Schoch et al. (2001) could not 

prove that free acids were the substrates for 3'-hydroxylation in Arabidopsis thaliana as the 

enzymes catalysing the process could not be identified. Little activity was observed for 

ferulic acid, feruloyl quinate, caffeoyl CoA or p-coumaroyl CoA as substrates for the 

enzymes feruloyl-6'-hydrolase 1/2 (F6'H1/2) which show 6'-hydroxylation activity for 

feruloyl CoA in A. thaliana. The enzyme caffeoyl CoA O-methyltransferase 1 (CCoAOMT1) 

was also found to favour the catalysis of the O-methylation of caffeoyl CoA to feruloyl CoA. 

As RS- is a better leaving group than RO-, the thioesters (S-CoA) are more likely to be the 
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intermediates that allow lactonisation in coumarin biosynthesis instead of O-esters and most 

likely not reacting as the free acids in A. thaliana (Kai et al., 2008). 

 

 

Fig. 4.1. The three proposed pathways leading to the biosynthesis of hydroxycoumarins 

during PPD in Manihot esculenta Crantz 
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The process for the lactonisation of cinnamic acid derivatives possessing a 4'-

hydroxy group such as p-coumaric, caffeic or ferulic acids leading to the biosynthesis of 

hydroxycoumarins has been proposed to occur by two distinct routes (Petersen et al., 1999): 

oxidative cyclisation by means of a spirohexadienone intermediate or via an o-hydroxylation 

of E-p-coumaric acid, followed by E-Z-isomerisation and then lactonisation. The route 

through a spirohexadienone intermediate would give umbelliferone in which the heterocyclic 

oxygen atom in the pyran-1-one unit of coumarins comes from the carboxyl group (Figure 

4.2). This reported route has previously been proposed as the mechanism for the biosynthesis 

of novobiocin in Streptomyces niveus (Bunton et al., 1963) and has also been proposed to 

take place in Ammi majus L. (Matern, 1991). The second route consists of o-hydroxylation of 

E-p-coumaric acid, followed by E-Z-isomerisation and then lactonisation, where the lactone 

oxygen arises from the o-hydroxy group and not from the carboxyl group, if hydroxylation 

was catalysed by a 2-oxoglutarate-dependent dioxygenase (Figure 4.2). This will introduce an 

O-atom from molecular oxygen in the atmosphere.

 

Fig. 4.2. Biotransformations of E-cinnamic-17O2 acid in cassava depending on the 

biosynthetic pathway taking place (modified from Petersen et al., 1999). E-Cinnamic-17O2 

acid is used for illustration. 
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In the first part of this chapter, the proposed biosynthetic pathways of 

hydroxycoumarins (Figure 4.1) in M. esculenta Crantz were investigated via competitive 

feeding using novel stable isotopically labelled cinnamic acids which have been identified as 

potential intermediates in the pathway. With the design of E-cinnamic-2-D,3-13C acid and E-

cinnamic-2-D,3-13C,3-D acid, the loss of deuterium at position 2 can be unambiguously 

confirmed due to the presence of one or more stable isotopes in the same compound. The 

doubly isotopically-labelled design of E-d7-cinnamic-17O2 acid and E-d7-cinnamic-18O2 acid 

will answer two questions at the same time in each molecule:  the loss of deuterium at 

position two and the origin of the lactone oxygen in the hydroxycoumarins biosynthesised. 

 

 

Fig. 4.3. Results of the experiments when E-cinnamic-d7 acid, E-cinnamic-d6 acid, E-

cinnamic-d5 acid and E-cinnamic-d1 acid were fed to cassava roots (Bayoumi et al., 2008b) 
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The underlying mechanism supporting this loss of deuterium from position two 

during PPD in cassava is still not fully known. The E-Z-isomerisation mechanism is, thus, 

also studied in this chapter. The mechanistic study of the E-Z-isomerisation step is based on 

an unpredicted and interesting result observed by Bayoumi et al. (2008b) when deuterated E-

cinnamic acids were fed to cassava roots and PPD was allowed to occur. When E-d7-

cinnamic acid was fed to cassava roots, d3-hydroxycoumarin products were obtained rather 

than d4-hydroxycoumarin products. Feeding E-cinnamic acid with deuterium labels in 

different positions (Figure 4.3) suggested that deuterium was consistently lost from C-2 in the 

biosynthesised hydroxycoumarins in the extracts analysed. 

A photochemical isomerisation of the double bond of E-cinnamic acid to the Z-

configuration required for coumarin ring closure would be expected to retain deuterium at 

position 2 (Figure 4.4) and hence, an enzymatic mechanism for this step occurring in cassava 

(Bayoumi et al., 2008b) was proposed. 

 

Fig. 4.4. The predicted result of feeding E-cinnamic-d7 acid to cassava roots based on its 

predicted transformations in the biosynthetic pathways of hydroxycoumarins (Bayoumi et al., 

2008b) 

 

The order of reactions leading from E-cinnamic acid to scopoletin in the biosynthetic 

pathway of hydroxycoumarins in cassava experiencing PPD involves o-hydroxylation (x 2), 

O-methylation, E-Z-isomerisation and finally, lactonisation. The processes of o-

hydroxylation, O-methylation do not involve the rotation of a bond and hence, the 

configuration of the compound will be maintained. The switch from an E-configuration to a 

Z-configuration for lactonisation to take place, does involve the rotation of a bond and a 
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possible bond breakage and reformation of the α,β-unsaturated bond. This implies that the 

loss of a deuterium (or hydrogen) atom from position 2 during the biosynthesis of 

hydroxycoumarins in cassava under PPD conditions occurs in the E-Z-isomerisation step. 

This specific loss of deuterium (or hydrogen) at C-2 was thought to be enzyme catalysed 

and not a photochemical reaction, as the latter would involve the formation of a diradical and 

therefore no loss of deuterium would have been observed. Bayoumi et al. (2008b) proposed 

that the isomerisation step observed during PPD in cassava could proceed by two 

mechanisms: 

1. The nucleophilic addition of glutathione (GSH) or a suitable nucleophilic residue on 

the enzyme followed by σ-bond rotation and then an antiperiplanar elimination, like 

the isomerisation of maleylacetone (Stevens and Seltzer, 1968). 

2. The nucleophilic addition of water across the α,β-unsaturated bond as seen in the 

second step of the β-oxidation of fatty acids, a σ-bond rotation and then an anti-

periplanar elimination (Yang et al., 1986; Schultz and Kunau, 1987). 

The second part of this chapter is focussed on the experiment which was designed to test 

the hypothesis that the source of the proton replacing the deuterium atom at position 2 of the 

C=C double bond is water. The objective was to resolve the mechanism of the E-Z-

isomerisation step that occurs during PPD leading to the biosynthesis of hydroxycoumarins in 

cassava which is currently unknown. 

Additionally, Vanholme et al. (2019) recently reported that in A. thaliana the E-Z-

isomerisation of o-hydroxycinnamoyl-CoA thioesters followed by lactonisation for the 

biosynthesis of coumarins proceeds partially as a photochemical reaction and also as an 

enzymatic reaction catalysed by an enzyme, coumarin synthase (COSY). Alhalaseh (PhD 

Thesis, 2017) reported that feeding E-cinnamic-d7 acid to A. thaliana roots and leaves gave 

d3-hydroxycoumarin products and not d4-products. The implication of the findings of 

Alhalaseh (PhD Thesis, 2017) on the mechanism proposed by Vanholme et al. (2019) will be 

discussed. 
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4.2. Experimental 

 

Plant materials 

The wild type plants used, TMS 60444 (Tropical Manihot Series), were obtained 

from the greenhouses of the Department of Biology and Biochemistry, University of Bath 

supplied by Dr Yi-Wen Lim in the Beeching Research Group. 

Chemicals 

E-Cinnamic-2,3,2′,3′,4′,5′,6′-d7 acid (98 atom % D) and E-4-hydroxy-3-methoxy-d3-

cinnamic acid (3-OCD3, E-Ferulic-OCD3 acid) (99.9 atom % D) were purchased from CDN-

Isotopes (Pointe Claire, Quebec, Canada) through their retailer QMX Laboratories, UK. All 

other chemicals were purchased from Sigma-Aldrich (Gillingham, Dorset, UK). 

 

General Methods 1 

Feeding cassava roots with isotopically labelled intermediates 

The potted cassava roots were removed and detached from the main plant, washed, 

peeled and cut up into 10 mm cubes. The cubes were divided into four groups (20 g) and 

placed in petri dishes lined with filter papers. Four different isotopically labelled potential 

intermediates (E-d7-cinnamic-17O2 acid, E-d7-cinnamic-18O2 acid, E-cinnamic-2-D,3-13C acid 

and E-cinnamic-2-D,3-13C,3-D acid) were fed to each group of cassava cubes. Aqueous 

solutions of the substrates to be fed to the roots were prepared by dissolving E-d7-cinnamic-

17O2 acid, E-d7-cinnamic-18O2 acid, E-cinnamic-2-D,3-13C acid and E-cinnamic-2-D,3-13C,3-

D acid (2 mg each) in aqueous 4 % Na2CO3 (1 mL) solution and the pH was adjusted to 7.5 

using 1 M HCl. Each solution was transferred into a handheld aerosoliser and sprayed from a 

distance of 15 cm onto the cassava cubes placed in the filter paper-lined petri dishes. The 

cassava cubes were kept under controlled conditions (20 °C, 80-90 % R.H.) for PPD to occur. 

The cubes were mashed up on Day 4 and extracted with EtOH (50 mL x 4). The combined 

alcoholic extracts were filtered and concentrated under vacuum at < 40 °C to give a yellow 

viscous residue. The extracts were analysed by LC-MS. 
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General methods 2 

Various techniques were utilised in the expulsion of the interstitial water molecules 

present in cassava to be replaced by deuterium oxide. 

Lyophilisation 

Thinly sliced cassava chips were frozen by being kept in a -80 °C freezer for 4 h 

prior to being placed on the freeze-dryer. In other instances, liquid nitrogen was poured 

directly onto thin slices of cassava in petri dishes. The frozen samples were then lyophilised. 

The samples were left to dry for at least 24 h when they were weighed. 

Oven drying 

Another group of cassava chips were dried in the oven at 25 °C until the chips were 

at a constant weight. 25 °C was chosen to mimic air-drying at room temperature. 

Hypertonic extracellular environment 

A saturated sugar solution was made by dissolving sucrose in distilled water until 

saturation was achieved. Peeled and cut-up cassava chips were placed in a beaker containing 

the saturated sugar solution, the chips were left in the sugar solution for about 30-40 mins. 

The chips were then removed and placed on a filter paper to dry off the excess of sugar 

solution. 

Exchange of interstitial water for deuterium oxide (D2O) 

The lyophilised cassava chips were rehydrated with D2O. About 30-35 mL of D2O 

was added into the petri dish and the cassava chips were left for ~30 mins in D2O to be 

rehydrated. The process of lyophilisation and rehydration from D2O was repeated as many 

times as needed. The oven-dried cassava chips were covered with 30-35 mL of D2O in the 

petri dish and the cassava chips were left for ~30 mins in D2O to rehydrate. The cassava chips 

kept in the saturated sugar solution underwent the process of rehydration as described. 

Feeding to rehydrated cassava chips 

The roots rehydrated in D2O were fed according to the method reported in Bayoumi 

et al. (2008a) and the extracts were analysed by LC-MS. 
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LC-MS 

The QTOF-UHPLC analysis was conducted using a MaXis HD quadrupole 

electrospray time-of-flight (ESI-QTOF) MS (Bruker Daltonik GmbH, Bremen, Germany) 

operated in ESI positive- and negative-ion modes. The QTOF was coupled to an Ultimate 

3000 UHPLC (Thermo Fisher Scientific, Carlsbad, CA, USA). The capillary voltage was 

4500 V, nebulising gas at 4 bar, drying gas at 12 L/min at 220 °C. The TOF scan range was 

from 75-1000 mass-to-charge ratio (m/z). LC was performed using an Acquity UPLC BEH 

C18, 1.7 μm, 2.1 x 50 mm reverse phase (RP) column (Waters, Milford, MA, USA) at a flow 

rate of 0.3 mL/min at 45 °C, injection volume of 10 μL. Mobile phases A and B were H2O 

with 0.1 % v/v formic acid and MeOH with 0.1 % v/v formic acid, respectively. Gradient 

elution was carried out with 1 % mobile phase B to 2 min followed by a linear gradient to 

100 % B at 5 min, maintaining 100 % B to 8 min and returning to 1 % B, re-equilibrating for 

3.9 min, in a total run time of 12 min. The MS instrument was calibrated using a range of 

sodium formate clusters by switching valve injection during the first minute of each 

chromatographic run. The mass calibrant solution consisted of 3 parts of 1 M aqueous NaOH 

to 97 parts of 50:50 water: isopropanol with 0.2 % formic acid. The data obtained were 

processed and analysed using Data Analysis 4.3 software from Bruker (Germany). The peak 

areas were processed and quantified using Bruker Compass QuantAnalysis 4.3 software 

(Germany). Due to the small amounts of hydroxycoumarins biosynthesised during the PPD 

process (ng/g), the products were selectively monitored using LC-MS rather than NMR 

spectroscopy. The results are summarised below for both unlabelled and labelled products: 

 

E-d7-Cinnamic-17O2 acid 

Scopoletin, HR MS: C10H8O4 requires m/z 193.0495, HR MS found m/z 193.0498 [M+H]+, 

C10H8O4Na requires m/z 215.0315, found m/z 215.0314 [M+Na]+. C10H5D3O317O requires m/z 

197.0726, HR MS found m/z 197.0710 [M+H]+, C10H5D3O317ONa requires m/z 219.0545, 

found m/z 219.0525 [M+Na]+ 
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Esculetin, HR MS: C9H6O4 requires m/z 179.0339, HR MS found m/z 179.0341 [M+H]+, 

C9H6O4Na requires m/z 201.0158, found m/z 201.0200 [M+Na]+. C9H3D3O317O requires m/z 

183.0569, HR MS found m/z 183.0630 [M+H]+, C9H3D3O317ONa requires m/z 205.0389, 

found m/z 205.0346 [M+Na]+ 

Esculin, HR MS: C15H16O9 requires m/z 341.0867, HR MS found m/z 341.0864 [M+H]+, 

C15H16O9Na requires m/z 363.0687, found m/z 363.0684 [M+Na]+. C15H13D3O817O requires 

m/z 345.1098, HR MS found m/z 345.1094 [M+H]+, C15H13D3O817ONa requires m/z 

367.0917, found m/z 367.0925 [M+Na]+ 

Scopolin, HR MS: C16H18O9 requires m/z 355.1024, HR MS found m/z 355.1011 [M+H]+, 

C16H18O9Na requires m/z 377.0843, found m/z 377.0822 [M+Na]+. C16H15D3O817O requires 

m/z 359.1254, HR MS found m/z 359.1229 [M+H]+, C16H15D3O317ONa requires m/z 

381.1074, found m/z 381.1086 [M+Na]+ 

 

E-d7-Cinnamic-18O2 acid 

Scopoletin, HR MS: C10H8O4 requires m/z 193.0495, HR MS found m/z 193.0489 [M+H]+, 

C10H8O4Na requires m/z 215.0315, found m/z 215.0305 [M+Na]+. C10H5D3O318O requires m/z 

198.0726, HR MS found m/z 198.0713 [M+H]+, C10H5D3O318ONa requires m/z 220.0546, 

found m/z 220.0547 [M+Na]+ 

Esculetin, HR MS: C9H6O4 requires m/z 179.0339, HR MS found m/z 179.0332 [M+H]+, 

C9H6O4Na requires m/z 201.0158, found m/z 201.0193 [M+Na]+. C9H3D3O318O requires m/z 

184.0570, HR MS found m/z 184.0569 [M+H]+, C9H3D3O318ONa requires m/z 206.0477, 

found m/z 206.0477 [M+Na]+ 

Esculin, HR MS: C15H16O9 requires m/z 341.0867, HR MS found m/z 341.0866 [M+H]+, 

C15H16O9Na requires m/z 363.0687, found m/z 363.0679 [M+Na]+. C15H13D3O318O requires 

m/z 346.1098, HR MS found m/z 346.1092 [M+H]+, C15H13D3O318ONa requires m/z 

368.0917, found m/z 368.0958 [M+Na]+ 

Scopolin, HR MS: C16H18O9 requires m/z 355.1024, HR MS found m/z 355.1015 [M+H]+, 

C16H18O9Na requires m/z 377.0843, found m/z 377.0825 [M+Na]+. C16H15D3O318O requires 
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m/z 360.1254, HR MS found m/z 360.1239 [M+H]+, C16H15D3O318ONa requires m/z 

382.1074, found m/z 382.1188 [M+Na]+ 

 

E-Cinnamic-2-D,3-13C acid 

Scopoletin, HR MS: C10H8O4 requires m/z 193.0495, HR MS found m/z 193.0444 [M+H]+, 

C10H8O4Na requires m/z 215.0315, found m/z 215.0282 [M+Na]+. C913CH8O4 requires m/z 

194.0532, HR MS found m/z 194.0536 [M+H]+, C913CH8O4Na requires m/z 216.0348, found 

m/z 216.0316 [M+Na]+ 

Esculetin, HR MS: C9H6O4 requires m/z 179.0339, HR MS found m/z 179.0262 [M+H]+, 

C9H6O4Na requires m/z 201.0158, found m/z 201.0161 [M+Na]+. C813CH6O4 requires m/z 

180.0272, HR MS found m/z 180.0297 [M+H]+, C813CH6O4Na requires m/z 202.0192, found 

m/z 202.0256 [M+Na]+ 

Esculin, HR MS: C15H16O9 requires m/z 341.0867, HR MS found m/z 341.0866 [M+H]+, 

C15H16O9Na requires m/z 363.0687, found m/z 363.0676 [M+Na]+. C1413CH16O9 requires m/z 

342.0901, HR MS found m/z 342.0897 [M+H]+, C1413CH16O9Na requires m/z 364.0729, found 

m/z 364.0708 [M+Na]+ 

Scopolin, HR MS: C16H18O9 requires m/z 355.1024, HR MS found m/z 355.1017 [M+H]+, 

C16H18O9Na requires m/z 377.0843, found m/z 377.0900 [M+Na]+. C1513CH18O9 requires m/z 

356.1057, HR MS found m/z 356.0970 [M+H]+, C1513CH18O9Na requires m/z 378.0877, found 

m/z 378.0838 [M+Na]+ 

 

E-Cinnamic-2-D,3-13C,D acid 

Scopoletin, HR MS: C10H8O4 requires m/z 193.0495, HR MS found m/z 193.0490 [M+H]+, 

C10H8O4Na requires m/z 215.0315, found m/z 215.0303 [M+Na]+. C913CH7DO4 requires m/z 

195.0592, HR MS found m/z 195.0558 [M+H]+, C913CH7DO4Na requires m/z 217.0411, 

found m/z 217.0371 [M+Na]+ 

Esculetin, HR MS: C9H6O4 requires m/z 179.0339, HR MS found m/z 179.0330 [M+H]+, 

C9H6O4Na requires m/z 201.0158, found m/z 201.0169 [M+Na]+. C813CH5DO4 requires m/z 
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181.0435, HR MS found m/z 181.0481 [M+H]+, C813CH5DO4Na requires m/z 203.0255, 

found m/z 203.0220 [M+Na]+ 

Esculin, HR MS: C15H16O9 requires m/z 341.0867, HR MS found m/z 341.0863 [M+H]+, 

C15H16O9Na requires m/z 363.0687, found m/z 363.0679 [M+Na]+. C1413CH15DO9 requires 

m/z 343.0963, HR MS found m/z 343.0926 [M+H]+, C1413CH15DO9Na requires m/z 365.0783, 

found m/z 365.0754 [M+Na]+ 

Scopolin, HR MS: C16H18O9 requires m/z 355.1024, HR MS found m/z 355.1016 [M+H]+, 

C16H18O9Na requires m/z 377.0843, found m/z 377.0835 [M+Na]+. C1513CH17DO9 requires 

m/z 356.1042, HR MS found m/z 356.1053 [M+H]+, C1513CH17DO9Na requires m/z 379.0939, 

found m/z 379.0937 [M+Na]+ 

 

4.3. Results and Discussion 

E-Cinnamic acid is known to be an intermediate in the biosynthetic pathway of 

hydroxycoumarins during the occurrence of PPD in cassava (Wheatley and Schwabe, 1985). 

Isotopically labelled cinnamic acids were designed for use in these experiments. The design 

was primarily based on observations that have been made in the study of the pathways of in 

our research group (Bayoumi et al. 2008a and b) and also on cumulative research 

(Buschmann et al., 2000; Salcedo et al., 2011; Ma et al., 2016; Liu et al., 2017) targeted at 

stopping PPD or reducing the symptoms of discolouration associated with PPD. 

Bayoumi et al. (2008b) observed that when cassava roots were fed with various 

deuterium-labelled E-cinnamic acids and PPD was allowed to occur, the results of MS 

analyses of the extracts obtained from the roots consistently gave one deuterium less than 

what was expected. The loss of one deuterium atom was shown to be from the carbon at 

position 2. This loss of deuterium at position 2 was investigated further using E-cinnamic-2-

D,3-13C and E-cinnamic-2-D,3-13C,3-D acids. In the same study, (Bayoumi et al., 2008b) 

allowing cassava chips fed with deuterium-labelled E-cinnamic acids to undergo PPD in an 

atmosphere enriched with oxygen-18O led to the observation of three of the oxygen atoms of 

scopoletin retaining the oxygen-18O label. E-d7-Cinnamic-17O2 and E-d7-cinnamic-18O2 acids 
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were designed to test and confirm these observations in addition to the loss of deuterium 

from position 2. 

 

Results from feeding the four synthesised isotopically labelled substrates to cassava 

chips 

A.  

B.  

C.   

D.   

 

Fig. 4.5. Biosynthesis of labelled scopoletin from labelled cinnamic acid precursors in the 

presence of light:  A) E-d7-cinnamic-17O2 acid gave d3-scopoletin-17O; B) E-d7-cinnamic-18O2 

acid gave d3-scopoletin-18O; C) E-cinnamic-2-D,3-13C acid gave 3-13C-scopoletin; D) E-

cinnamic-2-D,3-13C,3-D acid gave 3-13C,D-scopoletin 

 

The substrates fed were expected to be incorporated into the biosynthetic pathways 

proposed to be taking place in cassava during PPD leading to the production of 
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hydroxycoumarins. The expected by-products, e.g. scopoletin, in relation to the intermediates 

that were fed are shown in Figure 4.5. 

All the substrates fed were incorporated and detected by mass spectrometry after 

cassava roots were allowed to undergo PPD for the biosynthesis of hydroxycoumarins. The 

MS values for scopoletin and scopolin for the peaks corresponding to the incorporated labels 

are given in Table 4.1 and Table 4.2 respectively below. They clearly show only one 17O or 

18O isotopes as incorporated. 

 

Table 4.1. HR MS values for incorporated scopoletin labels 

  Scopoletin (C10H8O4) 

 Starting materials Formula Required Found 

acid2 O17-cinnamic-7d O17
3O3D5H10C 197.0726 197.0710 

acid 2O18-cinnamic-7d O18
3O3D5H10C 198.0726 198.0713 

C acid13-D,3-2-Cinnamic 4O8CH13
9C 194.0532  194.0536 

C,D acid13-D,3-2-Cinnamic 4DO7CH13
9C 195.0592  195.0558 

 

Table 4.2. HR MS values for incorporated scopolin labels 

  Scopolin (C16H18O9) 

 Starting materials Formula Required Found 

acid 2O17-cinnamic-7d O17
8O3D15H16C 359.1254 359.1229 

acid 2O18-cinnamic-7d O18
8O3D15H16C 360.1254 360.1239 

C acid13-D,3-2-Cinnamic 9O18CH13
15C 356.1057 356.0970 

C,D acid13-D,3-2-Cinnamic 9DO17CH13
15C 357.1042 357.1053 
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The substrates fed were incorporated into the biosynthesis of the hydroxycoumarins 

when the extracts from the wild type roots of cassava (TMS 60444) were analysed by LC-

MS. This was confirmed by their corresponding peaks in the spectra obtained when the peaks 

were selectively monitored. When E-cinnamic-2-D,3-13C acid and E-cinnamic-2-D,3-13C,3-D 

acid were fed to the cassava roots, the deuterium at position 2 was lost which was confirmed 

by the absence of a peak for 13C-scopoletin-d1 (C913CH7DO4) in MS corresponding to m/z 

195.0592 [M+H]+ for the feeding of E-cinnamic-2-D,3-13C acid. Instead, 13C-scopoletin 

(C913CH8O4) was found at m/z 194.0536 [M+H]+. A peak for 13C-scopoletin-d2 

(C913CH6D2O4) at m/z 196.0654 [M+H]+ was absent for the feeding of E-cinnamic-2-D,3-

13C,3-D acid which also confirms the loss of deuterium from C-2 while a peak for 13C-

scopoletin-d1 was found at m/z 195.0558 [M+H]+. When monitoring scopoletin with E-

cinnamic-2-D,3-13C acid feeding, a loss of deuterium from position 2 gave a peak m/z 

194.0529 [M+H]+ which is the same mass as that of naturally occurring scopoletin-13C and 

can therefore not be differentiated sufficiently using peak heights under circumstances where 

incorporation of the enriched compound was low. The presence of an extra deuterium in E-

cinnamic-2-D,3-13C,3-D acid overcomes this problem making it practical to identify the 

peaks corresponding to the incorporated substrate. There was no peak corresponding to the 

loss of 2 deuterium atoms when E-cinnamic-2-D,3-13C,3-D acid was fed. The mechanism for 

the loss of deuterium from position 2 is currently unknown and so is explored in this chapter. 

Scopolin was also monitored in the LC-MS analyses. Deuterium was observed to be 

lost from position 2 as well. When scopolin was monitored in the experiments, a peak was 

measured at m/z 356.0970 [M+H]+ for scopolin-13C and no peak at m/z 357.1120 [M+H]+ 

expected for 13C-scopolin-d1 when E-cinnamic-2-D,3-13C acid was fed to the cassava chips. 

The same issue with differentiating between scopolin-13C resulting from the incorporation of 

the enriched substrate and that which is naturally occurring arises with the monitoring of 

scopolin as was with scopoletin. A peak at m/z 357.1053 [M+H]+ for 13C-scopolin-d1 was 

measured when E-cinnamic-2-D,3-13C,D acid was fed and no peak at m/z 358.1183 [M+H]+ 

was found in the spectrum for 13C-scopolin-d2. 
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With the feeding of E-d7-cinnamic-17O2 acid and E-d7-cinnamic-18O2 acid the loss of 

deuterium at position 2 could be monitored and the origin of the oxygen in the coumarin 

pyran-1-one ring could also be investigated in the same experiment. The loss of deuterium 

was confirmed by the distinct d3-peak in the LC-MS spectra of the extracts analysed. In 

monitoring scopoletin, a peak at m/z 197.0710 [M+H]+ was observed for d3-scopoletin-17O 

(C10H5D3O317O) when E-d7-cinnamic-17O2 acid was fed. No peak was found at m/z 198.0789 

[M+H]+ for d4-scopoletin-17O (C10H4D4O317O). E-d7-cinnamic-18O2 acid feeding gave a peak 

at m/z 198.0713 [M+H]+ in MS which corresponds to d3-scopoletin-18O (C10H5D3O318O), d4-

scopoletin-18O (C10H4D4O318O) at m/z 199.0729 [M+H]+ was not found in MS. 

In monitoring scopolin in the extracts of the feeding experiments, a peak was 

measured at m/z 359.1229 [M+H]+ for d3-scopolin-17O which and no peak at m/z 360.1317 

[M+H]+ as would be expected for d4-scopolin-17O when E-d7-cinnamic-17O2 acid was fed to 

the cassava roots. A peak measured at m/z 360.1239 [M+H]+ for d3-scopolin-18O was 

measured when E-d7-cinnamic-18O2 acid was fed. No peak was measured at m/z 361.1317 

[M+H]+ for d4-scopolin-18O. 

These results are in agreement with the findings of Bayoumi et al. (2008b) and the 

results from the feeding experiments with E-d7-cinnamic-17O2 and E-d7-cinnamic-18O2 acids 

also demonstrate that there was no further loss of deuterium from the aromatic ring except for 

the sites where oxygenation took place, that is, at the 2'-, 4'-,and 5'-positions. 

E-Cinnamic acid with both of its oxygen atoms isotopically labelled is most likely to 

lose one of its oxygen atoms in the pathway during the biotransformation of the intermediates 

(Figure 4.6) to form the desired product. CoA ester, shikimate or quinate ester are some of 

the possible transitory intermediates formed (Kai et al., 2006; Schoch et al., 2001, 2006) 

which accounts for the loss one of the oxygen atoms. 
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Fig. 4.6. Possible biotransformations that may occur resulting in the loss of one isotopically 

labelled oxygen atom. E-Cinnamic-17O2 acid is shown as the starting material for illustrative 

purposes. 4CL = (4-hydroxy) cinnamoyl-CoA ligase, C3′H = coumaroyl-3′-hydroxylase, 

HCT = hydroxycinnamoyl-CoA: shikimate/quinate hydroxycinnamoyl transferase 
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Bayoumi et al. (2008b) showed that the carbonyl oxygen atom present in 

hydroxycoumarins (on carbon 1, in the pyran-1-one ring) was obtained from the fed-E-

cinnamic acid intermediates while the lactone oxygen in the coumarin ring system was fixed 

by 2-oxoglutarate-dependent dioxygenase from the 18O2 atmosphere created. In their 

experiment, scopoletin biosynthesis was found to proceed by o-hydroxylation that gave 18O3-

enriched scopoletin, which was isotopically-labelled in the hydroxy, lactone, and methoxy 

oxygen atoms. Cytochrome P450 enzymes are responsible for the m-hydroxylation and p-

hydroxylation of cinnamate (Bourgaud et al., 2006) while a Fe (II)- and 2-oxoglutarate-

dependent dioxygenase is thought to be involved in o-hydroxylation (Kai et al., 2008) and 

therefore the lactone oxygen is derived from molecular oxygen. 

The mechanism via a spirohexadienone intermediate is not a viable one for the 

biosynthesis of hydroxycoumarins since CoA thioesters, quinate or shikimate esters are 

involved early in the biotransformations in the pathway to form the final product. That is, one 

oxygen atom is lost in the pathway ahead of lactonisation. The process of lactonisation in 

cassava roots is through o-hydroxylation of the cinnamates. 

 

4.3.1. Investigating the mechanism for the loss of deuterium (D) at C-2 during 

the E-Z-isomerisation stage 

 

General discussion 

Bayoumi et al. (2008b) reported that the competitive feeding of E-cinnamic-d7 acid 

to cassava roots yielded d3-hydroxycoumarin products. At the time, this was unexpected as it 

was generally believed that the E-Z-isomerisation of a cinnamic acid precursor was a 

photochemical reaction involving a di-radical mechanism. Such a mechanism would be 

expected to yield d4-hydroxycoumarin products e.g. scopoletin-d4 during the occurrence of 

PPD in cassava as shown in Figure 4.7. 
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Fig. 4.7. Expected result for scopoletin when E-cinnamic-d7 acid was fed to cassava roots 

following its biotransformation in the proposed biosynthetic pathways of hydroxycoumarins 

in cassava during PPD (Bayoumi et al., 2008b) 

 

However, the results did not follow the expected biosynthetic transformations; rather 

scopoletin-d3 was obtained. There were no MS peaks corresponding to scopoletin-d4 which 

was a confirmation of the initial results observed. The results obtained above coupled with 

the fact that the E-Z-isomerisation step involves the rotation around a σ-bond for lactonisation 

to take place, confirm that the loss of a deuterium (or hydrogen) atom during the biosynthesis 
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of hydroxycoumarins in cassava under PPD conditions is from position 2 and that it occurs in 

the E-Z-isomerisation step. It was also established (Bayoumi et al., 2008b) that the E-Z-

isomerisation step in hydroxycoumarin biosynthesis in cassava is an enzymatic reaction. A 

mechanism of the E-Z-isomerisation step and therefore, the biosynthetic detail for this loss of 

deuterium is currently unknown. The proposed mechanism of light-catalysed isomerisation 

taking place under PPD condition is shown in Figure 4.8. 

 

Fig. 4.8.  Mechanism for the possible photochemical E-Z-isomerisation during PPD 

 

In the biosynthesis of coumarins, the mechanism of the E-Z-isomerisation step varies 

in that it has been reported as an enzymatic reaction (Stoker, 1964; Rataboul et al., 1985; 

Strack, 1997) and as being a photochemical reaction. UV light induced isomerisation in vivo, 

as well as in vitro has been reported (Koenigs et al., 1993; Zheng et al., 1999). The 

photochemical isomerisation of the double bond in E-p-coumarate has been studied in certain 

purple bacteria Ectothiorhodospira (Ryan et al., 2002; Dugave and Demange, 2003). When 

Melilotus officinalis shoots were fed with E-o-coumaric acid-2-14C and kept under both dark 

and light conditions, the shoots exposed to light showed a lot more radioactivity in their 

extracted coumarins than the coumarins extracted from shoots kept away from light. This led 

to the conclusion that the reaction is not enzymatic (Edwards and Stoker, 1967). 

A similar observation was made in the biosynthesis of herniarin (7-methoxy-

coumarin) by Edwards and Stoker (1968) in lavender (Lavandula officinalis and L. spica). 

hv 

homolytic fission 

σ-bond rotation 

diradical bond  

formation 
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Turner et al. (1993) reported that the isomerisation of cinnamic acid derivatives in wheat and 

barley was effected by light, and Wong et al. (2005) found in A. thaliana that E- and Z-

cinnamic acids were isomerised by sunlight. 

Not much is known about the E-Z-isomerisation step in cinnamic acids for the 

biosynthesis of coumarins and neither is there information available about this step taking 

place in cassava roots. For that reason, two possible mechanisms were proposed (Bayoumi et 

al, 2008b) based on unrelated literature precedents. The first mechanism proposed was the 

nucleophilic addition of glutathione (GSH) across the double bond to create a single bond 

which would undergo a σ-bond rotation followed by an antiperiplanar elimination, like the 

isomerisation of maleylacetone (Stevens and Seltzer, 1968). It is worth noting however that 

the isomerisation of maleylacetone to fumarylacetone is a Z-E-isomerisation step, the 

opposite of what is proposed to occur in our feeding experiments. The other mechanism by 

which the E-Z-isomerisation step could proceed was suggested as the nucleophilic addition of 

water across the α,β-unsaturated bond as in the β-oxidation of fatty acids (Yang et al., 1986; 

Schultz and Kunau, 1987), a σ-bond rotation and then an anti-periplanar elimination leading 

to the loss of a deuterium (or hydrogen) atom from C-2. 

The tripeptide glutathione is known to show a broad range of functions in plants; one 

of which is as a detoxifying antioxidant. Glutathione is reported to provide defence against 

peroxides due to its participation in the ascorbate/glutathione cycle (Foyer and Halliwell, 

1976; Berglund and Ohlsson, 1995). Since abiotic and biotic stresses do often involve the 

presence of reactive oxygen species, glutathione is expected to increase in a plant exposed to 

oxidative stress though its role in defence metabolism is not fully known (Berglund and 

Ohlsson, 1995). During the occurrence of PPD in cassava, an oxidative burst has been 

reported to occur in the root shortly after its detachment from the parent plant which is 

followed by the altered regulation of catalase and peroxidase genes among others. This 

altered gene expression is directly linked to reactive oxygen species regulation, and the 

accumulation of secondary metabolites (Reilly et al., 2004). Gluthatione-S-transferase (GST) 

was one of the up-regulated genes reported by Reilly et al. (2007) to have been expressed 
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during the PPD period. The conjugation of GSH with electrophilic xenobiotic substrates for 

detoxification is catalysed by GST in the plant (Dixon et al., 2010). 

 

 

Fig. 4.9. Isomerisation of maleylacetone to form fumarylacetone upon nucleophilic addition-

elimination of GSH (Stevens and Seltzer, 1968) 

 

 

Fig. 4.10. Mechanism proposed for E-Z-isomerisation of o-hydroxycinnamate substrates 

upon nucleophilic attack by GSH 

Nucleophilic  

addition 
σ-bond  

rotation 

Elimination  

of GSH 
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It is therefore reasonable to say that glutathione can be present during PPD and thus, 

could catalyse the E-Z-isomerisation step taking place in cassava roots. This proposed 

mechanism was not explored due to the transient nature of the addition of GSH in vivo. 

The reaction of cinnamates to coumarins is continuous and non-reversible and so to 

test the GSH mechanism in cassava, the process would have to be halted before lactonisation 

to form coumarins as GSH would only give the Z-isomer for cyclisation to take place and is 

not directly involved in the lactonisation step. For now, there is no known way conveniently 

to undertake such an experiment in the laboratory. The use of GST inhibitors (Das et al., 

1986) was not explored in this study. 

Glutathione is known to act as a coenzyme in the Z-E-isomerisation of maleylacetone 

to give fumarylacetone (Figure 4.9). GSH adds onto the carbon-carbon double bond at C-2 

and C-3 of both maleylacetone and fumarylacetone conjugatively without the enzyme to give 

the same adduct which was identified by liquid chromatography using three different 

columns and proton NMR (360 MHz). The E-isomer reacted faster with GSH as compared to 

the Z-isomer (Seltzer and Lin, 1979). The reaction is suggested to proceed via the addition of 

the glutathionyl ion to the carbon-carbon double bond of maleylacetone which is followed by 

a σ-rotation about the carbon-carbon σ-bond and then an elimination of the glutathionyl ion 

(Stevens and Seltzer, 1968). A similar reaction between o-hydroxycinnamic acids and 

glutathione is proposed to take place in the E-Z-isomerisation step under PPD conditions 

(Figure 4.10) (Bayoumi et al., 2008b). 

The mechanism postulated by Bayoumi et al. (2008b) for the E-Z-isomerisation step 

in cassava could not be proved or disproved by this work. There are conflicting reports on the 

mechanism of GSH reacting with an olefinic bond in the literature. In an early paper, Terry 

and Eichelberger (1925) reported that the reaction of maleic acid to give fumaric acid 

required a catalyst as maleic acid is very stable and the reaction proceeds very slowly in the 

presence of sunlight. The stability of maleic acid was attributed to the presence of unsaturated 

groups attached to the double bond at C-2-C-3. They suggested that the carboxyl group in 

α,β-unsaturated carboxylic acids must be saturated to activate the double bond to allow for a 
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nucleophilic addition. This activation must take place twice in maleic acid since it is made up 

of two carboxyl groups. Cinnamates do have two unsaturated groups attached to the C-2-C-3 

bond, an aromatic ring on one side and a carboxyl group on the other side of the double bond 

and by inference, will require activation by a catalyst at both ends. Maleic acid could act as 

one of the catalyst molecules or allow for a nucleophilic addition after the first activation 

(Terry and Eichelberger, 1925). Seltzer (1973) reported that though GSH can add to either C-

2 or C-3 of 4,6-dioxo-2-heptenoic acid, he noted that model studies done by W. Frick 

(unpublished results at the time) suggested that the glutathionyl ion is added at position two 

and not three. The binding position of sulfur was confirmed to be at position two in 

maleylacetone using pD and 1H NMR data (Seltzer and Lin, 1979). In 1976, it was shown 

that GSH binds to the enzyme maleylacetone cis-trans-isomerase in a sequential way for the 

conversion of maleylacetone to fumarylacetone (Morrison et al., 1976) and the principal 

route was for maleylacetone to bind to the enzyme first before GSH binds. The binding of 

GSH to the enzyme allows its sulfhydryl group to be available. Seltzer and Lin (1979) 

suggest that the enzyme, maleylacetone cis-trans-isomerase, only accelerates the rate of the 

reaction of GSH with the maleylacetone, but does not influence its mode of action. 

The review of the reaction of GSH with maleylacetone shows that the glutathionyl 

group is added at position 2 (C-2) and not at C-3. However, Bayoumi et al. (2008b) proposed 

the mechanism depicted in Figure 4.10 to account for the loss of deuterium from position 2 

during the E-Z-isomerisation process in cassava under PPD conditions. 

Morgan and Friedmann (1938) found that fumaric acid was a product of the reaction 

of maleic acid with glutathione and with thiolacetic acids. To investigate their observations 

further, Z-cinnamic acid was reacted with glutathione. This experiment was done based on 

the premise that Z-cinnamic acid will not react with GSH (Morgan and Friedmann, 1938). 

The product of this reaction was 72 % pure Z-cinnamic acid which led to the conclusion that 

a nucleophilic addition of a thiol group to the C-2-C-3 olefinic bond is required to cause an 

isomerisation reaction. In vitro, but from a mammalian system, Boyland and Chasseaud 

(1967) observed that there was no reaction between GSH and E-cinnamic acid and coumarin 
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with GSH. The reactions were catalysed by rat-liver supernatant obtained by dialysis which 

was made up of glutathione-conjugating enzymes. They noted that the α,β-unsaturated double 

bond and its neighbouring groups could influence activity with enzymes. Diesperger and 

Sandermann (1978) proposed a mechanism for the p-hydroxylation of E-cinnamic acid with 

glutathione conjugation (Figure 4.11). They later proposed the same mechanism for the 

nucleophilic addition of GSH to the α,β-unsaturated C-2-C-3 bond of E-cinnamic acid (1979) 

by GST in pea seedlings, Pisum sativum as Bayoumi et al. (2008b) (Figure 4.10). They 

conclude in both experiments that GSH is added to the olefinic bond of E-cinnamic acid 

because their reaction product would not react with hydroxylamine or hexacyanoferrate 

which indicated the substitution of the thiol group of GSH and no thioester product was 

isolated. This method of detection for the substitution of the thiol group is not specific. 

 

  

Fig. 4.11. Proposed routes of p-hydroxylation and glutathione conjugation of E-cinnamic acid 

(after Diesperger and Sandermann, 1978) 

 

Edwards and Dixon (1991) found little activity in the GSH-catalysed reaction of E-

cinnamic-14C acid with glutathione S-cinnamoyl transferase (GSCT). After gel filtration, 

activity was observed which led to the finding that the formation of epoxide intermediates 
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was not the major product of the GSH-catalysed reaction of E-cinnamic-14C acid with 

glutathione S-cinnamoyl transferase, the major product was thought to be a glutathione S-

cinnamoyl conjugate as observed by Diesperger and Sandermann (1979) but was not 

elucidated. Conjugates of cinnamic acid were not observed when E-cinnamic-14C acid 

(Edwards et al., 1990) and glutathione-35S feeding experiments were undertaken. Edwards 

and Dixon (1991) concluded that the activity of GSTs toward endogenous substrates is 

unknown and that inherent substrates for GSCT must be found as E-cinnamic acid is not the 

substrate. E-cinnamic acid does not seem to be a substrate for GSH/GST and so GSH will not 

be a suitable nucleophile for the E-Z-isomerisation process. The addition across the C-2-C-3 

double bond requires a nucleophilic addition-elimination reaction in order to account for the 

observed loss at position 2. 

The second proposed mechanism for the E-Z-isomerisation in cassava was also 

investigated. Cassava roots contain of about 70 % water (Tonukari, 2004) stored in its tissues 

and therefore the possibility of the addition of water across the α,β-unsaturated bond, a σ-

bond rotation and then an antiperiplanar elimination taking place is strong. The mechanism of 

this second proposed route for the loss of deuterium at position 2 would involve the attack of 

the hydroxyl ion on the α,β-unsaturated bond of the aliphatic side chain in the cinnamates, 

whose bond would then undergo a rotation followed by the loss of the water molecule after 

rearrangement. Water has reportedly been added in the first step of the biosynthesis of 

vanillin, salicylic and benzoic acids from derivatives of cinnamic acids (Gasson et al., 1998; 

Abd El-Mawla and Beerhues, 2002; Walton et al., 2003). Taken together, a hypothesis that 

the source of the proton exchanged for the deuterium isotope was the water available in the 

interstitial spaces of the root tissues of cassava was put forth and an experiment was designed 

to verify this. 

The first task was to get deuterium oxide (D2O) efficiently into the plant material to 

replace a greater portion of the water (H2O) in the root tissues without rendering the samples 

non-viable. Various techniques were used to achieve this:  lyophilisation, soaking in 1 and 2 

M sugar solution, drying in an oven at 25 °C. The cassava chips were weighed before and 
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after lyophilisation, and they registered a loss in weight of 51 % after 24 h on the freeze-

dryer. Another group of cassava chips after 24 h of soaking in 1 M sucrose solution lost 10 % 

of their weight. To further increase their loss of water, the same chips were then soaked in 2 

M sucrose solution for 94 h which caused an increase in weight and so this set of cassava 

chips were lyophilised to a final weight loss of 29 %. The different sets of cassava chips were 

then rehydrated in D2O for 24 h. 

The lyophilised cassava chips were then fed separately with E-d7-cinnamic acid and 

E-ferulic-OCD3 acid and analysed LC-MS (Figure 4.12). The peaks for scopoletin were 

selectively monitored using extracted ion chromatograms (EICs) as unlabelled scopoletin 

(C10H8O4), scopoletin-d3 (C10H5D3O4) and scopoletin-d4 (C10H4D4O4). Following E-d7-

cinnamic acid feeding, unlabelled scopoletin peak requires m/z 193.0495 [M+H]+ and found 

m/z 193.0497 [M+H]+, scopoletin-d3 requires m/z 196.0684 [M+H]+ and found m/z 196.0669 

[M+H]+, scopoletin-d4 requires m/z 197.0746 [M+H]+ and found m/z 197.0777 [M+H]+. 

Following E-ferulic-OCD3 feeding, unlabelled scopoletin peak requires m/z 193.0495 

[M+H]+ and found m/z 193.0497[M+H]+, scopoletin-d3 requires m/z 196.0684 [M+H]+ and 

found m/z 196.0670 [M+H]+, scopoletin-d4 requires m/z 197.0746 [M+H]+ and found m/z 

197.0775 [M+H]+. Scopoletin-d4 could not be confidently identified in the EICs. 

The LC-MS results show (Figure 4.12) that though PPD symptoms were not visible 

on Day 4 when the cassava chips were macerated, scopoletin biosynthesis took place. 

Endogenous scopoletin peaks were found in both feeding experiments. When E-d7-cinnamic 

and E-ferulic-OCD3 acids were fed to untreated wild type cassava chips, peaks for scopoletin-

d3 are prominent, this is not the case with the lyophilised chips. The scopoletin-d3 peak for 

the E-d7-cinnamic acid feeding is not seen unless at a zoomed-in level, it was seen as m/z 

196.0669 [M+H]+. For E-ferulic-OCD3, the scopoletin-d3 peak was seen as m/z 196.0670 

[M+H]+. This observation suggests that without water (H2O) in the tissues of the cassava 

roots, the d3-products will not be formed. 
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A.  

B.  

Fig. 4.12. Extracted ion chromatograms (EICs) of the experiments of deuterated cassava 

chips fed with E-d7-cinnamic acid (A) and with E-ferulic-OCD3 acid (B). Data analysis 

software version 4.3 (Bruker Daltonik GmbH, Bremen, Germany) was used 

 

Simulated using 

the software 

Simulated using 

the software 
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Peaks observed at m/z 197.0777 [M+H]+ and m/z 197.0775 [M+H]+ could be for 

scopoletin-d4, these peaks are not observed in the untreated wildtype cassava fed with the 

labelled substrates. Scopoletin-d4 requires m/z 197.0746 [M+H]+ and this results in a mass 

error of 16 ppm and 15 ppm for E-d7-cinnamic acid and E-ferulic-OCD3 acid feeding 

respectively. An ideal mass error should be within 5 ppm, a mass error of 15 ppm is therefore 

suggestive that scopoletin can pick up a deuterium when cassava chips are saturated with 

deuterium oxide, but it is not conclusive. 

E-Cinnamic-2-13C acid was synthesised so that the gain of a deuterium atom from the 

water in the root tissues can be monitored using MS and also in NMR using the isotope effect 

of deuterium in 13C NMR. E-Cinnamic-2-13C acid was fed to cassava chips, PPD allowed to 

occur under controlled conditions, extracted with EtOH and the extract analysed by LC-MS. 

The results are however not presented as the gain of a deuterium atom by E-cinnamic-2-13C 

could not be clearly identified. 

A literature search showed that the hydration of 2,4-dienoyl-CoA thioesters in the 

oxidation of polyunsaturated fatty acids is thermodynamically unfavoured due its interference 

with the conjugated double-bond system though it takes place (Yang et al., 1986; Schultz and 

Kunau, 1987), a similar conjugated double-bond system exists in cinnamates. The addition of 

water across the double bond of cinnamates may also be thermodynamically unfavoured and 

could explain why the expected result of a d4-hydroxycoumarin product is not being detected. 

Lewis and Doody (1933) showed that D2O ions move slower when compared to ions of H2O. 

Lewis (1934) also reported that physico-chemical processes in living organisms tested saw a 

reduction when the ions of hydrogen were swapped for those of deuterium in water, 

processes were generally slowed down while others were inhibited. The process of viability 

was proportional to the amount of hydrogen (1H) ions present. Brooks (1937) concluded that 

D2O is an osmotic agent, dehydrating living cells. Though the cassava chips underwent 

different treatments, there were no visible signs of PPD streaking at the end of the period 

allowed for PPD to take place (4 days). This could be as a result of the combination of the 

techniques in addition to D2O, freezing is known to be one of the ways used to preserve 
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cassava for export and by sellers of cassava in the diaspora. Scopoletin was nevertheless 

biosynthesised by the cassava chips and quantitatively determined by LC-mass spectrometry. 

The amount of D2O in the tissue of the cassava chips before the feeding experiments took 

place could not be determined, the gain in weight of the chips after soaking in D2O cannot be 

used as a measure of deuterium oxide uptake as the water molecules could have existed as 

H2O, HDO or D2O in different concentrations. 

Seltzer and Lin (1979) conducted an experiment in D2O to find out if the protons at 

the C-2-C-3 double bond of maleylacetone are exchanged and to what extent. The experiment 

monitored the isomerisation of maleylacetone catalysed by maleylacetone cis-trans-

isomerase to fumarylacetone in deuterium oxide by 1H NMR. There was no evidence in the 

proton signals recorded to suggest that there was a proton exchange for deuterium as the 

isomerisation reaction in D2O and its control both gave a quartet signal for the vinyl protons 

at C-2 and C-3. Less than 5 % of the protons were thought to have been exchanged, if at all. 

The same substrate under thiocyanate-catalysed isomerisation reaction gave the same results 

of a negligible incorporation of deuterium ions. This observation was in agreement with that 

of Horrex (1937) who undertook a Z-E-isomerisation of maleic acid in D2O to give fumaric 

acid using deuterium chloride (DCl) as the catalyst. Only the exchangeable protons in the 

carboxyl group were exchanged and there was no incorporation of deuterium at C-2 or C-3. 

Deuterium atoms were not added across the C-2-C-3 double bond in maleic acid and 

maleylacetone from D2O under experimental conditions of a catalysed isomerisation reaction 

to give fumaric acid and fumarylacetone respectively. This suggests that the isomerisation 

mechanism in maleylacetone/maleic acid to give fumarylacetone/fumaric acid may be 

dissimilar to what takes place under PPD conditions in cassava. 

A very recently proposed mechanism for the E-Z-isomerisation process taking place 

in A. thaliana is of relevance to this research. In their Nature Plants paper, Vanholme et al. 

(2019) identified an enzyme which catalyses the E-Z-isomerisation which they called 

coumarin synthase (COSY). COSY was found to be expressed predominantly in the roots of 

A. thaliana and knock-downs of COSY showed a reduction in the amount of scopoletin (and 
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sideretin) biosynthesised. This reduction, however, was not as great as the reduction reported 

in the biosynthesis of scopoletin (and scopolin) (Kai et al., 2006, 2008) when feruloyl CoA 

6'-hydroxylase (F6'H) was knocked down in Arabidopsis. This was proof that COSY is 

important in the biosynthesis of coumarins. A further confirmation of the importance of 

COSY was that the synthesis of coumarins was found to be more efficient upon the addition 

of COSY when its catalytic activity was tested in vitro using 6'-hydroxyferuloyl CoA as its 

substrate is generated in situ from 6'-hydroxyferulic acid and Co-enzyme A (CoASH) 

catalysed by 4-coumarate-CoA ligase 1 (Nt4CL1). A mixture of 6'-hydroxyferulic acid, 

CoASH and Nt4CL1 yielded 9 % 6'-hydroxyferuloyl CoA with Nt4CL1 and 8 % of 

scopoletin, presumably by spontaneous cyclisation in the presence of light. In the presence of 

COSY, 65 % scopoletin was formed while 6'-hydroxyferuloyl CoA levels were below 

detection. 2',4'-Dihydroxycinnamic acid and 2',4',5'-trihydroxycinnamic acid were converted 

into their corresponding CoA thioesters which were partially converted into umbelliferone 

and esculetin respectively with Nt4CL1. The addition of COSY saw a complete conversion of 

the CoA thioesters into their respective coumarins, umbelliferone and esculetin. These results 

showed that the E-Z-isomerisation leading to lactonisation can proceed partially in light and 

also by enzyme catalysis. The findings of Vanholme et al. (2019) in Arabidopsis are in 

agreement with the findings of Bayoumi et al. (2008b) in cassava. Feeding experiments 

conducted by Bayoumi et al. (2008b) concluded that the E-Z-isomerisation in cassava leading 

to lactonisation for the biosynthesis of coumarins was an enzyme-catalysed step. The 

experiments were done in light and in dark conditions with the feeding of E-d7-cinnamic acid. 

The difference in percentages of scopoletin-d3 calculated in light conditions (9.8 %) and in 

dark conditions (9.1 %) was not appreciable and hence the conclusion that:  the E-Z-

isomerisation in cassava is an enzyme-catalysed step. 

In the attempted synthesis of E-2',4'-dihydroxycinnamic acid (umbellic acid) from 

2',4'-dihydroxybenzaldehyde with malonic acid in pyridine and using piperidine as catalyst, 

the major product was shown to be the coumarin umbelliferone, probably via a spontaneous 

cyclisation of the intermediate as shown in Figure 4.13. This spontaneous chemical 
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cyclisation suggests that the biosynthesis might also involve a spontaneous lactonisation of an 

intermediate with a σ-bond. 

 

A.  

B. 

 

Fig. 4.13. A. Reaction of 2',4'-dihydroxybenzaldehyde with malonic acid using pyridine as 

the solvent and piperidine as the catalyst. B. Mechanism for the formation of umbelliferone. 

 

Based on their findings, Vanholme et al. (2019) proposed a mechanism for the E-Z-

isomerisation process underpinned by docking studies (Figure 4.15). COSY is a BAHD 

acyltransferase, BAHD enzymes use CoA thioesters as acyl donors and the acyl acceptor is 

usually an alcohol. Their docking studies suggested that the enzyme amino acid residue 

Tryptophan-371 stabilises the carbonyl functionality while Histidine-161 makes the acyl 
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acceptor ready for nucleophilic attack by deprotonating it. This deprotonation would be 

followed by the delocalisation of electrons, and a σ-bond rotation with lactonisation to 

complete the process. The mechanism in Figure 4.15 is the same mechanism reported by Kai 

et al. (2008) (Figure 4.14) where the formation of 6'-hydroxyferuloyl CoA is catalysed by the 

2-oxoglutarate dependent dioxygenase F6'H1 enzyme which is followed by isomerisation and 

lactonisation to yield scopoletin. The only difference between the mechanism put forward by 

Vanholme et al. (2019) and that of Kai et al. (2008) is the role played by the enzyme COSY. 

 

Fig. 4.14. Proposed mechanism by Kai et al. (2008) for the E-Z-isomerisation leading to 

scopoletin biosynthesis in A. thaliana 

 

 

Fig. 4.15. Proposed mechanism of the enzymatic activity of COSY during the E-Z-

isomerisation step (Vanholme et al., 2019) in A. thaliana 
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However, this mechanism does not account for the loss of deuterium at position two 

during the E-Z-isomerisation step occurring in cassava during PPD first reported by Bayoumi 

et al. (2008b) and unambiguously confirmed in this work. Additionally, Alhalaseh (PhD 

Thesis, 2017) observed in feeding experiments with A. thaliana roots and leaves using E-d7-

cinnamic acid that scopoletin-d3 and not scopoletin-d4 was biosynthesised, thus confirming 

that a similar loss of deuterium occurs in A. thaliana. 

The E-Z-isomerisation mechanism proposed to occur in cassava (Bayoumi et al., 

2008b) (Figure 4.10) was to explain the loss of deuterium from position 2. This mechanism 

could be modified as shown in Figure 4.16 to allow for lactonisation of an enzyme bound σ-

bond intermediate. 

 

 

Fig. 4.16. Modified mechanism of Bayoumi et al. (2008b) proposed to allow for the roles of a 

nucleophile (Nu) other than GSH and an enzyme as catalyst using the SCoA intermediate 
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Alternatively, the mechanism proposed by Vanholme et al. (2019) could be modified 

as shown in Figure 4.17 to allow for the loss of deuterium whilst allowing for the active site 

structure of the enzyme COSY. 

 

Fig. 4.17. Modified mechanism of Vanholme et al. (2019) proposed to account for the loss of 

deuterium from position 2 

 

4.4. Conclusions 

The isotopically labelled cinnamic acids applied to the cassava roots in competitive 

feeding were all incorporated into the biosynthetic pathways and this incorporation was 

determined by LC-MS. 

Deuterium is lost from position 2 during the biosynthesis of hydroxycoumarins in 

cassava when PPD is taking place. The lactone oxygen in the pyran ring of coumarins is fixed 

from the atmosphere (air). 

The presence of more than one stable isotope in the design of each of the cinnamic 

acids did not interfere with the biosynthetic process, that is, e.g. the presence of 13C at 

position 3 and deuterium at position 2 did not influence the expected outcome. This shows 

that the E-Z-isomerisation, responsible for the loss of deuterium at position 2, and the 

lactonisation processes are specific steps which occur regardless of the isotope present.  
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Chapter 5 

Public engagement, prospects of cassava, and general conclusions 

 

5.1. Public Engagement and Fieldwork in Africa 

 

The references to Personal Communication with the farmers in Chapter 1 are with 

respect to public engagement and fieldwork undertaken in Malawi. Stakeholders were 

engaged in Lilongwe, Malawi as well as in Pretoria, South Africa at the International Water 

Management Institute-Southern Africa (IWMI-SA). The visit was made in the first year of 

this research project and an objective of the visit was to share knowledge and also receive 

feedback about the research we were undertaking. Another objective was to gain as much 

insight as possible into the processes involved in policy making/policy advocacy. The 

Schlumberger Foundation, the sponsors of these PhD studies, expect a relationship with home 

countries/continents for their sponsored PhD students in order to enable Research Fellows to 

successfully re-integrate into society after graduation so that the obtained research results 

and/or skills can benefit our communities and this trip was an opportunity to create such 

networks. 

The fieldwork began in South Africa with an oral presentation made to researchers at 

IWMI-SA. The audience was interested in the subject matter. The questions posed and 

suggestions made provided an additional spur to pursue this research project. The report of 

the meeting in Pretoria, SA is presented below. 

 

International Water Management Institute-South Africa (IWMI-SA) Presentation 

Questions and suggestions 

1. How do I hope to disseminate the knowledge gathered from this research to 

farmers? 

Any dissemination of information, in whatever form it will take, can be facilitated by an 

association with IWMI under the Comprehensive Africa Agricultural Development Program 
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(CAADP). We can only focus on the science to provide robust solutions and partner with 

others in the publicising and promotion of those solutions. 

2. The question of affordability came up; the affordability of a technique we do 

come up with. 

This is of interest because though PPD is a problem for cassava farmers. Should the price of 

any technique exceed that of any of the other methods already in use, the farmers will not opt 

for it. Any solution arrived at must be affordable to farmers. 

3. Timeline:  how soon would a remedy be readily prescribed for use by our 

research? How would it be recommended to farmers? 

I pointed out that it is not known when a solution would be available, if at all, as any 

recommendations to be made will depend on the progress and outcome of the laboratory 

results. The results would indicate whether suggestions can be made to farmers regarding 

practices they should engage in or avoid to delay/stop PPD from occurring. Asking about the 

timeline and affordability of any potential remedy goes to buttress the significance of PPD 

and our research to the farmers. 

4. It was disclosed that in some of the Southern African countries, there are 

drought-resistant maize varieties which farmers grow. This variety of maize, coupled 

with the content of cyanide in cassava, discourages the growth and consumption of 

cassava in such areas. 

The International Maize and Wheat Improvement Centre (CIMMYT) has been able to 

provide farmers in countries e.g. Zimbabwe, South Africa with drought- and heat-resistant 

maize seeds to tackle some of the challenges brought about by climate change. Though they 

have been promising so far as they seek to reduce losses to farmers, they still rely on 

water/rainfall to grow as traditional maize plants. This is where cassava stands out as it can 

grow well under conditions of drought and in areas of high humidity and high temperature. 

5. A question about the correlation between the cyanide content of a cassava 

variety and its susceptibility to PPD was posed. 
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There is no known published work that has tried to find a link, if one exists, between the 

content of cyanide in a cassava variety and its susceptibility to PPD. 

6. There was also a question about the availability of varieties of cassava with 

delayed response to PPD. 

Mozambique is known to have 7 varieties and some of these may have delayed response to 

PPD (personal correspondence). To support this, there is a published article (Prempeh et al., 

2017) where farmers in Ghana were interviewed to ascertain their perception and knowledge 

of PPD. The farmers confirmed the delayed response to PPD in some f the cassava varieties 

they use. 

I was informed of a project in Mozambique that has strategically cited a processing 

plant close to their cassava farms to facilitate the quick processing of their produce to prevent 

the onset of PPD. It was thought that the project managers would be interested in the findings 

of the research. The current trend of the toxicity of cassava was requested. I could not 

comment much on this because the toxicity of cassava is reduced by adequate processing and 

therefore assuming much education has been done and if people would give an adequate time 

for the processing of their cassava roots, the toxicity of cassava should be reduced. 

To conclude the meeting, Dr Greenwell Matchaya informed us that cassava is one of 

the 11 crops that have been adopted by the African Union under the Comprehensive Africa 

Agriculture Development Program (CAADP) initiative and would be promoted on the 

continent. The crops were chosen after consulting all 54-member countries. 

From South Africa, I headed northwards to Lilongwe, Malawi where I was scheduled 

to meet with scientists and engage with farmers. A talk was given at the Chitedze 

Agricultural Research Station in Lilongwe where scientists with an interest in cassava 

research were engaged to share ideas. Below is the report of the activities undertaken in 

Lilongwe, Malawi. 
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Talk given at Chitedze Agricultural Research Station (CARS), Lilongwe, Malawi 

Questions and Discussions 

1. Does the variety of the cassava root affect the biochemical pathway leading 

to the production of hydroxycoumarins? 

The various varieties of cassava roots should not affect the biochemical pathway taking place 

though it may influence the onset of PPD as published work suggests that there are varieties 

of cassava with delayed response to PPD. We are yet to establish if there are biochemical 

changes that correspond to the delayed observation of PPD. 

2. Is there a relationship between the various varieties of cassava and the 

amount of hydroxycoumarins produced? 

There is no known published work that has assessed the above-mentioned relationship. 

3. What influences the choice of enzymes to knock-out? 

Enzymes have been identified as a result of years of research. Their importance in the 3 

proposed pathways and their overall effect on the production of hydroxycoumarins is what is 

being examined and therefore no one enzyme is preferred over another. 

4. In what form would a proposed solution of PPD take; would it be a 

genetically modified organism (GMO) or a spray for example? 

These questions would hopefully be answered at the end of the research. 

5. How do I hope to implement the results of my research? 

As at now, we intend to use the platforms of initiatives such CAADP (and any other 

collaborators in the future) to help with the dissemination as well as influence policy-making 

on the African continent with respect to the production of cassava. Other collaborations on 

other continents will be actively sought and welcomed. 

6. Will knocking-out the enzymes affect the “eatability” of cassava, that is, 

change a sweet cassava variety to a bitter variety or affect the starch content? 

The enzyme studies have taken place in Arabidopsis thaliana whose biochemical pathways 

leading to the production of hydroxycoumarins are similar to what has been observed in 
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cassava, but these studies are yet to be carried out in the cassava roots. In the target to tackle 

PPD, as far as we know, cassava would still be edible should there be any modification. 

The question of the possibility of having a GM-cassava and its acceptability to 

farmers was discussed. I was informed that GM-cassava would not be readily accepted as 

GMOs are a controversial topic in Malawi as in some other countries. However, the scientists 

were hopeful that a thorough education of the public, and engaging farmers, would be useful 

in making a successful transition to GM-cassava. In CARS, cotton and cowpea GM seeds 

were being tried out experimentally on a restricted basis by researchers. 

 

Engaging cassava farmer-communities in Nkhotakota, Lilongwe 

 

The (above) survey questions were created based on Prempeh et al. (2017), designed 

to optimise the outcome of our meetings with two groups of farmers. 



175 
 

The questions formulated were to ascertain a variety of things:  to ensure that the 

farmers had the experience in cassava farming. The priority of PPD related to their other 

limitations of pests and diseases. The correlation of laboratory observations and that of those 

in the field was also to be verified by the questions. Their answers compared well with what 

has already been documented as practices in the production of cassava. Question 10 was 

asked to determine the relevance of research into PPD to the “average” farmer and the need 

to communicate the research findings. 

The challenge expected with the questions about PPD was an inability to translate the 

word into their local dialect, Chichewa, but this problem was overcome. PPD is known as 

Bunduwa in Chichewa. The knowledge of the farmers of cassava’s cyanide contents, its 

effects linked to Konzo was established through the later questions (Questions 13-15). The 

disease Konzo could not be translated into the local dialect and therefore we hoped its 

symptoms would come up from their answers to the questions. The symptoms of Konzo did 

not readily come up which is good news for the farmers regarding their health. The 

transcripts of both meetings are presented below. 

 

Meeting with Group 1 

Both meetings were held in the Zidyana Extension Planning Area with cassava 

farmers under the Nkhotakota Cassava Processors Association. The association is made up of 

26 clubs consisting of 296 farmers. Present in the first meeting were 19 farmers (only 4 were 

male), representatives from Chanika, Chitanje, Mkuludzina and Kajomba. The liaison 

between the farmers and Chitedze Agricultural Research Station (CARS) was Geoffrey 

Chikaonda, a cassava processor, Dr Pilirani Pankomera, a cassava expert from CARS, and 

Anaclate Mayenga, a CARS researcher and my Chichewa-English interpreter for the day. 

Responses to Questions 

1. How long have you been a cassava farmer? 

For years. Most of the farmers take over from their parents and cassava is their staple food. 

Some also grow rice. 
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2. What are the challenges associated with the farming of cassava? 

The challenges were diseases affecting the leaves, mealybugs, and some roots were already 

rotten when uprooted. Cassava Mosaic Disease and Cassava Brown Streak were also 

mentioned. The farms are attacked by grasshoppers, from October to January, which also 

attacked maize. There was also the challenge of market for the produce and technical know-

how to ensure increased production. 

3. Is cassava production profitable? What is your farm size? 

Their farm sizes ranged from half an acre to 3 acres. To them, farming cassava has been 

profitable. It serves as a source of income when sold to cassava processors and also provides 

food for their homes. There is very low input (e.g. no fertilisers, little need of equipment) 

needed for production. 

4. Do you know what Postharvest Physiological Deterioration (PPD) is? 

They could differentiate between the rotting of the cassava roots and PPD. The symptoms of 

PPD they described were the discolouration of roots (roots turn dark, dark greenish), roots 

become dry (drying of the skin) and hard. The roots do not soften up when soaked. 

5. If yes, how long after harvesting do you notice the symptoms of PPD? 

The number of days varied and ranged between 1-4 days. Other factors thought to influence 

PPD onset were given. 

• Weather:  when it is cold, PPD is observed the next day or by sunset when it is hot. 

• Moisture content (sap):  PPD is delayed in varieties with a higher moisture content.  

• Skin:  Thin-skinned cassava develop PPD faster. PPD is delayed in thick-skinned 

cassava. 

• Variety Beatrice (thin skin, high dry matter, bitter) and Sauti take 1-2 days to develop 

PPD. Mwaya/Manyokola (2-3 days, sweet variety) and Mbawala (low dry matter, 

high moisture). They however do not like to grow Mbawala. 

6. What do you think is the cause(s) of PPD? 

• Sunlight 

• Cold air/wind:  causes the sap to dry up faster 
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The bitter variety which, they noticed, was more susceptible to the occurrence of PPD is not 

eaten. 

7. What methods do you use to store cassava roots (after harvest)? 

• Soaking in water 

• Burying:  The trench is dug and the soil is moistened with sprinkled water. The roots 

are placed in a bag, put into a trench. Water is again sprinkled onto the bag 

containing the roots and then covered with grass and buried.  

8. How long do these methods delay the occurrence of PPD for? 

Soaking in water delays PPD for some days while the burying method keeps the cassava for a 

week. The duration does not differ with variety. 

9. In your opinion, can PPD be stopped?  

Yes, PPD can be stopped. 

10. Is PPD an issue of importance to the farmer or are there more pressing 

issues? 

Curbing PPD is very important to the farmers because it causes a loss of quality to their 

cassava produce and affects its marketability. 

11. If a new variety is introduced with delayed PPD response and it is a GMO 

product, are farmers willing to use it? 

The initial answer was they had no knowledge of GMO. They were however willing to adopt 

genetically-modified cassava in their farming after explanations were given. 

12. Are there PPD-tolerant varieties of cassava currently in use? 

This question was not directly posed, but from the discussion with the farmers it was revealed 

that there are no tolerant varieties known to the farmers though some of the varieties they use 

have a delayed response to PPD. 

13. Do you eat cassava raw? Are there negative effects on your health? Describe 

the symptoms you experience if any 

Yes, cassava is sometimes eaten raw. It is the belief of some members of their communities 

that cyanide at low levels enhances sexual potency and so, some men like to eat raw cassava 
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due to this belief. They experience vomiting persistent headaches, heart palpitations, joint 

pains/weakness (this causes an inability to perform everyday duties) on eating raw cassava. 

Death as a result of eating raw cassava is rare. The weakness/pain with the joints in the legs 

and arms they have noted manifests as one increases in age (from about 40 years onwards) 

and no local treatment currently exists to address it. 

14. How do you process cassava for eating? 

• The sweet variety is cooked for a meal or processed into flour (called Kondowole) 

which can be used for a variety of dishes e.g. Nshima (a local dish) or doughnuts. To 

make Kondowole flour, cassava roots are peeled, dried, pounded, and milled. 

• The processing of the bitter variety starts by soaking the roots in water. Soaking is 

done in two ways:  in a well (unpeeled) or in a bucket (peeled). The weather 

influences the number of days for soaking:  2 days in a hot weather or 4-7 days when 

the weather is cold. The roots are then left overnight in a heap, sometimes covered by 

a plastic bag, before washing is done. This is to ensure that the cyanide is completely 

removed from the roots. Though soaking in a bucket gives flour with a whiter colour, 

the women prefer to soak the cassava roots in a stream because the softening process 

is faster. They believe the water in the stream contains what they call “enzymes” that 

quicken the process because the same source of water is used repeatedly. This, 

however, causes the flour made by stream soaking to have an unpleasant smell. 

15. Are there negative effects on your health when processed/cooked cassava is 

consumed? 

Insufficient soaking of the cassava roots before processing them leaves a residue of cyanide 

in the flour produced making it toxic for consumption. 

 

Meeting with Group 2 

The last meeting was with cassava farmers under the Mkazimasika Cluster. The 

cluster consisted of 196 farmers. For the meeting, 20 representatives from Mkazimasika I, 

Mphikawachanota, Mgnilisano, Chisomo, Takummama and Mpapa were present. Of the 20 
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representatives present, 8 were men. The answers from this second group were very diverse 

and there was no consensus for some of the questions in comparison to the first group. They 

were either not very observant or were fatigued as the meeting took place in the afternoon 

(about 2 pm) while the first meeting was held in the morning (about 10 am). 

 

Responses to Questions 

1. How long have you been a cassava farmer? 

They have been farmers for years. Cassava is the crop they have known and farmed for 

generations of families. 

2. What are the challenges associated with the farming of cassava? 

• Diseases:  Blight, Cassava Mosaic Disease (CMD). 

• Pests:  whitefly, mealybugs 

• Lack of hybrid varieties 

• Poor soil fertility; crop rotation is not improving the situation 

3. Is cassava production profitable? What is your farm size? 

Cassava is their staple crop which provides them a livelihood. It is sold as flour, Kondowole 

after harvest. Their farm sizes ranged from 1.5 to 4 acres. There was an exception of one 

farmer with 8 hectares of farmland who grows bitter cassava for commercial purposes. 

4. Do you know what Postharvest Physiological Deterioration (PPD) is? 

Yes. The symptoms they had observed were deep discolouration, yellowish with black spots. 

PPD-affected cassava floats when soaked, it does not soften. The middle part of cassava 

would have cracks, the roots dry up. There is a possibility that they were mixing up PPD 

symptoms with the rotting of the roots due to diseases. 

5. If yes, how long after harvesting do you notice the symptoms of PPD? 

There were various answers:  same day (within 24 hours), the next day, after 3 days. 

Other factors influencing the occurrence of PPD: 

• Harvest:  The age of maturity at harvest for the same variety influences its response 

to PPD. The early harvest of cassava varieties at 6-9 months made them more 
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susceptible to PPD. Varieties harvested later at 12 months have a delayed response to 

PPD. 

• Cassava variety:  Sauti, an improved hybrid, when harvested at 6-9 months is more 

susceptible to PPD. Local varieties such as Mbawala, Beatrice, Gomani, and 

Mwatalu were said to have a delayed PPD response. Other farmers were of the view 

that cassava variety did not influence response to PPD. 

• Weather:  PPD is seen the same day when the weather is hot and in about 2 days 

postharvest when the weather is cold. 

6. What do you think is the cause(s) of PPD? 

• Sunlight exposure especially on unpeeled cassava. 

• No life in the roots due to its detachment from the mother plant. 

They had said that the moisture (sap) content of the roots influenced PPD occurrence, 

however as the discussion progressed, the farmers later said there was no relationship 

between moisture content and PPD.  

7. What methods do you use to store cassava roots (after harvest)? 

• The mother plant is not completely cut off to expose the food in the roots; a part of its 

stalk is left attached to the roots. 

• Soaking in water for one day 

• Burying right after uprooting, they do not moisten the soil. This method is used when 

harvesting is completed just at sunset; the cassava roots are buried and retrieved the 

next morning. 

• Dig trenches and bury the roots where the soil is moistened as described by the first 

group of farmers. They do not keep the roots too long in the soil. 

In the event where there is an accidental cutting of the roots, they process them immediately 

to curb PPD. 

8. How long do these methods delay the occurrence of PPD? 

Soaking is done for a day. With the trench method, for 4 days. 
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9. In your opinion, can PPD be stopped? 

Yes. The farmers recommended that any method employed to stop PPD must, foremost, 

ensure that the roots are safe for human consumption. 

10. Is PPD an issue of importance to the farmer or are there more pressing 

issues? 

PPD is of much importance to the farmers because it leads to losses when the roots are not 

sold quickly. Discolouration of the roots reduces its quality also leading to economic losses. 

PPD-affected roots cannot be processed as they float. Cassava roots affected by PPD are hard 

even after cooking and the roots are not appealing due to a yellowish colour. 

11. If a new variety is introduced with delayed PPD response and it is a GMO 

product, will farmers be willing to use it? 

They are well disposed to testing out GM cassava with delayed PPD response. 

12. Are there PPD-tolerant varieties of cassava currently in use? 

No. 

13. Do you eat cassava raw? Are there negative effects on your health? Describe 

the symptoms you experience if any. 

Yes. Headaches, stomach upset, dizziness, vomiting and diarrhoea and death are the health 

effects they have experienced or witnessed as the result of consuming raw cassava. In their 

experience, a person may die if he does not vomit and/or experience diarrhoea. They 

administer first-aid of an egg white or salt solution or even milk to stimulate vomiting. 

14. How do you process cassava for eating? 

The cassava roots are soaked for a day when the weather is hot and for 3 days when the 

weather is cold. Soaking takes place in buckets and basins (peeled) or in wells (unpeeled). 

They soak the cassava roots to prevent deterioration after a large harvest and also to detoxify 

the cassava roots. To the farmers, the appearance of foam on the water after soaking signifies 

detoxification. 

15. Are there negative effects on your health when processed/cooked cassava is 

consumed? 
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Improperly processed cassava that is consumed gives the symptoms described above (answer 

to question 13). However, the length of soaking is sometimes shortened when there is no food 

at home. 

The farmers wanted cost to be considered in formulating any solution to tackle PPD. 

The farmers recycle their cassava seed rather than buying fresh seed for planting every time. 

They were also interested in knowing the final findings of the research. 

 

5.2. Application in the real world:  Realistic prospects for improving cassava as a crop 

 

The cassava plants used in the experiments were cultivated in the Greenhouses of the 

University of Bath which is an environment with controlled conditions. Conditions which 

mimic those in the field but exclude other naturally occurring environmental stresses that 

field-grown cassava plants would experience, e.g. pests. Lim (PhD Thesis, 2019) noted that 

the controlled environment in the greenhouses had its own stresses such as the continuity of 

the humidity level. This is important because cassava is known to flourish in an environment 

with high humidity. Temperature is another factor that will differ in the greenhouse and on 

the field. The differences in these environmental factors could influence the observations 

made with cassava plants from the two different environments. The accumulation of 

scopoletin was reduced in the transgenic cassava plants and this reduction may cause them to 

be more susceptible to fungal attacks when contrasted with the wild type plants because 

scopoletin plays an important role in plant defence, especially in antifungal and antimicrobial 

activities (Giesemann et al., 1986; Goy et al., 1993), and in iron mobilisation (Römheld and 

Marschner, 1984; Tsai et al., 2018). The reduction in the accumulation of scopoletin as 

observed in the transgenic plants used, especially in the F6ꞌH only knockout, may extend the 

shelf-life of cassava which is one of the long-term aims of this research, but this extended 

shelf-life could occur at the cost of the health of the plant. Unhealthy cassava plants will have 

compromised cassava root yields which is of the utmost importance to cassava farmers. The 

research story of PPD in cassava has been one based mainly in the laboratory. Moving 
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forward, field trials should be undertaken to observe the effect of environmental factors on 

the plants originally cultivated in the greenhouses for laboratory work and the correlation of 

the observations to be made in the field with those already documented. Transgenic cassava 

plants should also be monitored under field conditions for their viability and tolerance to 

PPD. 

In 2005, the BioCassava Plus (BC +) programme was established as one of the four 

Grand Challenge 9 (GC-9) projects of the Bill and Melinda Gates Foundation to address 

malnutrition in sub-Saharan African populations. The goal of GC-9 was to improve the 

nutritional quality of cassava. To this end, traditional cassava plants were genetically 

modified to give biofortified cassava which is rich in essential food nutrients such as vitamin 

A, protein, iron, and zinc. The attempts at improvement also aimed to increase the resistance 

of cassava plants to disease, to reduce the cyanogenic levels in the roots to tolerable levels, as 

well as to extend the shelf-life of the roots post-harvest (Sayre et al., 2011). The potential for 

cassava is vast and should the crop improvement methods succeed and be adopted, then 

cassava roots could provide people with an beneficial nutrient rich diet. 

Aside from the consumption of cassava roots for food, the distribution of cassava has 

provided jobs for many people in companies, e.g. EnviGreen, Bangalore, India; Avani Eco, 

Bali, Indonesia; Novamont Kenya, Nairobi, Kenya. These companies make use of the starch 

of cassava roots, in addition to other natural products. They produce, in a sustainable manner, 

environmentally friendly biodegradable plastics which will help to protect the environment 

by reducing aspects of pollution. This provides economic sustenability for the workers as 

well as the benefits of a reduction in plastic pollution. 

 

5.3. General Conclusions 

 

This study has contributed to the scientific knowledge that has been produced to date 

by research into PPD in Manihot esculenta Cranz, cassava in a number of ways. The findings 

in our laboratories of Bayoumi et al. (2008a, 2008b) and Alhalaseh (PhD Thesis, 2017) on 
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the loss of deuterium from the carbon at position two were confirmed by the results of this 

work using new substrates. The novel substrates that have been designed, synthesised, and 

characterised are:  E-cinnamic-2-D,3-13C acid, E-cinnamic-2-D,3-13C,3-D acid, E-d7-

cinnamic-17O2 acid and E-d7-cinnamic-18O2 acid. The purified substrates were fed to cassava 

roots and PPD allowed to occur to further shed light on the biotransformations that are 

involved in the biosynthesis of hydroxycoumarins under PPD in cassava from various sources 

including GMOs. Other E-cinnamic acids with stable isotopic labels were also synthesised, 

e.g. E-caffeic-2-13C acid, E-ferulic-2-13C acid which were fed to transgenic cassava plants in 

order to study their incorporation into biosynthetic pathways. 

In studying such biosynthetic pathways in transgenic cassava, various findings from 

the University of Bath cassava research group, reported by Liu et al. (2017), Alhalaseh (PhD 

Thesis, 2017), and Lim (PhD Thesis, 2019), were also confirmed in this work as the feruloyl-

6ꞌ-hydroxylase (F6ꞌH) only knockout plant accumulated the least amount of scopoletin. In this 

work, E-caffeic-2-13C acid was found to be distributed in the same manner/quantities 

irrespective of the transgenic cassava plant knockout that was used. The transgenic cassava 

plants used were LS1 with F6ꞌH genes knocked down, 2xA and 2xB transgenic plants had 

F6ꞌH and caffeoyl CoA O-methyl transferase (CCoAOMT) genes knocked down and the last 

set of transgenic plants used were 3xB and 3xD transgenic plants in which F6ꞌH, CCoAOMT 

and caffeic acid O-methyl transferase (COMT) genes were knocked down. The substrate E-

d7-cinnamic acid was taken up in different ways by the different types of transgenic plants 

(LS1, 2xA, 2xB, 3xB, 3xD) used. The difference in the distribution of E-d7-cinnamic acid to 

that of E-caffeic-2-13C acid is due to the various conversions that E-caffeic acid undergoes to 

be available for use by the plant, leading to E-ferulic acid. E-Ferulic-2-13C acid was found to 

act as a sink in transgenic cassava with F6ꞌH enzyme knocked out. This observation indicates 

that the F6ꞌH enzyme is essential to the biosynthesis of scopoletin from pathway 3 and that in 

its absence, E-ferulic-2-13C acid is not channelled into any of the other 2 pathways proposed 

for the biosynthesis of hydroxycoumarins and the biosynthesis of scopoletin in pathway 3 is 

discontinued. 
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Cichoriin could potentially be an intermediate on the proposed pathways for the 

biosynthesis of hydroxycoumarins in cassava though the observation of Alhalaseh (PhD 

Thesis, 2017) could not be reproduced. The LC-MS and MS/MS methods employed did not 

separate the esculin and cichoriin mixtures but 1H NMR confirmed that the two compounds 

are chemically distinct. Cichoriin can be formed from esculin (Ueno et al., 1985) by 

transglucosylation and has been observed in tobacco where it is thought to be a possible 

precursor for scopolin biosynthesis (Dewey and Stepka, 1962; Glennie and Nel, 1973). 

Scopolin can be deglucosylated to give scopoletin (Fathoni, PhD Thesis, 2017). 

It is likely that the source of proton replacing the deuterium at position two is from 

water in the interstitial spaces of the cassava root samples. Lyophilised cassava cubes 

rehydrated from deuterium oxide (D2O) and fed with E-d7-cinnamic acid and ferulic-OCD3 

showed a diminished peak for scopoletin-d3 which was not the observation made with 

cassava chips that did not undergo the lyophilisation process. Untreated cassava chips show 

distinct peaks for scopoletin-d3 in the LC-MS spectrum. The peaks in the LC-MS spectra 

suspected to be scopoletin-d4 peaks occurred with a mass error of 15 ppm. This makes the 

observations suggestive of water in the roots being the source of the proton inconclusive. 

Newly modified mechanisms of Bayoumi et al. (2008b) and Vanholme et al. (2019) for the 

E-Z-isomerisation step have been put forward in this thesis. The changes in the mechanism of 

Bayoumi et al. (2008b) make use of the CoA intermediate thioester of the E-cinnamic acid 

while the modifications to the Vanholme et al. (2019) mechanism account for the deuterium 

loss at position two in the enzymatic reaction. 

The phenylpropanoid pathway is operational in cassava as in A. thaliana, but it 

branches off upon wounding cassava plants causing PPD symptoms which do not occur in the 

roots of Arabidopsis. Though some form of this pathway is operational in both plants, the 

biosynthesis of hydroxycoumarins occurs under different conditions. In A. thaliana, 

hydroxycoumarin biosynthesis is on-going, in cassava, it is only initiated upon wounding. 

This difference in biosynthesis should be taken into consideration when A. thaliana is used as 

a model plant for comparison with PPD studies in cassava. 
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