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Abstract 

ABSTRACT 
 

Manihot esculenta Crantz (cassava) is a starch-rich perennial tuber crop that serves as a food 

source, in addition to having industrial applications. Concerningly, cassava is susceptible to 

infection by South African cassava mosaic virus, resulting in the development of cassava 

mosaic disease (CMD). As CMD results in significant losses of cassava yields, it poses a threat 

to food security. South African cassava mosaic virus (SACMV) encodes for multifunctional 

proteins that aid in infection and suppress host immune responses, which are coordinated 

by plant hormones. Phytohormones are activated during a pathogenic infection, and include 

salicylic acid (SA), jasmonic acid (JA), ethylene (ET), and abscisic acid (ABA).  

The main aim of this research project was to quantify, using  Ultra-High Pressure Liquid 

Chromatography-Mass Spectrometry (UHPLC-MS), the phytohormone levels of SA, JA, ABA, 

and ET in the CMD-susceptible T200 and CMD-tolerant TME3 across the three stages of 

SACMV infection, namely 12-, 32-, and 67-days post infection (dpi). This was to determine if 

these phytohormones contribute to either susceptibility or recovery, and to relate the 

hormone levels of the expression of SACMV genes and cassava hormone-related genes, 

assessed using reverse transcription quantitative polymerase chain reaction (RT-qPCR). 

Infection trials and subsequent gene expression studies revealed that T200 had a 

significantly higher SACMV load compared to TME3 at  32- and 67- dpi, and this correlated 

with the significantly higher expression of SACMV genes in T200. Additionally, the activities 

of these viral proteins promoted virus fitness in T200 via dysregulation of cell proliferation, 

promotion of viral replication and transmission, disruption of global metabolism, disruption 

of plant defences, and the suppression of post-transcriptional gene silencing (PTGS) and 

transcriptional gene silencing (TGS). Contrastingly, TME3 recovered by 67 dpi and was 

tolerant to SACMV infection. The quantification of hormone levels and assessment 

hormone-related gene expression revealed that TME3 relies on an early response of ABA- 

and JA-mediated PTGS and SA-driven defence, while its recovery is reliant on SA-, ET-, and 

JA-driven defence responses and the establishment of systemic acquired resistance (SAR).  

Lastly, following recovery, TME3 tolerates SACMV via induced systemic resistance (ISR) that 

is reliant on finetuned JA-, ET-, and ABA- signalling. 

Keywords: geminiviruses, cassava mosaic disease, pathogenicity determinants, plant 

immunity, disease recovery, tolerance  
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1 
Chapter 1: Introduction 

Chapter 1: Introduction  

 

1.1. General Introduction of Cassava and Cassava Mosaic Disease 

Manihot esculenta Crantz, commonly referred to as cassava, is a perennial tuber crop 

of the Euphorbiaceae family (Ceballos & de la Cruz, 2012). While its tubers are starch-rich, 

cassava leaves contain micronutrients such as vitamins and minerals, allowing for their 

consumption throughout any year due to the perennial nature of cassava (Uchechukwu-

Agua et al., 2015; Parmar et al., 2017). Despite its moderate tolerance to drought, or 

nutrient-poor soil with unbalanced pH or poor water drainage (Anikwe & Ikenganyia, 2018; 

Kawaye & Hutchinson, 2021), cassava is susceptible to cassava mosaic disease (CMD). This 

disease is caused by whitefly-transmitted (Bemisia tabaci Gennadius) cassava mosaic 

geminiviruses (CMGs), which are prevalent in cassava-producing regions across African 

countries as well as the southeast Asian countries of India and Sri Lanka (Legg & Fauquet, 

2004; Patil & Fauquet, 2009). Symptoms of CMD are characterized by leaf curling, mottling 

and chlorosis, as well as mosaic patterning of leaves, resulting in agricultural and economic 

losses (Lozano, 1986; Legg & Fauquet, 2004; Maruthi et al., 2005; Zhang et al., 2005).  

 

Overall, there are eleven species of CMGs, which have their own strains and variants (Rey & 

Vanderschuren, 2017). The species are namely: African cassava mosaic virus (ACMV), East 

African cassava mosaic virus (EACMV), East African cassava mosaic Kenya virus, East African 

cassava mosaic Malawi virus, East African cassava mosaic Zanzibar virus, Cassava mosaic 

Madagascar virus, South African cassava mosaic virus, East African cassava mosaic virus 

Cameroon [Cameroon-1998], African cassava mosaic virus Burkina Faso, Indian cassava 

mosaic virus, and Sri Lankan cassava mosaic virus (Rey & Vanderschuren, 2017). South 

African cassava mosaic virus, a bipartite CMG, whose genome consists of two comparts, is 

one of the causative agents of CMD in South Africa, and was first noted in fields in 

Mpumalanga and Swaziland in the 1980s (Berrie et al., 1998). Its genome consists of DNA-A 

and DNA-B, which contain several open reading frames (ORFs), namely AC1, AC2, AC3, AC4, 

AC5, AV1, and AV2, as well as BC1 and BV1 (Zerbini et al., 2017). These ORFs encode for 

multifunctional pathogenicity determinants that are involved in viral replication, regulation 
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of viral and host gene expression, countering host defence mechanisms, encapsulation of 

the viral genome, and cell-to-cell movement (Briddon et al., 2010).  

 

1.2. Problem Statement 

Despite lacking in protein and lipid content, being starch-rich makes cassava a food 

security and sustenance crop for more than 800 million people globally (Parmar et al., 2017). 

In addition being a food crop, cassava is also used as animal feed and has industrial 

application in the production of alcoholic beverages, textile products, biofuels, and plywood 

(Uchechukwu-Agua & Opara, 2015; Nuwamanya et al., 2017; Parmar et al., 2017). The global 

production of cassava occurs in countries situated in tropical regions and it is preferred due 

to its capability to adapt to environmental stresses (Parmar et al., 2017; Anikwe & 

Ikenganyia, 2018; Ritchie & Roser, 2020). As of 2023 and per data published by the Food and 

Agriculture Organization of the United Nations (FAO), more than 333 million tons of cassava 

tubers produced in 2023 and Africa accounted for 63% of all global production (Ritchie et al., 

2023). 

 

These characteristics of environmental stress tolerance have allowed for cassava to be 

considered as a crop that would be least affected by climate change compared to others 

such as maize and potato (Jarvis et al., 2012; Anikwe & Ikenganyia, 2018). However, cassava 

production across sub-Saharan Africa and Asia is negatively impacted by CMD, due to the 

prevalence of whitefly-transmitted CMGs in these cassava-producing regions (Reynolds et 

al., 2015). Historically, CMGs have caused several CMD outbreaks in cassava producing 

regions in Africa and southeast Asia, affecting tuber yields and cassava production (Combala 

et al., 2024; Malichan et al., 2023). In southeast Asia, recent outbreaks of Sri Lankan cassava 

mosaic virus caused CMD outbreaks that affected cassava growing regions in Cambodia, 

Vietnam, Thailand, and Laos, significantly impacting cassava production (Malichan et al., 

2023). In West Africa alone, uncontrolled outbreaks of CMD causes up to 90% yield losses, 

significantly affecting food security (Combala et al., 2024). Furthermore, in the 1990s, 

Uganda faced a famine crisis driven by the emergence of East African cassava mosaic virus-

Uganda, which devastated cassava plantations (Legg et al., 2006) 
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However, plants have adapted various mechanisms such as structural and chemical 

defences, transcriptional and posttranscriptional gene silencing, protein modification and/or 

degradation, and autophagy, which can all be fine-tuned to specific pathogens, such as 

viruses. (Garcia-Ruiz, 2019; Zhao & Li, 2021). Phytohormones, which are involved in plant 

growth and development, play a critical role in plant defence and immunity, as they lead to 

the production of defence/response proteins and the activation of genes involved in 

defence pathways (Zhu et al., 2022). These phytohormones include salicylic acid (SA), 

jasmonic acid (JA), ethylene (ET), abscisic acid (ABA), auxins (Aux), gibberellic acids (GAs), 

cytokinins (CKs), and brassinosteroids (BRs) (Zhao & Li, 2021). Plant defence against 

pathogens is primarily coordinated by SA, JA, and ET whilst ABA, Aux, CKs, BRs, and GAs are 

involved in modulating the plant immune responses and defence (Müllender et al., 2021). 

The interactions between viruses and their host plants often lead to rapid changes in 

hormone homeostasis and signalling (Müllender et al., 2021). As such, considering the role 

of phytohormones in plant immunity and disease response, there is interest to assess how 

phytohormones would play a role in the response of cassava to infection with SACMV. 

 

1.3. Rationale of the study 

With climate change already posing a negative effect on global crop yields, food 

security, particularly in developing countries, is under threat (Ray et al., 2019). Cassava crop 

is of interest, particularly because of its ability to withstand ever changing environmental 

conditions and for its delayable annual food production (Parmar et al., 2017; Anikwe & 

Ikenganyia, 2018). Despite being a versatile and durable crop, cassava is considered as only 

being a food security crop and it is also used to supplement other forms of high calorie 

foods, while not having global popularity (Parmar et al., 2017). However, this is changing 

across many countries in sub-Saharan Africa, including South Africa (Amelework et al., 2021; 

Nuwamanya et al., 2017). Recently, the potential use of cassava as a starch source and in 

biofuel production has further driven cassava popularity (Amelework et al., 2021; 

Nuwamanya et al., 2017). However, in sub-Saharan Africa, cassava is threatened by whitefly-

transmitted CMGs, which cause CMD, resulting in stunted growth and great yield loss 

(Amelework et al., 2021; Nuwamanya et al., 2017). Due to the potential of cassava, further 

research is necessary to realise the potential of this crop in South Africa, and one of the 
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yield and quality constraints, namely CMD, needs to be examined further. Understanding 

the molecular mechanisms contributing to CMD resistance or tolerance is paramount. 

 

Cassava TME3 has the CMD2 resistance locus and it displays tolerance to CMD, with CMD2 

being dominant, unlike the recessive CMD1, wherein CMD1 resistance is mediated in a 

polygenic manner (Akano et al., 2002). The T200 landrace, contrastingly, displays 

susceptibility to CMD (Allie et al., 2014). Working with the CMD-tolerant TME3 and CMD-

susceptible T200, Allie et al., 2014 found that both landraces remain asymptomatic at 12 

days post-infection (dpi), only for symptoms to develop uniformly over time. At 32 dpi, both 

landraces were showing moderate symptoms and were fully symptomatic at 67 dpi. 

However, while TME3 had already recovered at this point and shown attenuation of 

symptoms, T200 symptoms remained severe at 67 dpi, and it never recovered. The 

appearance and attenuation of symptoms correlated with SACMV loads in both landraces. 

At 12 dpi, T200 had a low DNA-A levels while TME3 had significantly lower than those of 

T200. At 32 dpi and 67 dpi, however, T200 had 10-fold higher levels of viral DNA than TME3 

at the same time points, suggesting that viral load suppression can explain the CMD 

recovery in TME3. Moreover, global gene expression profiling showed that over the 67-day 

dpi period, SACMV-infected TME3 had fewer differentially expressed genes than the 

SACMV-infected T200, suggesting that TME3 was no longer under the same stress level.  

 

Virus suppression in TME3 correlates with high levels of SA, which has been shown to lower 

viral load by acting on SACMV AC genes responsible for replication. In addition, analysis of 

messenger RNA (mRNA) has shown that at 32 dpi, in T200 and TME3, there is an 

upregulation of genes that are involved in hormone biosynthesis and signalling of JA, ET, and 

ABA. At 67 dpi, cassava genes involved in SA signal transduction and SAR were also observed 

to be differentially expressed. Overall,  TME3 effectively downregulates several genes 

associated with SA,  JA, ABA, and ET at 12 dpi while there is no change in expression of these 

genes in T200. At 32 dpi, TME3 and T200 upregulate genes associated with those hormones, 

with T200 upregulating a higher number of genes. Lastly, at 67 dpi, T200 maintains that 

upregulation of hormone-related genes while TME3 represses the expression. This project 
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sought to determine the levels of cassava phytohormones at early, active, and late stages of 

SACMV infection, and relate that to symptom development, susceptibility, tolerance, and 

recovery. It also sought investigate the effect of viral  AC2 expression on phytohormone 

expression. 

 

The work done by Allie et al., 2014 is a foundation for this project. Transcriptomic studies 

conducted in cassava by Allie et al., 2014 show South African cassava mosaic virus infection 

causes significant differential expression of genes in CMD-susceptible T200 and CMD-

tolerant TME3 and that symptom severity and disease progression were associated with 

SACMV load at 12 dpi, 32 dpi, and 67 dpi. While TME3 showed decreased viral load and 

attenuated symptoms at 67 dpi, T200 remained symptomatic (Allie et al., 2014). Gene 

ontology (GO) assessments between the CMD-susceptible T200 and CMD-tolerant TME3 

revealed that there was varying gene expression across the three stages of infections for 

genes transcribing for cellular components, molecular functions, and biological processes. 

Based on the GO profiles of the two landraces, transcriptomics analyses were performed for 

the three time points. The data showed that during SACMV infection in T200 and TME3, 

SACMV-responsive genes are transcriptionally activated or repressed. These genes are 

seemingly involved in plant resistance, defence, phytohormone signalling, as well plant 

structures including the CW and PD. TME3 had higher expression of genes involved in 

defence compared to T200, while T200 had higher expression of plant genes involved in CW 

degradation, protein degradation, and cell cycle progression.  

Another foundation for this project is the work done by Freeborough et al., 2021, which 

assessed how cassava WRKY TFs contribute to either CMD tolerance or susceptibility. 

Working with the CMD-tolerant TME3 and CMD-susceptible T200, Freeborough et al., 2021 

found that across the three time points, there was differential expression of 9 MeWRKY  TFs 

in T200 and 4 MeWRKY  TFs in TME3, with differential expression of one of them being 

common in both landraces at the same time point. While T200 showed differential 

expression across all time points, TME3 showed significant fold change in expression during 

the 32 dpi, i.e., the symptomatic stage of infection. At 12 dpi, TME3 downregulates 

response genes such as those involved in nitric oxide (NO) signalling, localisation of cell 
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death, and wounding responses. These genes are later upregulated in TME3 at 32 dpi but 

not at 67 dpi.  

 

1.4. Novelty of the study 

Perturbations in the production of SA, JA, ABA, and ET due SACMV infection in 

cassava, in-tandem the assessment of the expression of SACMV and cassava hormone-

related is yet to be attempted. A number of previous studies have assessed hormone 

production and gene expression in response to GMV AC2 transgene expression, assessed 

metabolite profiles in response to Sri Lankan cassava mosaic virus infection in tolerant and 

susceptible cassava, or assessed the influence of virus insect vectors on host metabolomics 

(Chaowongdee et al., 2023; Lozano-Durán et al., 2011; Luan et al., 2013; Malichan et al., 

2023; Rosas-Díaz et al., 2016). The novelty of this study is that it focuses on assessing the 

accumulation of multiple cassava hormones, alongside assessing viral and host gene 

expression, all in response to infection with SACMV. 

 

1.5. Hypothesis  

As a result of SACMV infection in T200 and TME3, phytohormones will be produced 

and the quantities will change as CMD progress. Due to TME3 both recovering from and 

becoming tolerant to CMD, the key defence hormones SA and JA will play a role in this 

outcome. 

 

1.6. Research questions 

• Given the role of phytohormones and gene expression in plant defence response and 

immunity, what will be the distinction between T200 and TME3 across the three 

stages of SACMV infection and/or CMD progression? 

• Are phytohormone production and the expression of hormone-related genes 

underlying mechanisms by which cassava TME3 can recover from CMD and tolerate 

the SACMV? 
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• How does the expression of SACMV genes promote the progression of CMD in T200 

and TME3? 

 

1.7. Aims and Objectives 

 

Aim 

The main aim of this research project was to quantify the phytohormone levels of 

salicylic acid (SA), jasmonic acid (JA), abscisic acid (ABA), and ethylene (ET) in the CMD-

susceptible T200 and CMD-tolerant TME3 across the three stages of South African cassava 

mosaic virus infection to determine if these phytohormones contribute to either 

susceptibility or recovery.  

 

Specific objectives  

1. Quantify the endogenous phytohormone levels of SA, JA, ABA, and ET at 12-, 32-, and 

67-dpi in mock-infected and SACMV-infected using Ultra-High Pressure Liquid 

Chromatography-Mass Spectrometry. 

2. Determine the expression of hormone biosynthesis and response genes in T200 and 

TME3 in response to SACMV infection at 12-, 32-, and 67-dpi. 

3. Determine the expression of SACMV AC2 (transcriptional activator protein; TrAP) in 

T200 and TME3 to determine its role in either tolerance or susceptibility to cassava 

mosaic disease. The Geminivirus TrAP protein is a pathogenicity determinant that has 

shown to interfere with phytohormone signalling and regulatory pathways. 

 

1.8. Structure of the dissertation 

Chapter 1 of the thesis present background information on cassava and CMD, 

problem statement, rationale, novelty of the study, hypothesis , and research question. 

Chapter 2 present an extensive literature review of food security, cassava, CMGs, plant 

defence mechanisms, and the role of molecular signalling in plant defence. Chapter 3 

presents the materials and methods for SACMV infection trials, nucleic acid extractions, viral 
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load determination, gene expression studies, and phytohormone extraction and 

quantification. Chapter 4 presents the results of the infection trials, viral load determination, 

gene expression studies, and phytohormone quantification. Chapter 5 is the discussion, 

focused on elucidating the mechanisms through which TME3 recover from CMD while T200 

remains severely symptomatic. Lastly, Chapter 6 is the conclusions section, addressing the 

key findings and implication of the study while highlighting limitations and suggesting future 

work. 
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Chapter 2: Literature Review 

 

2.1 Overview of food security 
 

2.1.1 Food security in Africa 

Food security refers to when people have access to sufficient and nutritious food 

that can maintain their livelihoods and health (McCarthy et al., 2018). Food insecurity is an 

issue that predominantly affects developing countries, particularly on the African continent, 

wherein an interaction of environmental, social, economic, and political factors further 

exacerbate it (Denny et al., 2018; Gustavsson, 2011). Lack of access to food leads to 

undernourishment and prolonged hunger, affecting a number of countries across sub-

Saharan Africa such as Kenya, Somalia, and Madagascar (Sasson, 2012). Other countries, 

such as South Africa, while having a high food production food import capacity and being 

food secure, still have a proportion of the country's population being food insecure, as 

confirmed by statistics published in 2019 (du Toit et al., 2011; Statistics South Africa, 2019).  

 

2.1.2 The threat posed by climate change 

Concerningly, global warming and climate change pose a threat to global crop 

production, as has been witnessed with its negative impact on crop production in Europe, 

sub-Saharan Africa, and Oceania (Ray et al., 2019; Sasson, 2012).  Furthermore, it may 

detrimentally impact developing countries more considering statistical projections that with 

increasing population growth over time in developing countries, only high Gross Domestic 

Product (GDP) nations will be able to address increased crop demands (McCarthy et al., 

2018; Tilman et al., 2011). Considering these food insecurity concerns for developing 

nations and the impact of climate change on food production, developing food security is a 

priority. 

 

2.2 Manihot esculenta Crantz 
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2.2.1 Brief overview of cassava and its uses 

Manihot esculenta Crantz, commonly referred to as cassava, is a perennial tuber crop 

of the Euphorbiaceae family (Ceballos & de la Cruz, 2012). Cassava leaves, shown in Figure 

1a and Figure 1b, are usually large and lobed, spiralling along the stem of the plant. The 

leaves offer nutrition in the forms of micronutrients such as vitamins and minerals, allowing 

for their consumption throughout any year due to the perennial nature of cassava 

(Uchechukwu-Agua et al., 2015; Parmar et al., 2017). Cassava tubers, shown in Figure 1c, are 

thick due to the deposition of starch as the tubers develop over time, with the colouration of 

the tubers giving an indication of either calcium and ascorbic acid accumulation (white-

fleshed tubers), or carotenoid accumulation (yellow-fleshed tubers) (Parmar et al., 2017). 

While lacking in protein and lipid content, being starch-rich makes cassava a food security 

and sustenance crop for more than 800 million people globally (Parmar et al., 2017). In 

addition being a food crop, cassava is also used as animal feed and has industrial application 

in the production of alcoholic beverages, textile products, biofuels, and plywood 

(Uchechukwu-Agua & Opara, 2015; Nuwamanya et al., 2017; Parmar et al., 2017). 

 

Figure 1: Cassava leaves (a and b) (captured in 2022) alongside the tuber roots (c) (Parmar et 

al., 2017).  

 

2.2.2 General characteristics 

A moderately-drought tolerant crop, cassava grows optimally in humid, tropical 

conditions at temperatures between 24°C and 30°C, with moderate light exposure (Kawaye 

& Hutchinson, 2021). Soil conditions should be optimal as well, with the pH being slightly 

neutral or alkaline and having good drainage of water, as poor drainage can lead to tuber rot 

(Anikwe & Ikenganyia, 2018). However, even in soil with high acidity and low nutrient 
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content, cassava is able to have very high yield as compared to other crops such as maize 

(Anikwe & Ikenganyia, 2018; Kawaye & Hutchinson, 2021). 

 

These characteristics of tolerating drought and low soil fertility conditions have allowed for 

cassava to be considered as a crop that would be least affected by climate change compared 

to others such as maize and potato (Jarvis et al., 2012; Anikwe & Ikenganyia, 2018). The 

same study by Ray et al., 2019 found that while the production and yield of some cereals 

and legumes have been negatively affected by climate change in recent years, cassava yields 

actually increased overall in sub-Saharan Africa due to it being more heat and drought 

tolerant. The tolerance of cassava against environmental stress, coupled with it being a C3-

C4 intermediate plant, make it a viable food security crop in the age of climate change (El-

Sharkawy & Cock, 1987; Taylor et al., 2012). When exposed to 580 ppm of carbon dioxide 

(CO2), which is the predicted level of atmospheric CO2 in 2050, cassava performed well 

compared to C4 plants, such as maize, corn, and sorghum (Taylor et al., 2012; Sage, 2016). 

Due to having lower levels of photorespiration and CO2 release compared to other C3 plants 

and a high rate of photosynthetic activity, cassava is considered a C3-C4 intermediate plant 

(El-Sharkawy & Cock, 1987; Zang et al., 2024). 

 

2.2.3 Global production 

The global production of cassava occurs in countries situated in tropical regions, such 

as Brazil, Nigeria, Ghana, as well as Thailand and Indonesia (Parmar et al., 2017; Ritchie & 

Roser, 2020). It is preferred in these tropical regions as it can adapt to stresses, poor soil 

conditions, and inconsistent irrigation, which would adversely affect the yields of other crops 

(Anikwe & Ikenganyia, 2018). As of 2023 and per data published by the Food and Agriculture 

Organization of the United Nations (FAO) (Figure 2), Nigeria is the leading global producer of 

cassava tubers, with an output of 62 million metric tons while Africa is the global continental 

leader of cassava tuber production, with an output of 213 million tons, followed by Asia with 

92 million tons (Ritchie et al., 2023). Of the more than 333 million tons of cassava tubers 

produced in 2023, Africa accounted for 63% of all global production, highlighting its 

commercial and social importance (Ritchie et al., 2023). 
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Figure 2: A representation of the annual production (in million tons) of cassava in 2023, 

based on FAO data (Ritchie et al., 2023). 

 

2.2.4 Devastating impact of plant diseases in cassava  

Despite its ability to tolerate harsh environmental conditions detrimental to other 

commercially and agriculturally important crops, cassava is susceptible to various pests and 

pathogens including mites, mealybugs, whiteflies, parasitic nematodes, fungi, viruses, and 

bacteria (Lebot, 2009). The insect pests can additionally act as vectors for plant viruses, with 

these pests and microorganisms diseases that affect the leaves, stems, and/or roots of 

infected/affected plants (Lebot, 2009). To this end, cassava produces cyanogen glycosides 

(CGs), which are toxic to humans with prolonged consumption, but function as anti-

herbivory and insecticidal chemical defence compounds (Parmar et al., 2017; Anikwe & 

Ikenganyia, 2018). 

 

Cassava production across sub-Saharan Africa and Asia is negatively impacted by three 

notable diseases: cassava bacterial blight (CBB), cassava brown streak disease (CBSD), and 

cassava mosaic disease (CMD) (Reynolds et al., 2015). Firstly, CBB is caused by Xanthomonas 

axonopodis pv. Manihotis, which can be found in cassava-producing regions across South 
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America, sub-Saharan Africa, and Asia, and is spread by rainwater over short distances or 

over long distances by vectors such as sap-sucking insects (Lozano, 1986; Boher & Verdier, 

1994). Secondly, CBSD is caused by viruses of the genus Ipomovirus, which are widespread 

across sub-Saharan Africa, particularly in countries in east Africa, and are vectored by insects 

such as white flies, Bemisia tabaci (Lebot, 2009; Maruthi et al., 2005). Lastly, CMD, which is 

caused by cassava mosaic geminiviruses (CMGs), is prevalent in cassava-producing regions 

across African countries as well as the southeast Asian countries of India and Sri Lanka (Patil 

& Fauquet, 2009). Notably, CMGs are transmitted by the whitefly vector, Bemisia tabaci 

Gennadius, which is prevalent in these cassava producing regions (Legg & Fauquet, 2004).  

 

While the symptoms of CBB infection usually manifest on the leaves and stems of the 

cassava as spots and blight (Figure 3a), CBSD is characterized by the occurrence of yellow 

necrotic lesions, mottling of leaves, and chlorosis along the veins of the leaves (Figure 3b 

and Figure 3c, respectively), and CMD symptoms are characterized by leaf curling, mottling 

and chlorosis, as well as mosaic patterning of leaves (Figure 3d and Figure 3e) (Lozano, 

1986; Legg & Fauquet, 2004; Maruthi et al., 2005; Zhang et al., 2005).  

 

Figure 3: Comparison of the symptoms that occur in cassava during cassava bacterial blight 

(CBB) (a), cassava brown streak disease (CBSD) (b and c), and cassava mosaic disease (CMD) 

(d and e) 
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2.3 Cassava mosaic geminiviruses 

 

2.3.1 General overview 

Cassava mosaic geminiviruses (CMGs) are plant viruses classified in the genus 

Begomovirus, in the family Geminiviridae (Zerbini et al., 2017). Geminiviridae is 

characterized by viruses whose covalently-closed, circular single-stranded deoxyribonucleic 

acid (ssDNA) genomes are encapsulated in twinned, isometric capsids (Briddon et al., 2010; 

Rey & Vanderschuren, 2017). Geminiviridae, which consists of viruses that cause significant 

yield losses of agriculturally and economically important crops, now consists of 14 genera: 

Becurtovirus, Curtovrius,  Mastrevirus, Topovirus, Gablovirus, Capulavirus, Turncurtovirus, 

Eragrovirus, Opunvirus, Mulcrilevirus, Citlodavirus,, Topilevirus, and  Maldovirus (Roumagnac 

et al., 2022; Zerbini et al., 2017). Genus Begomovirus is the largest of all Germiniviridae 

genera, consisting of monopartite and bipartite geminiviruses (GMVs) across more than 320 

species (Rodríguez-Negrete et al., 2013; Zerbini et al., 2017). 

 

2.3.2 Genome organisation of begomoviruses and their pathogenicity determinants  

The genome of a bipartite begomovirus consists of two ssDNA components, DNA-A 

and DNA-B, each being 2.5-2.6 kilobases (kb) in length (Zerbini et al., 2017). These two 

ssDNA components contain several open reading frames (ORFs), namely AC1, AC2, AC3, 

AC4, and AC5, as well as AV1 and AV2 (Figure 4). Additionally, DNA-B encodes for BC1 and 

BV1 (Figure 4). 
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Figure 4: The genome organisation of bipartite begomoviruses (Rey & Vanderschuren, 

2017). 

The ORFs of DNA-A encode for proteins involved in viral replication, regulation of gene 

expression, countering host defence mechanisms as well as encapsulation of the viral 

genome (Briddon et al., 2010). The gene AV1 encodes for the capsid protein (CP) and AV2 

encodes for the precoat protein/putative protein kinase (PKC) (Rey & Vanderschuren, 2017). 

Furthermore, AC1 encodes for the replication initiation protein (Rep), AC2 encodes for the 

transcription activator protein (TrAP), AC3 encodes for the replication enhancer protein 

(REn), AC4 encodes for the silencing suppressor protein, and AC5, which may encode a 

silencing suppressor protein (Rey & Vanderschuren, 2017). On DNA-B, BC1 encodes for the 

movement protein (MP) and BV1 encodes for the nuclear shuttle protein (NSP) (Rey & 

Vanderschuren, 2017). 

 

The only sequence similarity that exists between the two DNA components is the common 

region (CR), a 200 nucleotide region wherein 85% sequence identity is shared (Briddon et 

al., 2010). The CR, an absolutely conserved region in GMVs, is a hairpin structure that 

contains the nonanucleotide sequence, TAATATTAC, where rolling circle replication is 

initiated in either the circular DNA-A or DNA-B (Briddon et al., 2010). The CR plays a critical 

role in maintaining the integrity of the bipartite begomovirus genome because it ensures 

that the replication of both DNA-A and DNA-B can be initiated by Rep, which recognises and 

cleaves the nonanucleotide sequence (Briddon et al., 2010; Zerbini et al., 2017). While the 
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CR maintains the integrity of the DNA-A and DNA-B components, pseudo-recombination has 

been reported to occur between the two components (Briddon et al., 2010). 

 

Following successful GMV infection of a host, viral genome replication relies on rolling-circle 

replication (RCR) in the nucleus, wherein the ssDNA genome is replicated in a semi-

conservative manner to form double stranded deoxyribonucleic acid (dsDNA) replicative 

forms (RFs) (Rodríguez-Negrete et al., 2013). These dsDNA RFs then associate with histone 

proteins, forming viral minichromosomes from which replication and transcription of the 

viral genome can be initiated (Rodríguez-Negrete et al., 2013). Furthermore, the dsDNA RFs 

will then serve as templates for recombination-dependent replication (RDR), wherein 

homologous recombination enable for the de novo synthesis of new viral DNA copies 

(Rodríguez-Negrete et al., 2013). However, for viral replication to be successful, GMVs need 

to reprogramme their host (Maio et al., 2020). Geminiviruses specifically target terminally 

differentiated cells and induce the expression of or enhance the activity of various host 

factors to reprogramme the host and facilitate DNA replication and transcription (Kong et al., 

2000). 

 

2.3.3 Prevalence of Cassava Mosaic Geminiviruses (CMGs)  

Overall, there are eleven species of CMGs, which have their own strains and variants 

(Rey & Vanderschuren, 2017). The species are namely: African cassava mosaic virus (ACMV), 

East African cassava mosaic virus (EACMV), East African cassava mosaic Kenya virus, East 

African cassava mosaic Malawi virus, East African cassava mosaic Zanzibar virus, Cassava 

mosaic Madagascar virus, South African cassava mosaic virus, East African cassava mosaic 

virus Cameroon [Cameroon-1998], African cassava mosaic virus Burkina Faso, Indian 

cassava mosaic virus, and Sri Lankan cassava mosaic virus (Rey & Vanderschuren, 2017). 

While ACMV evolved first in west Africa having been introduced to the region in the 16th 

century, EACMV seems to be the centre of CMG diversity (Rey & Vanderschuren, 2017). This 

is because the East African EACMV seems to have a higher degree of genetic diversity, in 

terms of variants, as compared to the sub-Saharan ACMV (Rey & Vanderschuren, 2017). 

Overall, the occurrence of CMGs across cassava-producing regions likely began as the result 
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of cassava being introduced to these regions while not being endemic to them (Rey & 

Vanderschuren, 2017). Due to lacking the natural capabilities of recognising and countering 

begomovirus infection likely present in the indigenous and wild plants present, whitefly 

vectors could have transmitted the begomoviruses from these indigenous plants to the 

exotic cassava (Rey & Vanderschuren, 2017). This, coupled with recombination due to mixed 

infection and the transplantation of infected cassava across different regions, could have 

laid the foundation for the emergence of the various species and variants that exist across 

sub-Saharan Africa and east Africa (Rey & Vanderschuren, 2017). 

 

Cassava mosaic geminiviruses (CMGs) have caused several CMD outbreaks in cassava 

producing regions in Africa and southeast Asia, affecting tuber yields and cassava production 

(Combala et al., 2024; Malichan et al., 2023). In southeast Asia, recent outbreaks of Sri 

Lankan cassava mosaic virus caused CMD outbreaks that affected cassava growing regions in 

Cambodia, Vietnam, Thailand, and Laos, significantly impacting cassava production 

(Malichan et al., 2023). In West Africa alone, uncontrolled outbreaks of CMD causes up to 

90% yield losses, significantly affecting food security (Combala et al., 2024). Furthermore, in 

the 1990s, Uganda faced a famine crisis driven by the emergence of East African cassava 

mosaic virus-Uganda, which devastated cassava plantations (Legg et al., 2006). Interestingly, 

EACMV-Ug is a recombination product of African cassava mosaic virus and East African 

cassava mosaic virus, the latter of which shares 85% sequence identity with South African 

cassava mosaic virus, via the DNA-A component (Berrie et al., 2001; Combala et al., 2024). 

The DNA-A components of the CMGs contain several multiple open reading frames (ORFs) 

that encode for multifunctional proteins that aid viral replication, regulation of gene 

expression, countering host defence mechanisms as well as encapsulation of the viral 

genome (Briddon et al., 2010), while the DNA-B components in begomoviruses contain ORFs 

that encode for viral movement proteins (Noueiry et al., 1994). 

 

2.3.4 South African cassava mosaic virus 

South African cassava mosaic virus is a bipartite species of CMGs that is one of the 

causative agents of CMD in South Africa, which was first noted in fields in Mpumalanga and 
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Swaziland in the 1980s (Berrie et al., 1998). The causative agent of this CMD was later 

identified as a new species of CMGs, South African cassava mosaic virus (Berrie et al., 

1998)., With 85% sequence identity in DNA-A and 90% sequence identity in DNA-B, SACMV 

is closely related to EACMV (Berrie & Rey, 2001). However, considering that the sequence 

identity for DNA-A was less than 90%, SACMV was classified as a novel species (Berrie & Rey, 

2001). South African cassava mosaic virus also has high sequence identity with a 

monopartite begomovirus, Tomato yellow leaf curl virus (TYLCV) (Berrie et al., 1998). As with 

other CMGs, SACMV is transmitted by Bemisia tabaci Gennadius (Briddon et al., 2004).  

 

2.4 Plant defence and immunity mechanisms  

Due to being sessile and growing in a single area through their entire life, plants 

constantly encounter a plethora of pathogens and insects, and have had to develop an array 

of defence mechanisms to counteract infection and infestation (Zhao & Li, 2021). These 

mechanisms involve structural and chemical defences, transcriptional and 

posttranscriptional gene silencing, protein modification and/or degradation, and autophagy, 

which can all be fine-tuned to specific pathogens, such as viruses. (Garcia-Ruiz, 2019; Zhao & 

Li, 2021). 

 

2.4.1. Basal Immunity 

Basal/innate immunity is regulated by structural and chemical mechanisms that 

prevent or limit the occurrence of pathogenic infection (Doughari, 2015). Structural barriers 

include the leaf wax layer and cuticle, the extracellular matrix, as well as the cell wall itself 

(Doughari, 2015). To supplement these barriers, there is the production of antimicrobial 

compounds, antitoxins, and phytoanticipins which are constitutively accumulated to deter 

and counteract potential pathogens (Doughari, 2015). 

 

2.4.2. PAMP-Triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) 

Should pathogens overcome the mechanisms of innate immunity and invade a 

localised area of cells, pathogen-associated molecular pattern (PAMP) triggered immunity 
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(PTI) will be activated (Doughari, 2015). Using plasma-membrane bound pattern recognition 

receptors (PRRs), which are leucine-rich repeat (LRR) proteins, plants are able to recognise 

microbe-associated molecular patterns (MAMPs) such as chitin, flagellin, and ergosterol, and 

activate downstream signalling pathways to counteract infection (Doughari, 2015; Shamrai, 

2014). The downstream signalling results in the production of antimicrobial secondary 

metabolites as well as plant defence proteins such as basic chitinase (b-CHI) and plant 

defensin (PDF1.2) (Cheng et al., 2013; Doughari, 2015).Plants are also able to recognise 

damage-associated molecular patterns (DAMPs), which act as endogenous elicitors of PTI 

while MAMPs act as exogenous elicitors (Doughari, 2015). Viral double stranded ribonucleic 

acid (dsRNA) has also been shown to be an elicitor of PTI (Bigeard et al., 2015; Huang, 2021).  

 

If the pathogens manage to overcome PTI and deliver their avirulence/effector proteins 

across the cell wall into the cytoplasm, this will activate effector triggered immunity (ETI) 

(Doughari, 2015). In the case of viruses, avirulence (avr) factors interfere with host 

regulation of transcriptional machinery and genome replication, promoting conditions that 

are optimal for viral replication (Doughari, 2015). However, host resistance genes produce 

nucleotide-binding leucine-rich repeat (NB-LRR) proteins, which intracellularly recognise avr 

factors and activate the downstream expression of pathogenesis-related (PR) genes in the 

infected cell and the surrounding cells (Doughari, 2015; Irigoyen et al., 2020). These PR 

genes encode for PR proteins involved in the biosynthesis of phytohormones, the 

production of antimicrobial compounds, callose deposition to strengthen the cell wall (CW), 

as well as lignification of the vascular networks (Doughari, 2015). PR genes arise from PR 

families, which consist of proteins of varying function and activities such as proteases, 

defensins, chitinases, and glucanases (Irigoyen et al., 2020). During the downstream 

responses of ETI, salicylic acid (SA) will accumulate in the infected areas and bind to the 

NPR3 receptor of the PR genes, triggering localised cell death (Doughari, 2015). This 

accumulation of SA during ETI results in the development of the hypersensitive response 

(Doughari, 2015). 

 



20 
Chapter 2: Literature Review 

2.4.3. Hypersensitive Response 

The hypersensitive response (HR) is localised programmed cell death that restricts 

fungi, bacteria, and viruses to one particular region and prevents systemic spread (Doughari, 

2015). The mechanism is highly regulated, relying on transcriptional reprogramming, 

calcium ion (Ca2+)  influx, production of reactive oxygen species (ROS) and nitric oxide 

species (NO), and the activation of mitogen activated protein kinase (MAPK) signalling  

(Doughari, 2015). In both Nicotiana benthamiana and Arabidopsis thaliana, ROS bursts, 

followed by NO bursts, are pivotal in inducing HR (Frederickson Matika & Loake, 2014). 

Furthermore, a lack of NO bursts only induces a weakened or ineffective HR while NO-bursts 

in the absence of ROS production does not lead to HR development (Frederickson Matika & 

Loake, 2014). 

 

2.4.4. Systemic Acquired Resistance (SAR) and Induced Systemic Resistance (ISR) 

Induced systemic resistance (ISR) and systemic acquired resistance (SAR) are both 

forms of induced resistance, a state of increased defensive readiness, but they differ 

significantly (Vallad & Goodman, 2004). Systemic acquired resistance is a conserved 

mechanism across all plants and has high efficiency against biotic elicitors originating from 

pathogenic bacteria, fungi, and viruses, in addition to environmental stresses as well (Vallad 

& Goodman, 2004). The SA signalling pathway plays an important role in the activation and 

regulation of  SAR as both SA and PRs accumulate extensively during SAR, heightening a 

state of resistance within the plant to ready it against potential future stresses (Vallad & 

Goodman, 2004; Doughari, 2015; Zhu et al., 2022). Conversely, ISR is restricted to particular 

species and genotypes and is highly effective in the countering of disease-causing bacteria, 

fungi, and viruses, responding principally against biotic elicitors (Vallad & Goodman, 2004). 

Furthermore, ISR is mainly activated and regulated by ET and JA (Vallad & Goodman, 2004).  

 

2.4.5. Transcriptional and Posttranscriptional Gene Silencing 

Transcriptional gene silencing (TGS) and posttranscriptional gene silencing (PTGS) are 

two key antiviral mechanisms that target either viral DNA or viral RNA, respectively, and 

mediate their inactivation or degradation (Doughari, 2015). Plants assemble complexes that 

degrade foreign nuclear material but also retain portions of these genomic and genetic 
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fragments for recognition of the same pathogen during future infections (Doughari, 2015). In 

terms of TGS, which involves DNA methylation, plants can epigenetically modify, through 

methylation, viral DNA genomes, resisting replication and transcription, facilitating plant 

recovery (Wang et al., 2019). Conversely, PTGS leads to RNA silencing of viral transcripts, 

preventing the accumulation of viral proteins that may act as pathogenicity determinants 

(Wang et al., 2019). As such, viruses have evolved to counteract TGS by targeting and 

interfering with the pathways involved in regulating plant global methylation, as well as 

counteracting PTGS by expressing viral suppressors of RNA silencing (VSRs), which target 

RNA silencing pathways. 

 

2.5 Molecular signalling and regulation of defence pathways 

 

2.5.1. Phytohormones  

Phytohormones play a crucial role in plant defence and immunity, as they lead to the 

production of PR proteins and the activation of transcription factors (TFs) involved in 

defence pathways (Zhu et al., 2022). These phytohormones include SA, jasmonic acid JA, ET, 

ABA, Aux, GAs, CKs, and BRs (Zhao & Li, 2021). Plant defence against pathogens is primarily 

coordinated by SA, JA, and ET whilst ABA, Aux, CKs, BRs, and GAs are involved in modulating 

the plant immune responses and defence (Müllender et al., 2021). The interactions between 

viruses and their host plants often lead to rapid changes in hormone homeostasis and 

signalling (Müllender et al., 2021). 

 

Salicylic Acid  

Salicylic acid (SA) is a phytohormone that regulates plant growth and development 

directly and indirectly, regulates thermogenesis as well as mediating responses to biotic and 

abiotic stresses (Dempsey & Klessig, 2017). The production of SA occurs in PTI following the 

accumulation of ROS and in ETI after PR proteins recognise virus effectors (Doughari, 2015). 

The accumulation of SA in infected host cells will result in the initiation of localised cell 

death, leading to the hypersensitive response (Gupta et al., 2022). The biosynthesis of SA 

can occur via to two pathways, the isochorismate synthase (ICS) pathway and the 
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phenylalanine ammonia-lyase (PAL) pathway, both of which require chorismic acid as a 

starting point (Figure 5) (Dempsey & Klessig, 2017). 

 

 

Figure 5: The salicylic acid biosynthesis pathways, directed by either Isochorismate Synthase 

(ICS) or phenylalanine ammonia-lyase (PAL), with chorismic acid acting as a precursor in 

both pathways (Lefevere et al., 2020) 

 

For SA biosynthesis, the IC pathway or the PAL pathway can be used. In the IC pathway, 

chorismate is catalysed into isochorismic (IC) acid by Isochorismate Synthase (ICS) (Lefevere 

et al., 2020). The IC will then be exported into the cytoplasm by Enhanced Disease 

Susceptibility 5 (EDS5), a MATE transporter, where avrPphB Susceptible 3 (PBS3) will 

conjugate IC to glutamate, forming isochorismate-9-glutamate (Lefevere et al., 2020). 

Enhanced Pseudomonas Susceptibility 1 (EPS1) will then catalyse the conversion of 

isochorismate-9-glutamate into salicylic acid, which can also occur spontaneously without 

EPS1 (Lefevere et al., 2020). Conversely, the PAL pathway involves chorismate export into 

the cytoplasm, wherein chorismate mutase (CM) will catalyses the conversion of chorismate 

into prephenic acid, with prephenic acid being catalysed into phenylalanine (Phe) (Dempsey 

& Klessig, 2017; Lefevere et al. 2020). Phenylalanine will then be catalysed into trans-
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cinnamic acid (t-CA) by PAL (Lefevere et al., 2020). Depending on the plant species, t-CA will 

be converted into either benzaldehyde or ortho-coumaric acid (benzoic acid) (Dempsey & 

Klessig, 2017). The ortho-coumaric acid will be spontaneously converted into salicylic acid 

while aldehyde oxidase (AAO) will convert the benzaldehyde into benzoic acid (BA). At this 

point, the BA will be converted into SA by an unidentified plant gene (Dempsey & Klessig, 

2017).  

 

Salicylic acid signalling is mediated via redox-regulated TFs such as the basic leucine zipper 

(bZIP) TGA1 and the transcriptional coactivator Non-expressor of pathogenesis-related 1 

(NPR1) (Li & Loake, 2016). The accumulation of SA can be triggered in response to a virus 

eliciting ETI and HR (Gupta et al., 2022). These high levels of SA will alter the cellular redox 

state, which will reduce NPR1 oligomers into monomers (Gupta et al., 2022). These NPR1 

monomers will translocate into the nucleus and interact with the TGA TFs that regulate SA-

associated defence genes, leading to their expression, resulting in systemic acquired 

resistance (Gupta et al., 2022). In Nicotiana benthamiana, it was shown that infection with 

either Sri Lankan cassava mosaic virus and Cabbage leaf curl virus  led to increased 

expression of SA-associated PR-genes such as PR1, PR2, and PR5 (Gupta et al., 2022). There 

was also an increased expression of SA biosynthesis and response genes. In another 

instance, such as infection with Tomato yellow leaf curl Sardinia virus, there was a 

downregulation of the SA biosynthesis genes in Arabidopsis thaliana (Gupta et al., 2022). 

The accumulation of SA during ETI results in the development of the HR and is crucial for the 

establishment of systemic acquired resistance (Doughari, 2015). During viral infection, SA 

can interfere with viral cell-to-cell movement, systemic infection, as well as viral replication, 

in addition to inducing HR, SAR, PR gene expression and triggering the accumulation of ROS 

(Zhao & Li, 2021). Furthermore, SA is involved in modulating the interfering RNA (RNAi) 

pathway, which is part of the RNA silencing defence mechanism of plants against viruses 

(Doughari, 2015; Zhao & Li, 2021). 

 

Jasmonic Acid  

Jasmonic acid (JA) is a phytohormone that regulates physiological processes such as 

flowering and senescence, as well as mediating defence responses and regulating the 
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expression of various genes in plants (Sasaki et al., 2001). Jasmonic acid is crucial in plant 

defence hormone as it regulates and modulates processes that target both the virus and its 

vector (Ghosh & Chakraborty, 2021). Jasmonic acid production may occur in basal immunity 

due to biotic stresses triggering the production of terpenes and glucosinolates, which JA 

regulates (Ghosh & Chakraborty, 2021). Jasmonic acid also coordinates RNAi-based 

defences against the viruses as well as ISR (Ghosh & Chakraborty, 2021). Increases in JA 

levels can, however, have a positive or negative effect on defence against plant viruses, 

depending on the stage of infection and the virus in question (Zhao & Li, 2021). The 

biosynthesis of JA is a six-step reaction that is catalysed by five enzymes in total, as shown in 

(Figure 6) (Sasaki et al., 2001).  

 

 

Figure 6: The jasmonic acid biosynthesis pathway (Sasaki et al., 2001) 

As detailed by Schaller & Stintzi, 2009, The conversion of linolenic acid is catalysed into 13-

hydroperoxy linolenic acid by Lipoxygenase (LOX). Allene oxide synthase (AOS) catalyses the  

conversion of 13-hydroperoxy linolenic acid into 12, 12-epoxy-9, 11, 15-octadecatrienoic 

acid. The conversion of 12, 12-epoxy-9, 11, 15-octadecatrienoic acid into 12-oxo-cis, cis-10, 
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15-oc phytodienoic acid is catalysed by allene oxide cyclase (AOC). 12-oxo- phytodienoic 

acid reductase (OPR3) then catalyses the conversion of 12-oxo-cis, cis-10, 15-oc 

phytodienoic acid into 3-oxo-2-(2’-pentenyl)-cyclopentane-1-octanoic acid. This acid 

undergoes oxidation to form JA. Lastly, JA is converted into methyl jasmonate (MeJA), a 

reaction that is catalysed by JA carboxyl methyltransferase (JMT) (Sasaki et al., 2001) . 

 

Jasmonic acid signalling is mediated by TFs, such as the basic helix-loop-helix (bHLH) MYC2, 

which are involved in the production of the chemical defences that are used in basal 

immunity such as terpenoids and glucosinolates (Gautam et al., 2021; Gupta et al., 2022). 

However, in Nicotiana tabacum infected with tomato yellow leaf curl China virus, there is 

suppression of these chemical production pathways, allowing for whitefly colonisation of the 

leaves of the plant (Gupta et al., 2022). This shows that the virus manipulates and alters 

basal immunity mechanisms to the benefit of its vector (Gupta et al. , 2022). During a viral 

infection, there are increases in the levels of jasmonoyl-isoleucine (JA-Ile), the highly active 

form of JA, and ethylene to initiate systemic acquired resistance (Gupta et al., 2022). 

However, in A. thaliana infected with cabbage leaf curl virus, there is downregulation of the 

JAR1 protein, which converts JA to JA-Ile, repressing the JA signalling via the MYC2 pathway. 

It has been shown that geminiviruses actively target JA signalling cascades to weaken the 

plant’s overall defensive capacity (Gupta et al., 2022). Geminiviruses such as tomato yellow 

leaf curl virus make use of the AC2/C2 protein to interfere with JA signalling (Gupta et al., 

2022). The production of JA has been shown to decrease viral DNA titre during geminivirus 

infection, particularly Beet curly top virus (Zhao & Li, 2021). JA has also been shown to 

promote RNA silencing by the use of micro-RNAs (miRNAs), as well as promoting 

ARGONAUTE 18 (AGO18) activity by upregulating its TFs (Zhao & Li, 2021). Given the 

similarity of the roles that SA and JA play, the crosstalk between the two hormones has been 

shown to be important in plant-virus interactions, as JA regulates ISR alongside ET  (Zhao & 

Li, 2021). 

 

Ethylene 

Ethylene (ET) is a gaseous phytohormone that regulates many developmental and 

physiological processes in plants (Pattyn et al., 2021). As a volatile compound, it can be 
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rapidly disseminated throughout the plant from the site of production to achieve a systemic 

effect (Pattyn et al., 2021). The common biosynthesis pathway for ET, as depicted in Figure 7,  

is a two-step SAM-dependent pathway, wherein S-adenosyl-L-methionine (SAM) is converted 

into 1-aminocyclopropane-1-carboxylic acid (ACC), which is further catalysed to ethylene 

(Pattyn et al., 2021). The conversion of SAM into ACC is catalysed by ACC Synthase (ACS), 

with the conversion of ACC into ET being catalysed by ACC oxidase (ACO) (Pattyn et al., 

2021). 

 

Figure 7: The ethylene biosynthesis pathway, with the S-adenosyl-L-methionine (SAM) as a 

precursor (Pattyn et al., 2021) 

The reactions are catalysed by ACS and ACO, with 5’-methylthioadenosine (MTA), water 

(H2O), hydrogen cyanide (HCN), and carbon dioxide (CO2) being the by-products.  

 

The ethylene-responsive signalling cascade is negatively regulated by Ethylene Receptor 1 

(ETR1), a kinase that is part of a phosphorelay cascade that inactivates and localises Ethylene 

Insensitive 2 (EIN2) to the endoplasmic reticulum (Mur et al., 2013). Following the binding of 

ET to ETR1, there is loss of EIN2 phosphorylation, and EIN2 translocates into the nucleus, 

where it activates the ET-responsive transcription factor Ethylene Insensitive 3 (EIN3). EIN3 

regulates the expression of other response regulating transcription factors such as ERF1 and 

ORA59 (Mur et al., 2013; Solano et al., 1998). The production of ET is initially induced during 

PTI and ETI, until ISR occurs (Vallad & Goodman, 2004). The increase in ET levels arises from 

the activation of signalling cascades in PTI and ETI that lead to its production (Gupta et al., 

2022). However, the high ET levels have also been shown to be due to higher levels ACO 

transcripts, which is used as a plant measure to counteract miRNA-based viral repression of 

ACS transcripts (Gupta et al., 2022). The build-up of ET in response to viral infection is for it 



27 
Chapter 2: Literature Review 

to act as a systemic signal and to also set the foundation for induced systemic resistance, 

which it regulates alongside JA (Vallad & Goodman, 2004; Pattyn et al., 2021). The 

production of ET in PTI can result due to the detection of viral pathogens that have breached 

the basal immunity mechanisms (Gupta et al., 2022). The ET-associated transcription factor, 

EIN3, was found to be upregulated in Arabidopsis thaliana infected with cabbage leaf curl 

virus (Gupta et al., 2022). Another instance of upregulation is of Nicotiana tabacum 

expressing the African cassava mosaic virus AC2 protein (Gupta et al., 2022). It was found 

that there were higher levels of both ACO and ERF1 transcripts present, indicating that the 

AC2/C2 protein may contribute to elevated levels of ET within the plant (Gupta et al., 2022). 

Lastly, in Nicotiana benthamiana infected with tomato yellow leaf curl virus, the expression 

of ERF genes in the resistant cultivar was four to sixfold higher than in the susceptible 

cultivar (Gupta et al., 2022). It has thus been shown that ET plays an important role in the 

defence responses of plants during viral infection, as it either improves defence response or 

increases susceptibility (Zhu et al., 2022).  

 

Abscisic Acid  

Abscisic acid (ABA) is a phytohormone that regulates plant growth and development 

processes such as seed maturation and dormancy, while also  playing a role in the 

adaptation of plants to environmental stresses (Seo et al., 2000). It also functions in plant 

defence by modulating the antiviral RNA silencing mechanism alongside JA, and regulating 

callose deposition during ETI (Doughari, 2015; Zhao & Li, 2021). The ABA signalling pathway 

is activated in conjunction with the SA signalling pathway, resulting in an increase in ABA 

levels during ETI, although both pathways are antagonistic to each other (Ghosh & 

Chakraborty, 2021; Zhao & Li, 2021). The biosynthesis of ABA begins in the chloroplast and 

reaches completion in the cytoplasm, as shown in Figure 8 (Seo et al., 2000). 
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Figure 8: The abscisic acid biosynthesis pathway (Wasilewska et al., 2008) 

As detailed by Wasilewska et al., 2008, the pathway begins in the chloroplast, with the 

production of β-carotene from isopentenyl diphosphate. β-carotene hydroxylase catalyses 

hydroxylation reactions that form zeaxanthin. The epoxidase ABA1 catalyses the conversion 

of zeaxanthin into antheraxanthin, and the conversion of antheraxanthin into violaxanthin. 

Neoxanthin synthase (ABA4) catalyses the conversion of violaxanthin into trans-neoxanthin. 

This product is converted into 9-cis-neoxanthin by an unelucidated reaction. 9-cis-

neoxanthin is translocated into the cytoplasm where NCED, 9-cis-neoxanthin dioxygenase, 

catalyses the cleavage of 9-cis-neoxanthin dioxygenase into xanthoxin. Xanthoxin 

dehydrogenase (ABA2) reduces xanthoxin into abscisic aldehyde. Molybdenum cofactor 

sulfurase (ABA3) is required for the activity of AAO3, an aldehyde oxidase, with both ABA3 

and AAO3 promoting the production of ABA.  

 

Abscisic acid signalling is mediated by ABA-responsive Sucrose Non-Fermenting-Related 

Kinase 2 (SnRK2) proteins such as Pyrabactin Resistant-like 1 (PYR1), which phosphorylate 

the bZIP TFs ABA-responsive element binding factors (ABF), leading to the transcription of 

ABA-responsive genes (Ng et al., 2014). PYR1 also phosphorylates both the signalling 
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proteins and the negative regulators of ABA signalling, activating the former and suppressing 

the latter, promoting ABA signalling (Ng et al., 2014). Both ABA and ET play specific or 

synergistic roles in basal resistance, ETI, and regulation of defence gene expression (Zhao & 

Li, 2021). Importantly, ABA has been found to influence plant-virus interactions by 

modulating both callose deposition in the plasmodesmata (PD) and the RNAi pathway (Zhao 

& Li, 2021). The levels of ABA have been reported to be upregulated during viral infection 

but downregulated in some instances, depending on the particular virus-host pair (Zhao & 

Li, 2021). Furthermore, exogenous treatment of plants with ABA has been shown to increase 

host resistance viruses, thus indicating that ABA could have antiviral activity (Zhao & Li, 

2021). This antiviral activity occurs by ABA preventing the expression of callose-degrading β-

1,3-glucanases, enabling for callose deposition in the PD (Zhao & Li, 2021). Moreover, ABA 

levels have been shown to modulate ARGONAUTE 1 (AGO1) expression, in so doing 

regulating the RNAi pathway  (Zhao & Li, 2021). 

 

Auxins 

Auxins (Aux) are phytohormones that play a role in most of the major aspects of 

plant growth and development (Zhao, 2012). Auxins are predominantly targeted by many 

viruses such as Tobacco mosaic virus or Rice dwarf virus, leading to disease development in 

infected plants (Zhao & Li, 2021). Auxins ensure that cell growth is well-regulated in plants 

and for this reason, auxin signalling pathways are targeted by viral effectors to increase 

auxin levels in the plant (Ghosh & Chakraborty, 2021). The main naturally occurring Aux, 

indole-3-acetic acid (IAA), is produced in a two-step biosynthesis pathway, as shown in 

Figure 9 (Zhao, 2012). As described by Zhao, 2012, TAA, an amino transferase, catalyses the 

conversion of tryptophan (Trp) into indole-3-pyruvate (IPA), transferring the Trp amino 

group to pyruvate. YUCCA flavin monooxygenase (YUC) catalyses the formation of IAA in an 

oxygen and NADPH-dependent reaction. 
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Figure 9: The indole-3-acetic acid (IAA) biosynthesis pathway (Zhao, 2012) 

 

Alterations in plant aux metabolism have also been shown to be important for the 

modulation of plant defence responses, to the point that plant viruses have evolved their 

multifunctional proteins to manipulate aux signalling in plant hosts (Müllender et al., 2021). 

Auxin signalling cascades play important roles in plant-virus interaction  as their virus-

mediated disruption results in dysregulated aux-mediated gene expression and leads to 

disease development  (Zhao & Li, 2021). Viruses specifically target Auxin Response Factors 

(ARFs) such as ARF12 and ARF16, which have diversified antiviral functions, to ensure that 

they are able to replicate without difficulty (Zhao & Li, 2021).  

 

2.5.2. Reactive Oxygen Species and Nitric Oxide  

Reactive oxygen species (ROS) have antimicrobial properties but are also important 

in the biosynthesis of SA, playing a crucial role in SAR (Doughari, 2015). Furthermore, these 

bursts of ROS during the early stages of infection are often crucial for the initiation of the HR 

(Balint‐Kurti, 2019). The activity of the SA transcriptional coactivator, NPR1, is regulated by 

both SA binding and redox changes, as the latter allows for the reduction of cysteine 
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residues in oligomeric NPR1, forming monomeric NPR1 (Seyfferth & Tsuda, 2014). 

Furthermore, binding of SA triggers the conformational changes required for NPR1 to be 

able to promote the expression of SA-responsive genes (Seyfferth & Tsuda, 2014). The initial 

production of ROS during PTI creates bursts and waves of ROS and Ca2+ ions, respectively 

(Gilroy et al., 2014). ROS-induced Ca2+-release (RICR) and Ca2+-induced ROS production 

(CIRP) regulate each other, the former occurring in the extracellular matrix (ECM) and the 

latter within the cytoplasm (Gilroy et al., 2014). Lastly, excessive ROS production and 

accumulation can trigger programmed cell death, facilitating the hypersensitive response 

(Jalmi & Sinha, 2015). 

 

Conversely, nitric oxide (NO) species regulate protein activity through the posttranslational 

modification of S-nitrosylation, targeted to cysteine residues (Vidhyasekaran, 2014). Through 

nitration of proteins such as PYR1, as well as TGAs and NPR1, NO can negatively regulate the 

signalling of ABA and SA, respectively, by enhancing their homo-oligomerisation  (León & 

Costa-Broseta, 2020). Additionally, NO can also promote or repress phytohormone 

biosynthesis. Through S-nitrosylation of MAT1, an ET biosynthesis protein, NO prevents the 

formation of SAM, an ET precursor (Mur et al., 2013). This lack of ET accumulation represses 

EIN3 signalling, which can inhibit ICS1 transcription (Mur et al., 2013). Jasmonate production 

is positively regulated through NO-driven upregulating the expression of LOX3, and 

OPR1/2/3. However, NO can then also inhibit the activity of AOC over time, perhaps through 

S-nitrosylation (Mur et al., 2013). Lastly, by inducing the expression of ACS, NO promotes ET 

production, and also represses it through MAT1 S-nitrosylation (Mur et al., 2013). 

  



32 
Chapter 3: Materials and Methods 

Chapter 3: Materials and Methods 

 

3.1. Methodology Flow Chart 

The flowchart illustrates the work performed to address the specific objectives of the 

research project, in a time course experiment manner. Tissue culture maintenance of T200 

and TME3, coupled with nodal micro-propagation and SACMV infection trials, ensured that 

SACMV-infected plants and mock-infected plants could be generated for downstream 

applications, such as viral load determination, gene expression studies of SACMV and 

cassava genes, and the quantification of hormones across 67 days post-infection (dpi).  

 

Figure 10: Workflow outlining the approach of the research 

For viral load determination, gene expression studies, and the quantification of plant 

hormones, there were three biological replicates with three technical replicates per 

biological, as denoted by the asterisk (*). 
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3.2. Reagents and Materials 

Reagents and materials for nucleic acid (DNA and RNA) extractions were sourced 

from Sigma-Aldrich (Burlington, Massachusetts, United States), Honeywell (Offenbach, 

Germany) Sisco Research Laboratories Pvt. Ltd. (SRL Chem) (Maharashtra, India), Merck 

(Darmstadt, Germany), and Bio-Rad Laboratories (Hercules, California, United States). 

Reagents and materials for plant tissue culture maintenance and propagation were sourced 

from Sigma-Aldrich (Burlington, Massachusetts, United States), Duchefa Biochemie 

(Haarlem, The Netherlands), Merck (Darmstadt, Germany), and Jiffy Products International 

B.V (Zwijindrecht, The Netherlands). Reagents for complementary DNA (cDNA) synthesis 

were sourced from New England Biolabs (Ipswich, Massachusetts, USA) and Thermo Fisher 

Scientific (Waltham, Massachusetts, United States). Reagents for polymerase chain reaction 

(PCR) and reverse transcription quantitative PCR (RT-qPCR) were sourced from Thermo 

Fisher Scientific (Waltham, Massachusetts, United States) and New England Biolabs (Ipswich, 

Massachusetts, USA). Lastly, reagents for plant hormone extraction and quantification were 

sourced from Sigma-Aldrich (Burlington, Massachusetts, United States), Romil Pure 

Chemistry (Cambridge, United Kingdom),  and Merck (Darmstadt, Germany). 

 

3.3. Agrobacterium tumefaciens C58C1 infectious clone stocks 

Infection of cassava with SACMV was achieved using Agrobacterium tumefaciens 

C58C1 clones that harbour pBIN19 head-to-tail clones of the SACMV DNA-A component and 

the SACMV DNA-B component (Berrie et al. 2001). Prior to commencement of SACMV 

infection trials in cassava, existing stocks of infectious clones were assessed via colony 

Polymerase Chain Reaction to isolate and proliferate clones containing either pBIN19-

SACMV-DNA-A (pBINSA-A) or pBIN19-SACMV-DNA-B (pBINSA-B), as well as clones containing 

the empty pBIN19 vector (Agl-1). Agl-1 clones were used for mock-infections, which serve as 

a control for either genotype. 

For detection of pBINSA-A, the core coat protein gene, AV1, was targeted, whereas in the 

case of pBINSA-B, the cell-to-cell movement protein gene, BC1, was targeted. The PCR 

primer sequences are listed below:  
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Table 1: Gene specific polymerase chain reaction primer sequences for targeted genes 

Gene 
Accession 

Number 
Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

Annealing 

temperature 

Product 

size 

(bp) 

AV1 NC_003803 GCACAAACAAGCGTCGARP CTGCCAGTATGCTTAACGTCA 63.8°C 550 

BC1 NC_003804 CGAGCAGTTGGAGTGGGATT ACATCAACAGCAAACGCACC 58.1°C 538 

 

The PCR reactions were set up as follows, using reagents from Thermo Fisher Scientific: 

Table 2: Components of a single colony polymerase chain reaction reaction  

Component Volume in 25 μL reaction Final concentration 

10X DreamTaq Green Buffer 2.5 μL 1X 

10 mM dNTP Mix 0.5 μL 0.2 mM 

10 μM Forward Primer 1.25 μL 0.5 μM 

10 μM Reverse Primer 1.25 μL 0.5 μM 

DreamTaq DNA Polymerase 0.25 μL 1.25 U 

Nuclease-free water 18.25 μL - 

Bacterial aliquot 1 μL - 

 

The cycling conditions, carried out on the Bio-Rad T100TM Thermal Cycler, were as follows: 

Table 3: Cycling conditions for the polymerase chain reaction 

Step Temperature Time Cycle(s) 

Initial denaturation / 

DreamTaq activation 
95°C 3 min 1 

Denaturation 95°C 30 sec 

35 Annealing  
AV1:      58.8°C 

30 sec 
BC1:     53.1°C 

Extension 72°C 1 min 

Final extension 72°C 15 min 1 
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Agarose gel electrophoresis was performed with a 3% agarose gel prepared with 1X Tris-

Acetate-EDTA (TAE) buffer working solution and 0.2 μg/mL Ethidium Bromide (SRL Chem). 

The working solution was prepared using 50X TAE Buffer (Bio-Rad Laboratories), by mixing 

20 mL 50X TAE in 1:20 (v/v) with dH2O up to 1 L. The molecular weight marker used was the 

E-GelTM 1 Kb Plus DNA Ladder (Thermo Fisher Scientific). The electrophoresis was run at 

100V for 90 min, prior to the gel being visualised using a Bio-Rad ChemiDocTM Imaging 

System. Following identification of reliable SACMV DNA-containing Agrobacterium clones 

and Agl-1 clones, 1 mL glycerol stocks of pBINSA-A, pBINSA-B, and Agl-1 clones were 

separately prepared with 50% glycerol in 1:1 (v/v) and stored at -80°C. 

 

3.4. Plant tissue culture maintenance and propagation 

In vitro germplasm maintenance of the cassava T200 and TME3 genotypes  was 

achieved using tissue culture medium, as developed by Murashige and Skoog (MS) 

(Murashige & Skoog, 1962). Nodal cuttings, of two nodes per cut, were propagated onto 

MS20 plant growth medium, consisting of 4.4 g/L MS Basal Medium (Sigma-Aldrich), 20 g/L 

Sucrose (Sigma-Aldrich), 2 μM CuSO4 (Copper (II) Sulphate) (Merck), and 7.8 g/L plant agar 

(Duchefa Biochemie), at pH 5.8. Incubation conditions for the nodal cuttings were 25°C 

under a light intensity of 150 μEm-2.sec-1 during a 16-hour (h) photoperiod, followed by 8 h 

of darkness. Progression of development from nodal cuttings into plantlets was monitored 

across 6-8 weeks, and once fully developed plants were attained in vitro, nodal cutting 

propagation onto fresh mediums would be undertaken again. Through this approach, 

bulking up of germplasm was achieved.  

 

3.5. In vivo generation of plant tissue culture  

Nodal cuttings, of one node per cut, were propagated onto petri dish-contained 

MS20 plant growth medium, consisting of 4.4 g/L MS Basal Medium, 20 g/L Sucrose, 2 μM 

CuSO4, and 6.8 g/L plant agar, at pH 5.8. Incubation conditions were similar to those for 

tissue culture maintenance, coupled with 4-5 weeks of monitoring. Once substantial root 

density had developed, the plantlets were transferred onto Jiffy® 7C Starter Pellets (Jiffy 

Products International B.V) and placed into deep plastic trays, which were covered with cling 
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wrap film to maintain humidity. The plantlets were incubated in a walk-in growth chamber at 

28°C under a light intensity of 150 μEm-2.sec-1 during a 16-h photoperiod, followed by 8 h of 

darkness. Over the course of 4 weeks, the developing plantlets would be gradually 

acclimatised to the growth chamber, through cutting of holes into cling wrap film, until 

plants had developed to the 4-6 leaf stage.  

 

3.6. Cassava T200 and TME3 infection trials 

 

3.6.1. Preparation of infectious clones 

Yeast Extract Peptone (YEP) media was prepared, consisting of 10 g/L Yeast Extract 

(Sigma), 5 g/L NaCl (Sodium Chloride) (SRL Chem), and 10 g/L Tryptone (SRL Chem), at pH 

7.2 ((Chilton et al., 1974)). Starter cultures of pBINSA-A, pBINSA-B, and Agl-1 Agrobacterium 

clones were prepared in 5 mL YEP media, in 1:10 (v/v), using glycerol stocks. For selectivity, 

100 μg/μL of kanamycin (Kan) (Sigma) and 10 μg/μL of carbenicillin (Carb) (Sigma) were 

added to the pBINSA-A and pBINSA-B cultures, while the Agl-1 culture only contained 10 

μg/μL of carbenicillin. The cultures were incubated overnight at 28°C and 250 rpm. The 

starter cultures were sub-inoculated, in 1:30 (v/v), into 30 mL fresh YEP media (containing 10 

μg/μL of Kan and 10 μg/μL of Carb for both pBINSA-A and pBINSA-B cultures, or 10 μg/μL of 

carb for Agl-1 culture). These cultures were further incubated at 28°C and 250 rpm, with 

monitoring of cell density at 600 nm. Once OD600 of 1.6 was reached, cultures were 

centrifuged at 4200 rpm for 15 min. The resulting pellets were washed once, via 

resuspension in 25 mL autoclaved dH2O and centrifugation at 4200 rpm for 15 min. The 

washed pellets were resuspended in 10 mL YEP media, containing both 50 μg/μL of Kan and 

50 μg/μL of Carb for pBINSA-A and pBINSA-B cultures and 50 μg/μL of Carb only for Agl-1 

culture. The pBINSA-A and pBINSA-B cultures were mixed into a single culture, with this 

mixed culture being incubated alongside the Agl-1 culture at 28°C and 250 rpm for 20 min. 

 

3.6.2. Agroinfection of T200 and TME3 

Cassava T200 and TME3 plants at the 4-6 leaf stage were selected and each was 

pressure-infiltrated along the stem and apex, with either the pBINSA-A/pBINSA-B mixed 
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culture (SACMV-infected plants) or the Agl-1 culture (mock-infected plants). Following 

agroinfection, plants were pooled according to treatment per genotype and placed into 

deep plastic trays, which were covered with cling wrap film to maintain humidity. The 

plantlets were incubated in the walk-in growth chamber at 28°C under a light intensity of 

150 μEm-2.sec-1 during a 16-h photoperiod, followed by 8 h of darkness. The infected plants 

were re-acclimated to the growth chamber by gradually cutting holes into the cling wrap 

until they had fully readjusted. 

 

3.7. Sample harvesting and storage 

Symptom development was monitored over the course of 67 days post-infection (dpi) 

and the first leaves at the apex of each plant were pooled, per treatment per genotype, and 

snap frozen with liquid nitrogen at 12-, 32-, and 67-dpi. These samples were homogenised 

using cell lysis beads and the Qiagen TissueLyser II, at a frequency of 25.0 shakes per second 

(sec) for 60 sec. The powder was weighed out to 100 mg in 2 mL Eppendorf Safe-Lock 

microcentrifuge tubes (Sigma-Aldrich) and stored at -80C for downstream application 

 

3.8. Primer design and optimisation 

 

3.8.1. Primer design for SACMV-specific ORFs 

Primer design for SACMV gene-specific primers was conducted on NCBI Primer Blast 

(Ye et al., 2012). Primer specificity was verified using the NCBI Basic Local Alignment Search 

Tool to blast the primers against both the Manihot esculenta Crantz genome and the A. 

tumefaciens genome, to assess for any potential off-target bindings. The qPCR primer 

sequences are listed below: 
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Table 4: Gene specific qPCR primer sequences for targeted SACMV genes 

Gene  
Accession 

Number 
Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

Product 

size 

(bp) 

AV1 

NC_0038

03 

CAGGCTTGGTGGGAGATT AGCGTAGCATACACTGGATTAG 75 

AV2 AGGTGATGGGGCCTACCATA ACGTGGCGCCTCTTATATCC 91 

AC1 TGGGGCTAGTTCCCGGATTA CAATGACGCTTACGCCAAGG 76 

AC2 GTCGTGGTTGGTGATGTCGA TCGACTGCATCAACCATGGA 120 

AC3 AGAAAAGACCAGTCGGAGGC ACATCAGGAAGGCATTGGGG 84 

AC4 CTTGGCGTAAGCGTCATTGG CCAATGGGGCGAGTTTCAGA 76 

BC1 NC_0038

04 

ATAACCGACCCAGTTGCGTT CAGGCTACCATGCGACTCAA 98 

BV1 CTTTCGTTCCAGAGGGGGTC AACCTAGGCATGCCGTACAC 85 

     

 

3.8.2. Primer design for cassava hormone biosynthesis and response genes 

Primer design for hormone-related genes was conducted on NCBI Primer Blast (Ye et 

al., 2012). Primer specificity was verified using the NCBI Basic Local Alignment Search Tool to 

blast the primers against both the Manihot esculenta Crantz genome and the A. tumefaciens 

genome, to assess for any potential off-target bindings. The qPCR primer sequences are 

listed below: 
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Table 5: Gene specific qPCR primer sequences for selected cassava genes 

Hormone Function Gene Gene Name Manes ID Primers 

Product 

size 

(bp) 

Jasmonic acid 

Biosynthesis 

AOS Allene oxide synthase,  Manes.05G166301 
F AAGAACCCACCATCCACACC 

120 
R CCATCTTCTCAGCCTCGTCA 

AOC1 Allene oxide cyclase 1 Manes.14G098200 
F TGCCCTTCACCAACAAGCTT 

120 
R ATGTAGCCTCGTATCTGTCGC 

Response 

OPR3 12-oxophytodienoate reductase 3 Manes.18G120601 
F CTTTGGGACTTCACATGGCTG 

120 
R TGGGCTGAAGACTCTCTGGA 

JAR1 Jasmonic acid-amido synthetase Manes.01G248400 
F CCGCAGTCCACACTACAAAA 

120 
R AACCCGCATAAGAGATGGCA 

JMT Jasmonic acid carboxyl methyltransferase Manes.05G156400 
F GCGGCCGTATGGTATTGTCA 

89 
R TTTTGCAAGCAGCTCCCACT 

Ethylene 
Biosynthesis 

ACS4 
1-Aminocyclopropane-1-carboxylate 

synthase 4-related 
Manes.12G118500 

F CACGTGCAACACTCATGGC  
120 

R TTCTCAGCGAGACCCATCTG 

ACO10 
1-Aminocyclopropane-1-carboxylate 

oxidase homolog 10-related 
Manes.15G037800 

F TGCTATCACAGGCTTTGGGG 
119 

R GCCCATGGTGAACTCTGGTT 

Response ERF1 Ethylene-responsive transcription factor 1 Manes.13G033200 F ACGCCGCCGAGATTAGAGA 120 
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R TCGAACCCCGCATGGAAAAT 

ETR1 Ethylene receptor (ETR1, ERS2-related) Manes.09G149700 
F AAGCCAGATTCAGCACTTGG 

120 
R TAGTTCAGGTGTGCCTCCCT 

EIN3 
Ethylene-insensitive protein 3-like 4 

protein-related 
Manes.13G092960 

F CGGCTCGTTACGCAATCAAA 
118 

R TGAGGCATTTCTGCGTGAGT 

ERF096 
Ethylene-responsive transcription factor 

096 
Manes.13G033000 

F TAGAGGTGTAAGACGGCGGC 
86 

R TCCCCAGCCATATCCTAGCTC 

Abscisic acid 

Biosynthesis 

NCED 9-cis-epoxycarotenoid dioxygenase Manes.13G114801 
F TATGGCCTTGGATGCTGTGG 

81 
R ACAGCTGGGTCAGCAGTTTT 

AAO3 Abscisic-aldehyde oxidase Manes.04G051100 
F GGCCCCTTGGAAATGCTTTG 

120 
R TGCCAAAACCACCAAAAGCC 

Response PYR1 Pyrabactin resistance-like 1-related Manes.17G013400 
F CTGCCACCAGTACAGAGAGG 

120 
R AGCCATGCACAGTGGTTACC 

Salicylic acid 

Biosynthesis 

ICS1 Isochorismate synthase 1 Manes.14G075200 
F AAGCCGAAGAAAGGACGACG 

117 
R TGCCTAAAGGTAACCGCAGA 

EPS1 Enhanced Pseudomonas Susceptibility 1 Manes.13G121400 
F GCCTCCATTGCCTGAAGAGT 

103 
R CAAAGCAGCGAAGCCTAACC 

Response 
PR7f5 Pathogenesis-related protein 7f5  (Malichan et al., 

2023) 

F CAGTCCCCAAGAAATGGAGA 
145 

R TCCTGAACGGTGTTTGATGA 

PR9e Pathogenesis-related protein 9  F GGAGGCCATGCTTACTGATC 144 
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R CTCCATAGTAGGAGTAGTGTC 

MeHSP 

90.9 
Heat shock protein 90.9 

F CGCTATATATGCTCCGCAAA 
151 

R TGAGATGAGAGATAAAAGGCACA 

MeSRS

1 
SHI-related sequence 1 

F CCACCAACTGAAATCCCACA 
317 

R CTCCTGCAACAAGTCCTACACC 

MeHsf8 Heat Shock Factor 8 
F TGAAGAAAATTCATAGACGGAAGC 

63 
R CGTGGATATTTTCATTTTGCAC 

MeSYP 

121 

Syntaxin-related Protein 1/  Syntaxin of 

Plants 121 

F ATCCAGATGTCAGAGATGCC 
244 

R GAGCCTCCAAACGAACCTTA 

Auxin Response ARF19 Auxin Response Factor 19 Manes.03G043900 
F TTCCCACCCATGCTTCCTTC 

101 
R CTTGGTACAGACAGGCCAGG 

Cytokinins Response ARR15 
Two-component Arabidopsis Response 

Factor 15 
Manes.14G071300 

F TCTCAGTTGCCTTCTTCCGAT 
72 

R GTACAAGGTGGATGTTTGTGTCG 

Brassinosteroids 

Biosynthesis BRD1 Brassinosteroid C-6 Oxidase Manes.02G093100 
F TTGGGGAGCCAACAATAGTCT 

93 
R TTCTCGGGTAGCTGCATTCAAA 

Response BAK1 
Brassinosteroid Insensitive 1 (BIN1/BRI1)-

Associated Kinase 1 
Manes. 04G061700 

F TCAAGAATCGCAACCCCCAC 
81 

R TGCAAATAAGCCAGACCTCGT 
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3.8.3. Primer efficiency 

DNA extraction was performed following a modified CTAB/Chloroform-Isoamyl 

Alcohol DNA Extraction Protocol (Doyle & Dickson, 1987; Doyle & Doyle, 1987; Cullings, 

1992). The CTAB buffer consisted of 100 mM Tris(hydroxymethyl)-aminomethane (Tris)-HCl 

(pH 8.0), 1.4 M sodium chloride (NaCl), 20 g/L hexadecyltrimethylammonium bromide 

(CTAB), 20 mM Ethylenediaminetetraacetic Acid (EDTA) (pH 8.0) in 1L of distilled dH2O. Prior 

to extraction, the CTAB buffer was supplemented with 2-mercaptoethanol at a concentration 

of 0.2% (v/v) and Polyvinylpyrolidone Av. Mol. Wt. 40,000 (PVP-40) at a concentration of 2% 

(v/v). Crushed leaf samples (100 mg) were resuspended in preheated (65°C) 1 mL CTAB 

extraction buffer in  1:10 (w/v) and briefly vortexed. The resulting mixture was incubated for 

60 minutes (min) at 65°C, with inversion every 15 min. Following incubation, equal volume 

of chloroform: isoamyl alcohol (24:1) (Sigma Aldrich) was added to each sample, followed by 

brief vortexing and centrifugation for 10 min at 13 000xg and 4°C. The resulting aqueous 

phase was transferred to a new microcentrifuge tube and mixed with an equal volume of 

chloroform: isoamyl alcohol (24:1), followed by vortexing and centrifugation for 10 min at 

13 000xg and 4°C. This was repeated once more. The resulting aqueous phase was 

transferred into a new microcentrifuge tube, followed by the addition of 0.08 volumes of 7.5 

M ammonium acetate and 0.54 volumes of cold 2-propanol (Honeywell) to precipitate the 

DNA. The solution was vortexed and incubated at -20°C for 60 min, followed by 

centrifugation for 10 min at 13 000xg and 4°C. The resulting supernatant was discarded, 

followed by centrifugation of the pellet with cold 70% molecular grade ethanol at 13 000xg 

and 4°C. This wash step was repeated. The resulting pellet was vacuum dried for 5 min in an 

Eppendorf Concentrator Plus and resuspended with 50 μL pre-heated (65°C) nuclease-free 

water. All DNA samples were stored at -20°C. 

 

Agarose gel electrophoresis was performed with a 1% agarose gel prepared with 1X TAE 

buffer working solution and 0.2 μg/mL ethidium bromide, to assess overall DNA quality. The 

DNA samples, from infected T200 at 32 dpi,  were prepared for electrophoresis by mixing 

with 6X Purple Gel Loading Dye (New England Biolabs) in 1:6 (v/v) prior to loading on the 

agarose gel. The molecular weight marker was the E-GelTM 1 Kb Plus DNA Ladder (Thermo 

Fisher Scientific). The electrophoresis was run at 100V for 90 min, prior to the gel being 
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visualised using a Bio-Rad ChemiDocTM Imaging System. To assess DNA purity and 

concentration, the NanoDrop One (Thermo Fisher Scientific) system was used. Samples with 

260/280 ratios greater than 1.8 and 260/230 ratios greater than 2.0 were selected. The 

260/280 ratio assesses samples for protein contamination whilst the 260/230 assesses 

samples for phenol or salt contamination, with these contaminants acting as possible 

interference in downstream applications. 

 

Selected DNA samples were used for the preparation of triplicate dilution series, with each 

replicate having concentrations of 500 ng/uL, 50 ng/uL, 5 ng/uL, 0.5 ng/uL, 0.05 ng/uL, and 

0.005 ng/μL in its series. Real Time quantitative PCR reactions with each primer pair were 

prepared in triplicate, per the dilution series.  

 

The RT-qPCR reactions were set up as follows, using reagents from New England Biolabs: 

Table 6: Components of a single qPCR reaction 

Component Volume in 10 μL reaction Final concentration 

2X Luna® Universal qPCR Master Mix 5 μL 1X 

10 μM Forward Primer 0.25 μL 0.25 μM 

10 μM Reverse Primer 0.25 μL 0.25 μM 

Nuclease-free water 3.5 μL - 

 

The cycling conditions, carried out on the Bio-Rad C1000 TouchTM Thermal Cycler, were as 

follows: 

Table 7: Cycling conditions for the qPCR 

Step Temperature Time Cycle 

Initial denaturation  95°C 60 sec 1 

Denaturation 95°C 30 sec 
40 (39X) 

Extension (Plate Read) 72°C 60 sec 

Melt Curve 60-95°C - 1 
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Melt curve analysis was performed using the Bio-Rad CFX Maestro software. The 

Quantification Cq data was analysed in Microsoft Excel, with the graphing of Log 

Concentration vs Cq standard curves used to determine the equations of the standard 

curves per the data of each primer pair. The gradient values of each standard curve were 

used in the PCR efficiency formula: 

𝑃𝑟𝑖𝑚𝑒𝑟 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (10
(−

1
𝑠𝑙𝑜𝑝𝑒

)
− 1) × 100 

Primer pairs with an efficiency value between 90 and 110% (1.9 and 2.1) were selected. 

 

3.9. Detection (conventional) PCR of SACMV-infected cassava 

Following DNA extraction from mock-infected and SACMV-infected cassava T200 and 

TME3 at 32- dpi, convention PCR was performed, targeting the AV1 gene (DNA-A) and the 

BV1 gene (DNA-B). Primer details and cycling conditions detailed in Section 2.3. 

Subsequently, agarose electrophoresis was performed on a 3% agarose gel prepared with 1X 

TAE buffer working solution and 0.2 μg/mL ethidium bromide at 100V for 60 min. The 

molecular weight marker was the E-GelTM 1 Kb Plus DNA Ladder. The electrophoresis was run 

at 100V for 60 min, prior to the gel being visualised using a Bio-Rad ChemiDocTM Imaging 

System. 

 

3.10. Viral load determination 

Using both the standard curve data for the AV1 qPCR primers and guidelines from 

the Bio-Rad Real-Time PCR Applications Guide, the equation for absolute quantification of 

SACMV copies was determined. Using the Absolute Quantification equation below:  

𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦 = 10
(

𝐶𝑡−𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

)
 

The equation for viral load quantification in infected T200 and TME3 was determined to be: 

𝑆𝐴𝐶𝑀𝑉 𝑣𝑖𝑟𝑎𝑙 𝑙𝑜𝑎𝑑 = 10
(

𝐶𝑡−34,258
−3,5107

)
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Following DNA extraction from the T200 and TME3 samples harvested from the SACMV 

infection trials, dilutions of 100 ng/μL were prepared. The AV1 qPCR primers were used for 

quantification of viral load in SACMV-infected T200 and TME3 at 32- and 67-dpi from three 

biological replicates, with three technical replicates per biological. 

The RT-qPCR reactions were set up as follows, using reagents from New England Biolabs: 

Table 8: Components of a single qPCR reaction 

Component Volume in 10 μL reaction Final concentration 

2X Luna® Universal qPCR Master 

Mix 

5 μL 1X 

10 μM Forward Primer 0.25 μL 0.25 μM 

10 μM Reverse Primer 0.25 μL 0.25 μM 

Nuclease-free water 3.5 μL - 

 

The cycling conditions, carried out on the Bio-Rad C1000 TouchTM Thermal Cycler, were as 

follows: 

Table 9: Cycling conditions for the qPCR 

Step Temperature Time Cycle 

Initial denaturation  95°C 60 sec 1 

Denaturation 95°C 30 sec 
40 (39X) 

Extension (Plate Read) 72°C 60 sec 

Melt Curve 60-95°C - 1 

 

The Quantification Cq data was analysed in Microsoft Excel, with the SACMV load equation 

being used to determine viral load in 100 ng/μL of extracted DNA per treatment per 

genotype of cassava. 
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3.11. cDNA synthesis 

 

3.11.1. RNA extraction 

RNA extraction was performed following a modified Lithium Chloride/Phenol-

Chloroform-Isoamyl Alcohol DNA Extraction Protocol ((Behnam et al., 2019)). The RNA 

extraction buffer consisted of 100 mM Tris-HCI (pH 7.5), 100 mM NaCl, 1% (w/v) Sodium 

Dodecyl Sulphate (SDS) (Merck), 25 mM EDTA (pH 8.0), and 2% (w/v) PVP-40, 2% (v/v) 2-

mercaptoethanol per 1L of autoclaved dH2O treated with 0.1% (v/v) Diethyl pyrocarbonate 

(DEPC) (SRL Chem). This buffer was freshly prepared each time. Crushed leaf samples  (100 

mg) were resuspended in 1:7 (w/v) of RNA extraction buffer and briefly vortexed prior to 

incubation at 65°C for 60 sec. This was followed by incubation at room temperature for 60 

sec, and the addition of an equal volume of chloroform. The mixture was briefly vortexed 

and then centrifuged at 15 000xg for 20 min at 4°C. The resulting aqueous phase was 

transferred to a new microcentrifuge tube and an equal volume of chloroform was added, 

with the mixture being inverted by hand briefly before undergoing centrifugation at 15 

000xg for 20 min at 4°C. This was repeated once more. The resulting aqueous phase was 

transferred into a new microcentrifuge tube and 0.33 volumes of 8M Lithium Chloride (LiCl, 

prepared with 0.1% DEPC-treated water) were added and the solutions were incubated 

overnight at 4°C. 

 

The solutions were centrifuged at 15 000xg for 10 min at 4°C, with the supernatants being 

discarded and the pellets being resuspended in 500 μL 0.1% DEPC-treated water. Acidic 

phenol (pH 4.3) was used to prepare phenol: chloroform: isoamyl alcohol (25:24:1) and this 

was mixed in equal volumes with the resuspended pellets. The resulting mixture was briefly 

vortexed, and the resulting emulsion was centrifuged at 15 000xg for 10 min at 4°C. The 

resulting aqueous phase was transferred to a new microcentrifuge tube and an equal 

volume of chloroform: isoamyl alcohol (24:1) was added, with the solution being centrifuged 

at 15 000xg for 10 min at 4°C. The aqueous phase was transferred to a new microcentrifuge 

tube and 0.25 volumes of 5M NaCl and 2.5 volumes of cold absolute ethanol were added, 

with the solutions being incubated for 30 min at -80°C. The solutions were then centrifuged 

at 15 000xg for 10 min at 4°C, with the supernatants being discarded. The pellets were 
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washed with cold 70% molecular grade ethanol at 15 000xg for 10 min at 4°C, with the 

supernatants being discarded thereafter. The pellets were air dried for 10 min at room 

temperature and then resuspended in 30 μL 0.1% DEPC-treated water. All RNA samples were 

stored at -80°C. 

 

Agarose gel electrophoresis was performed with a 2% agarose gel prepared with 1X Tris-

Borate-EDTA (TBE) buffer working solution and 0.2 μg/mL ethidium bromide, to assess 

overall RNA quality. The working solution was prepared using 10X TBE Buffer (Bio-Rad 

Laboratories), by mixing 100 mL 10X TBE in 1:10 (v/v) with dH2O up to 1 L. The RNA samples 

were prepared for electrophoresis by mixing with 2X RNA Loading Dye (New England 

Biolabs) in 1:1 (v/v) and heating at 70°C for 10 min to denature the RNA, followed by 

incubation on ice for 2 min. The molecular weight marker, RiboRuler High Range RNA Ladder 

(Thermo Fisher Scientific), was prepared in a similar manner to a volume of 4 μL. The 

electrophoresis was run at 100V for 45 min, prior to the gel being visualised using a Bio-Rad 

ChemiDocTM Imaging System. To assess RNA purity and concentration, the NanoDrop One 

system was used. Samples with 260/280 ratios greater than 1.8 and 260/230 ratios greater 

than 2.0 were selected.  

 

3.11.2. Deoxyribonuclease (DNase) treatment 

DNase treatment was performed using ribonuclease-free (RNase-free) DNase I (New 

England Biolabs). Briefly, 1000 ng of RNA was added to 1 μL DNase I reaction buffer (10X), 

0.5 μL DNase I, and the volume was made up to 10 μL with DEPC-treated water. The reaction 

was incubated at 37°C for 10 min, followed by DNase I inactivation through the addition of 1 

μL of 50 mM EDTA and subsequent incubation at 75°C for 10 min. 

 

3.11.3. First Strand synthesis  

First Strand synthesis was carried out using the RevertAid cDNA Synthesis Kit 

(Thermo Fisher Scientific). The reactions were set up as follows, in order of components: 
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Table 10: Components of a single DNAse treatment reaction 

Component Volume in 20 μL reaction 

DNase-treated RNA 11 μL 

Oligo (dT)18 primer 1 μL 

5X Reaction Buffer 4 μL 

RiboLock RNase Inhibitor (20 U/μL) 1 μL 

10 mM dNTP Mix 2 μL 

RevertAid M-MuLV RT (200 U/μL) 1 μL 

 

The reactions were incubated at 42°C for 10 min, followed by denaturation of the RevertAid 

M-MuLV RT at 72°C for 5 min. All cDNA samples were stored at -20°C. 

 

3.12. Gene expression studies 

The expression of SACMV genes, namely, AV1, AV2, AC1, AC2, AC3, AC4, BC1, and 

BV1, was assessed across 12-, 32-, and 67-dpi in mock-infected and SACMV-infected T200 

and TME3. Additionally, the expression of host hormone biosynthesis and response genes 

related to JA, ET, ABA, SA, Aux, CK, and BR was also assessed across 12-, 32-, and 67-dpi in 

mock-infected and SACMV-infected T200 and TME3. RT-qPCR was performed using cDNA 

prepared from samples harvested from the two cassava genotypes, per treatment. Two 

housekeeping genes, GTP-binding protein (GTPb) and Ubiquitin 10 (UBQ10), were used as 

internal controls for the gene expression studies. 

 

Table 11: Gene specific PCR primer sequences for selected housekeeping genes 

Gene 

name 

Accession 

Number 
Forward Primer (5’ – 3’) Reverse Primer (5’ – 3’) 

Product 

size (bp) 

GTPb 110622574 GTTGCCTTCTTTTGCGTTTCT GCAATTTGATCCGTTTTCCAT 114 

UBQ10 110619528 GGTCGGACGCTAGCAGATTA TCCGAGCTTTCGACTTCCAG 134 
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The RT-qPCR reactions were set up as follows, using reagents from New England Biolabs, 

with three biological replicates (three technical replicates per biological) for each SACMV 

gene: 

 

Table 12: Components of a single qPCR reaction 

Component Volume in 10 μL reaction Final concentration 

2X Luna® Universal qPCR Master 

Mix 

5 μL 1X 

10 μM Forward Primer 0.25 μL 0.25 μM 

10 μM Reverse Primer 0.25 μL 0.25 μM 

Nuclease-free water 3.5 μL - 

 

The cycling conditions, carried out on the Bio-Rad C1000 TouchTM Thermal Cycler, were as 

follows: 

Table 13: Cycling conditions for the qPCR 

Step Temperature Time Cycle 

Initial denaturation  95°C 60 sec 1 

Denaturation 95°C 30 sec 
40 (39X) 

Extension (Plate Read) 72°C 60 sec 

Melt Curve 60-95°C - 1 

 

The Quantification Cq data was analysed in Microsoft Excel and changes in gene expression 

were determined using the 2-∆∆Ct method. Two-tailed paired student t-tests were performed 

per gene to assess significant differences in gene expression between SACMV-infected T200 

and  SACMV-infected TME3. A p-value < 0.05 was considered significant. 
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3.13. Quantification of cassava phytohormones during infection by SACMV 

 

3.13.1. Validation of hormone extraction protocol 

In all the work involving hormone extractions, ROMIL-SpSTM Super Purity Methanol 

215 (Romil Pure Chemistry) and Supelco LiChrosolv Water for Chromatography (LC-MS 

Grade) (Merck) were used. Authentic standards of salicylic acid (SA), jasmonic acid (JA), 

abscisic acid (ABA), and the ethylene precursor 1-aminocyclopropane-1-carboxylic acid 

(ACC), as well as the internal standard p-fluoro-DL-phenylalanine (P-fluoro) were sourced 

from Sigma-Aldrich. 

 

The standards were used to prepare stock solutions of 1000 parts per million (ppm), each in 

1mL 50% Methanol (MeOH). From the 1000 ppm stock solutions, dilution series were 

prepared in triplicate at nine levels of dilution: 1000 parts per billion (ppb), 250 ppb, 100 

ppb, 75 ppb, 50 ppb, 20 ppb, 10 ppb, 5 ppb, and 1 ppb. Each dilution was filtered into 

chromatography vials using 0.22 μm nylon syringe filters and injected, in triplicates of 2μL, 

into the Shimadzu Nexera 30AD for reverse phase chromatography via a Shimadzu SHIM-

PACK C18, 100 X 2.1 mm,  2μ particle size column. The mobile phase was MeOH:H2O with 

0.1% formic acid. This was coupled with the Shimadzu MALDI-8030 for electrospray 

ionization (ESI). Following UHPLC-MS, the processed data was analysed in Microsoft Excel, 

with the graphing of a Concentration (ppb) vs Average Peak Area used to determine the 

Pearson correlation coefficients (R2) of the generated standard curves, per each standard.  

 

3.13.2. Percentage Recovery study 

Percentage recovery work was undertaken to determine the degree to which the 

targeted hormones could be recovered by the extraction protocol and subsequently reliably 

quantified. Mock-infected and SACMV-infected T200 were used for the recovery study. A mix 

of authentic standards (SA, JA, ABA, ACC and P-fluoro) was prepared using 80% methanol, 

with each standard having a concentration of 50 ppb, whereas a standalone solution of the 

internal standard (P-fluoro) was also prepared to a concentration of 50 ppb. Three replicates 

of the hormone mix underwent the extraction protocol, alongside three replicates each of 
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mock- and SACMV-infected T200 samples (100 mg) resuspended in cold 80% MeOH (either 

the authentic standard mix or the internal standard) in 1:10 (w/v). In addition to these, three 

replicates each of authentic standards mix and the internal standard were also prepared but 

did not undergo the extraction procedure, to serve as controls. These groups of extracted 

and unextracted samples were the basis of the recovery study. 

 

Briefly, each sample underwent probe sonication with the QSonica Ultrasonic Q500 

Sonicator on ice at 230 V, 60 Hz, and a frequency of 20 kHz  for 2 min (30 sec pulses at 30 sec 

intervals, Total time = 3.5 min). The resulting homogenate was centrifuged at 13 000x g for 

15 min at 4°C, with the supernatant being transferred to 5 mL Graduated Centrifuge Tubes 

and undergoing water bath sonication to break down any remaining particulate matter. The 

extracts were filtered through 0.22 um nylon syringe filters into chromatography vials and 

stored at 4°C until UHPLC-MS was performed. 

 

The extracts were injected, in triplicates of 2μL, into the Shimadzu Nexera 30AD for reverse 

phase chromatography via a Shimadzu SHIM-PACK C18, 100 X 2.1 mm,  2μ particle size 

column. The mobile phase was MeOH:H2O with 0.1% formic acid. This was coupled with the 

Shimadzu MALDI-8030 for electrospray ionization (ESI). Following UHPLC-MS, the processed 

data was analysed in Microsoft Excel, with average peaks per hormone per 

extracted/unextracted group being determined. By assessing the loss of p-fluoro-DL-

phenylalanine across the groups, the percentage loss of the internal standard was used to 

accordingly adjust the percentage recoveries of SA, JA, ET, and ABA. 

 

3.13.3. Hormone extraction and quantification 

Hormone extraction was performed on 12-, 32-, and 67-dpi samples harvested from 

mock-, and SACMV-infected T200 and TME3, with three biological replicates and three 

technical replicates -per biological. Each 100 mg of crushed tissue was resuspended in 80% 

MeOH at 1:10 (w/v) and vortexed for uniformity. Each sample underwent probe sonication 

with the QSonica Ultrasonic Q500 Sonicator on ice at 230 V, 60 Hz, and a frequency of 20 
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kHz  for 2 min (30 sec pulses at 30 sec intervals, Total time = 3.5 min). Following sonication, 

samples were centrifuged at 13 000x g for 15 min at 4°C, with the extracts being transferred 

to 5 mL Graduated Centrifuge Tubes and undergoing water bath sonication. The extracts 

were then pressed through 0.22 um nylon syringe filters into chromatography vials and 

stored at 4°C until UHPLC-MS was performed. 

 

The extracts were injected, in triplicates of 3μL, into the Shimadzu Nexera 30AD for reverse 

phase chromatography via a Shimadzu SHIM-PACK C18, 100 X 2.1 mm,  2μ particle size 

column. The mobile phase was MeOH:H2O with 0.1% formic acid. This was coupled with the 

Shimadzu MALDI-8030 for electrospray ionization (ESI). Following UHPLC-MS, the processed 

data was analysed in Microsoft Excel. Using the standard curves for each hormone, the area 

peaks generated from the MS analysis were used to determine the concentration of each 

hormone per treatment per cassava genotype. Following this, the volume injected into the 

system was used to determine the concentration of hormone per 100 mg of cassava leaf 

sample. For statistical analysis, one-way ANOVA was used and a p-value < 0.05 was 

considered significant. 
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Chapter 4: Results 

 

4.1. Quality control 

 

4.1.1. Confirmation of A. tumefaciens C58C1 clones harbouring either pBIN19-SACMV-

DNA-A, pBIN19-SACMV-DNA-B, or empty pBIN19 vector 

To confirm that the Agrobacterium clones that were to be used to infectivity trials 

contained the pBIN19-SACMV-DNA-A, pBIN19-SACMV-DNA-B, or empty pBIN19 vector, 

conventional PCR was performed, targeting the SACMV DNA-A encoded AV1 gene (550 bp) 

and the SACMV DNA-B encoded BC1 (538 bp). Additionally, qPCR-specific primers were also 

used to target AC2 (120 bp), AC4 (76 bp), BC1 (98 bp), and BV1 (85bp). The pBIN19-SACMV-

DNA-A clone only showed amplification of DNA-A specific genes (AV1, qAV1, and qAC2) 

(Figure 10), and the DNA-B specific clones only showed amplification of the DNA-B specific 

genes (BV1, qBC1, and qBV1) (Figure 10), whereas the Agl-1clone did not show any 

amplification of SACMV genes, due to the empty pBIN19 vector (Figure 10). 

 

 

Figure 11: Agarose gel, of 3% (w/v), showing PCR products from Colony PCR of A. 

tumefaciens C58C1 clones 

Three PRC products each were amplified for the pBIN19-SACMV-DNA-A clones and pBIN19-

SACMV-DNA-B clones, whereas there was no amplification detected with the Agl-1clone.  
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4.1.2. Nucleic acid extractions  

Following DNA and RNA extractions, agarose gel electrophoresis was performed for 

either nucleic acid type to assess the quality of the extractions. Following DNA extraction, 

the results showed intact, high molecular weight DNA but it contained phenol 

contamination (Figure 12A). Phenol-chloroform purification was performed, and another gel 

electrophoresis was conducted, showing a reduction in the contamination (Figure 12B). 

Additionally, most RNA extractions were successful, as 26S, 18S, and 16S ribosomal RNA 

(rRNA) bands were visible on agarose gels. The optimal samples from both the DNA and RNA 

extractions, following Nanodrop assessment of purity and concentration, were selected for 

use downstream. 

 

 

Figure 12: Agarose gels, of 1% (w/v), showing intact DNA extracted from cassava leaves and 

the outcome post-purification 

Successful DNA extractions from cassava leaves that were, however, contaminated with 

phenol (Figure 12B). The result of phenol-chloroform purification of the extracted DNA 

(Figure 12B). The molecular weight marker (MW) was the E-GelTM 1 Kb Plus DNA Ladder 

(Thermo Fisher Scientific) 
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Figure 13: Agarose gels, of 2% (w/v), showing intact RNA extracted from cassava leaves 

Successful RNA extractions from cassava leaves harvested from T200 (Figure 13A) and TME3 

(Figure 13B). The molecular weight marker was the RiboRuler High Range RNA Ladder 

(Thermo Fisher Scientific) 
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4.1.3. Primer efficiency and specificity for SACMV genes 

To assess the specificity of the primers designed to target the SACMV-specific genes, 

qPCR was performed to enable for melt-curve analysis using Bio-Rad CFX Maestro software. 

In addition, agarose gel electrophoresis was conducted to assess the qPCR products from 

each gene-specific run (Figure 14). The melt curve analysis showed that for each gene, there 

was no off-target amplification and that the peaks were all above the threshold. The peaks 

of one technical replicate per gene are shown (Figure 15). 

 

 

Figure 14: Agarose gel, of 3% (w/v), showing qPCR products generated from the 

amplification of South African cassava mosaic virus genes of interest  

Each lane consisted of only one band of expected size for the respective gene. The molecular 

weight marker (MW) was the E-GelTM 1 Kb Plus DNA Ladder (Thermo Fisher Scientific) 
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Figure 15: Melt curve peaks for oligonucleotide pairs used to target the selected South 

African cassava mosaic virus genes 

Melt curve peaks were used to assess the specificity of the oligonucleotide pairs and each 

peak for each gene was above the threshold and thus one peak per gene was used for 

illustration.  
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4.1.4. Primer efficiency and specificity for selected cassava hormone-related genes 

To assess the specificity of the primers designed to target the cassava-specific genes, 

qPCR was performed to enable for melt-curve analysis using Bio-Rad CFX Maestro software. 

In addition, agarose gel electrophoresis was conducted to assess the qPCR products from 

each gene-specific run (Figure 16). The melt curve analysis showed that for each gene, there 

was no off-target amplification and that the peaks were all above the threshold. The peaks 

of one technical replicate per gene are shown (Figure 17, Figure 18, Figure 19). 

 

Figure 16: Agarose gel, of 3% (w/v), showing qPCR products generated from the 

amplification of cassava genes of interest 

Each lane consisted of only one band of expected size for the respective gene. The molecular 

weight marker (MW) was E-GelTM 1 Kb Plus DNA Ladder (Thermo Fisher Scientific) 
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Figure 17: Melt curve peaks for oligonucleotide pairs used to target the selected salicylic 

acid-related genes 

Melt curve peaks were used to assess the specificity of the oligonucleotide pairs and each 

peak for each gene was above the threshold and thus one peak per gene was used for 

illustration. 
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Figure 18: Melt curve peaks for oligonucleotide pairs used to target the selected jasmonic 

acid-, abscisic acid-, and auxin-related genes  

Melt curve peaks were used to assess the specificity of the oligonucleotide pairs and each 

peak for each gene was above the threshold and thus one peak per gene was used for 

illustration. 
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Figure 19: Melt curve peaks for oligonucleotide pairs used to target the selected ethylene-, 

brassinosteroid-, and cytokinin-related genes 

Melt curve peaks were used to assess the specificity of the oligonucleotide pairs and each 

peak for each gene was above the threshold and thus one peak per gene was used for 

illustration. 
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4.2. SACMV infection trials in T200 and TME3 
 

4.2.1. CMD progression and symptom severity in cassava T200 and TME3  

To assess and compare CMD progression and symptom severity in T200 and TME3, 

SACMV-infected T200 and TME3 were observed over the course of 67 days post infection 

(dpi). Initially, both genotypes showed no observable symptoms at 12 dpi, but symptom 

severity progressed over the course of the infection trial (Figure 20). By 32 dpi, both 

genotypes showed leaf curling, leaf deformation, reduction in leaf size, as well as mosaic 

patterning. However, TME3 managed to recover by 67 dpi, as seen by the reduction and/or 

absence of symptoms in the young leaves, whereas T200 remained severely symptomatic. 

 

Figure 20: Symptom development in South African cassava mosaic virus-infected T200 and 

TME3 at 12-, 32-, and 67-dpi 

At 12 dpi, both T200 and TME3 showed no symptom development and appeared healthy. At 

32 dpi, both T200 and TME3 showed symptoms of a similar severity, wherein there was leaf 

curling, leaf deformation, reduction in leaf size, as well as mosaic patterning. At 67 dpi, T200 

still showed the symptoms in its younger leaves, while TME3 no longer showed observable 

severe symptoms.  
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4.2.2. Detection PCR for confirmation of SACMV infection in T200 and TME3 

Prior to downstream work being undertaken, conventional PCR was performed on 

DNA extracted from mock-infected and SACMV-infected T200 and TME3, targeting the AV1 

gene of DNA-A and the BC1 gene of DNA-B in each replicate. In the mock-infected samples 

for either genotype, there was no amplification, indicating that the mock-infected samples 

did not harbour SACMV (Figure 21). In the infected samples, there was amplification of both 

AV1 and BC1, confirming that infections were successful (Figure 21). 

 

 

Figure 21: Agarose gel, of 2% (w/v),  showing PCR products generated from the amplification 

of AV1 and BC1  

DNA replicates for mock T200 and TME3 samples did not show any bands, with bands only 

being present for the infected T200 and TME3 samples. . The molecular weight marker (MW) 

was the E-GelTM 1 Kb Plus DNA Ladder (Thermo Fisher Scientific) 
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4.2.3. Viral load quantification in T200 and TME3  

Given the lack of any detectable symptoms in T200 and TME3 at 12 dpi, both 32 dpi 

and 67 dpi were selected as the timepoints for comparison of viral load in SACMV-infected 

T200 and TME3. While both T200 and TME3 had high accumulation of DNA-A copies during 

the time course study, with the highest levels recorded at 32 dpi for both genotypes, T200 

had significantly higher copies of DNA-A  at both timepoints, relative to TME3 (Figure 22). 

 

 

Figure 22: Quantification of DNA-A viral copies in cassava during South African cassava 

mosaic virus infection 

At 32 dpi, both T200 and TME3 had a high accumulation of viral DNA per 100 ng/μL of 

extracted DNA, with T200 accumulating approximately 160 000 copies of DNA-A and TME3 

accumulated approximately 90 000 copies of DNA-A. At 67 dpi, T200 had approximately 

40 000 copies of DNA-A while TME3 had 10 000 copies. Student’s t-tests were performed for 

statistical analysis and significance was denoted with asterisks: * p-value < 0.05, ** p-value < 

0.01, and *** p-value < 0.001. Error bars represent standard deviation of mean (n=3) 
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4.3. Differential expression of viral ORFs at 12-, 32-, and 67-dpi in SACMV-infected T200 

and TME3  

As CMD consists of three stages, the early stage (12 dpi), active infection stage (32 

dpi) and late stage (67 dpi), the differential expression of the selected SACMV genes (AV1, 

AV2, AC1, AC2, AC3, AC4, BC1, and BV1) was assessed at the three time points in SACMV-

infected T200 and TME3 to determine the role(s) that SACMV pathogenicity determinants 

may be contributing to CMD development. At all the time points, T200 showed significantly 

higher expression of all the selected genes, except for AC4, BC1, and BV1 32 dpi (Figure 23). 

 

Figure 23: Differential expression of South African cassava mosaic virus genes in cassava 

during cassava mosaic disease 
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At 12 dpi, T200 showed significantly higher expression of 5 SACMV genes relative to TME3, 

with there being no significant difference in the expression of AC3, AC4, and BV1. At 32 dpi, 

while T200 showed significantly higher expression of AV1, AV2, AC1, AC2, and AC3, TME3 

showed significantly higher expression of AC4, BC1, and BV1. At 67 dpi, T200 significantly 

higher expression of all genes, except for AV1, which showed no significant difference. 

Student’s t-tests were performed for statistical analysis and significance was denoted with 

asterisks: * p-value < 0.05, ** p-value < 0.01, and *** p-value < 0.001. Error bars represent 

standard deviation of mean (n=3) 

 

4.4. Differential expression of hormone biosynthesis and response  genes at 12-, 32-, 

and 67-dpi in SACMV-infected T200 and TME3  

The differential expression of the selected hormone biosynthesis genes (ET, JA, ABA, 

SA, and BR) and response genes (ET, JA, ABA, SA, Aux, BR and CK) was assessed at the three 

time points in SACMV-infected T200 and TME3 to assess if the expression of these hormone-

related genes contributes to the response of cassava to CMD. Across 12- and 32-dpi, T200 

showed significantly higher expression of its upregulated genes, relative to TME3, which 

showed an attenuated response (Figure 24, Figure 25).  

 

Figure 24: Differential expression of hormone biosynthesis genes in cassava during cassava 

mosaic disease 
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Both T200 and TME3 had significant up- and downregulation of hormone biosynthesis genes 

per genotype per time point. T200 had more biosynthesis genes that were expressed 

significantly higher than in TME3. Student’s t-tests were performed for statistical analysis 

and significance was denoted with asterisks: * p-value < 0.05, ** p-value < 0.01, and *** p-

value < 0.001 for comparison between genotypes (T200 and TME3); * p value < 0.05 for 

comparison between mock and infected treatment within genotypes. Error bars represent 

standard deviation of mean (n=3) 
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Figure 25: Differential expression of hormone response genes in cassava during cassava mosaic disease 

For hormone response genes, both T200 and TME3 had significant up- and downregulation of hormone biosynthesis genes per genotype per 

time point. T200 had more genes that were expressed significantly higher than in TME3. However, the response of TME3 was more attenuated 

and well regulated, compared to T200. Student’s t-tests were performed for statistical analysis and significance was denoted with asterisks: * p-

value < 0.05, ** p-value < 0.01, and *** p-value < 0.001 for comparison between genotypes (T200 and TME3); * p value < 0.05 for comparison 

between mock and infected treatment within genotypes. Error bars represent standard deviation of mean (n=3) 
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4.5. Hormone quantification at 12- and 32-dpi in SACMV-infected T200 and TME3 

 

4.5.1. Quantification of hormone production in T200 and TME3 at 12- and 32-dpi during 

SACMV-infection 

The production ABA, ACC, JA, and SA in both mock-infected and SACMV-infected 

T200 and TME3 was assessed, focusing the early stage (12 dpi) and systemic infection stage 

(32 dpi) of CMD.  

 

Figure 26: Perturbations in hormone biosynthesis in South African cassava mosaic virus-

infected T200 and TME3  

At 12 dpi, Infected TME3 had a significant decrease in ABA but a significant increase in SA 

while infected T200 had a significant decrease in ACC and SA. At 32 dpi, infected TME3 had a 

significant decrease in ABA while infected T200 had a significant decrease in ACC but 

increase in JA. ACC was not detected in TME3 mock at 12 dpi, which may warrant a 

repetition of the experiment. For statistical analysis, one-way ANOVA was used and a p-value 

< 0.05 was considered significant. Significance was denoted with asterisks: * p-value < 0.05, 

** p-value < 0.01, and *** p-value < 0.001 for comparison between the mock and infected 

treatment within the genotype. Error bars represent standard deviation of mean (n=3)  
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4.5.2. Comparison of hormone production in SACMV-infected T200 and SACMV-infected 

TME3 at  12- and 32-dpi  

The production ABA, ACC, JA, and SA was compared between SACMV-infected T200 

and SACMV-infected TME3, assessing 12 dpi and 32 dpi.  

 

 

Figure 27: Hormone production influences the response of cassava to South African cassava 

mosaic virus infection 

At 12 dpi, T200 showed a significant accumulation of ABA while TME3 showed significant 

accumulation of both JA and SA. At 32 dpi, T200 then showed a significant accumulation of 

JA while SA levels in TME3 were still similar to 12 dpi levels and were still significantly 

accumulated, relative to T200. For statistical analysis, one-way ANOVA was used and a p-

value < 0.05 was considered significant. Significance was denoted with asterisks: * p-value < 

0.05, ** p-value < 0.01, and *** p-value < 0.001 for comparison between SACMV-infected 

T200 and SACMV-infected TME3. Error bars represent standard deviation of mean (n=3) 
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Chapter 5: Discussion 

 

Cassava, despite its tolerance for moderate drought conditions, as well as nutrient-deficient 

soil quality (Anikwe & Ikenganyia, 2018; Kawaye & Hutchinson, 2021), is susceptible to 

infection by CMGs. These viruses have, in the past, caused several CMD outbreaks in cassava 

producing regions across Africa and southeast Asia, affecting tuber yields and cassava 

production (Combala et al., 2024; Malichan et al., 2023). South African cassava mosaic virus 

is a bipartite species of CMGs that is one of the causative agents of CMD in South Africa, 

which was first noted in fields in Mpumalanga and Swaziland in the 1980s (Berrie et al., 

1998). As a bipartite begomovirus, the genome of the SACMV consists of two components, 

which encode for multifunctional genes that are involved in viral replication, suppression of 

host defence responses, as well as viral transmission (Briddon et al., 2004; Rey & 

Vanderschuren, 2017). Thus, this study sought to assess the development of CMD in SACMV-

infected CMD-susceptible T200 and CMD-tolerant TME3, determine viral load at key stages 

of CMD development, and relate disease progression and viral load to the expression of 

SACMV genes. Furthermore, phytohormone production was assessed and related to the 

expression of hormone biosynthesis and response genes. 

 

5.1. South African cassava mosaic virus titre influences CMD development in cassava 

and is associated with symptom severity and recovery 

Initially, both T200 and TME3 showed no observable symptoms in the early stage of 

infection, but symptom severity progressed as CMD developed. By 32 dpi, both genotypes 

showed leaf curling, leaf deformation, reduction in leaf size, as well as mosaic patterning 

(Figure 20). However, TME3 managed to recover by 67 dpi, as seen by the reduction and/or 

absence of symptoms in the young leaves, whereas T200 remained severely symptomatic 

(Figure 20). Viral load quantification revealed that at 32 dpi, both T200 and TME3 had high 

SACMV titre (Figure 22). However, relative to TME3, viral load in T200 was two-fold higher 

and this was significant (Figure 22). By 67 dpi, TME3 had recovered from CMD, as seen by 

the lack of notable symptoms in its younger leaves, while T200 still remained severely 

symptomatic (Figure 20). Comparison of viral load at 67 dpi revealed that T200 had a three-



72 
Chapter 5: Discussion 

fold higher number of viral copies, relative to TME3 (Figure 22). Similar observations had 

been previously made by Allie et al. (2014), in that T200 had ten-fold higher levels of SACMV 

DNA compared to TME3 at both 32 dpi and 67 dpi (Allie et al., 2014). However, unlike Allie 

et al. (2014), T200 and TME3 did not have increases in their respective viral loads from 32 

dpi to 67 dpi (Figure 22). Despite having decreases in their viral loads relative to 32 dpi, T200 

was still severely symptomatic compared to TME3, which had recovered.  

 

In the instance of T200, a reduction of viral load but lack of cessation of symptoms may 

suggest that there was a substantial increase in viral load to facilitate high levels of viral 

replication and transmission at 12 dpi. However, once systemic infection had been achieved, 

viral load decreased but not below the threshold required for optimal infection of the host 

(Gutiérrez et al., 2010). Through this alteration of the multiplicity of infection at different 

stages of CMD in T200, SACMV may be modulating its virulence to ensure that it can 

dynamically respond to changes in its host (Gutiérrez et al., 2010). Furthermore, as 

susceptibility corresponds to high virus fitness that results in systemic infection and severe 

symptomology (Paudel & Sanfaçon, 2018), the susceptibility of T200 to SACMV infection 

may ensure that CMD persists, despite the abovementioned reduction in viral load between 

32- and 67-dpi. 

 

In the instance of TME3, viral load suppression could explain the CMD recovery (Allie et al., 

2014). Recovery from CMD was first observed in ACMV-infected cassava in 1994, wherein 

some infected genotypes recovered from CMD symptoms but still had detectable levels of 

ACMV viral particles, suggesting that the virus had become latent (Njock et al., 1996). 

Disease recovery, through the observable reduction of severe symptoms and reduction in 

viral load, has been observed in several other plant species infected with GMVs. Cucurbit 

leaf crumple virus (CuLCvV), a bipartite begomovirus, infects cucurbits such as cantaloupe 

(Cucumis melo) and watermelon (Citrullus lanatus) (Hagen et al., 2008). Following the 

infection of cantaloupe and watermelon, severe symptoms developed during systemic 

infection stage at 10 dpi (Hagen et al., 2008). However, recovery was observed in newer 

leaves at 20 dpi, the late infection stage (Hagen et al., 2008). Notably, this recovery 
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coincided with a significant reduction in CuLCvV viral load, indicating that disease correlated 

recovery with viral load (Hagen et al., 2008). A similar phenomenon was observed with 

Pepper golden mosaic virus (PepGMV), a bipartite begomovirus that infects pepper plants 

(Carrillo-Tripp et al., 2007). Despite the cessation of severe symptoms ceased in newer 

leaves at 12 to 15 dpi, indicating that recovery had been achieved,  PepGMV DNA was still 

detectable at 35 dpi, indicating that the virus can escape host defence mechanisms and 

maintain a small population of viral particles can establish a symptomless, phenotypically 

undetectable infection (Carrillo-Tripp et al., 2007). 

 

The reduction in CMD symptoms is an indicator of cassava recovery from CMD 

(Chaowongdee et al., 2023). Resistance to CMD is regulated by either the CMD1 locus, 

which is polygenic due to CMD1 being recessive, or by the CM2 locus, wherein CMD2 is 

dominant (Akano et al., 2002). While TME3 possesses the CM2 locus (Akano et al., 2002), 

which enables cultivars of cassava to have resistance to cassava mosaic viruses, TME3 still 

develops CMD due to SACMV infection (Chaowongdee et al., 2023). As such, TME3 is 

tolerant to CMD, which is characterised by the maintenance of a significant virus titre while 

symptom severity is minimal or absent, and plant growth is slightly affected (Paudel & 

Sanfaçon, 2018).  

 

5.2. Differential expression of viral pathogenicity determinants can be associated with 

CMD progression and symptom development 

 

5.2.1. Expression of pathogenicity determinants involved in viral replication and cell cycle 

progression 

The replication initiator protein (Rep; AC1) is the sole protein responsible for the initiation of 

geminivirus replication (Maio et al., 2020). To achieve this, initiates the reprogramming of 

terminally differentiated cells to promote the activation of DNA replication machinery and 

cell cycle progression (Kong & Hanley-Bowdoin, 2002; Bagewadi et al., 2004). Cell cycle 

progression in plant cells is negatively regulated by the Retinoblastoma-related protein 

(RBR), which represses the transcription factor E2F and its positive regulation of the mitotic 
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cycle in plants (Kong & Hanley-Bowdoin, 2002; Bagewadi et al., 2004). Additionally, the 

negative regulation of the mitotic cycle by RBR enables for cell differentiation to occur, 

resulting in terminal differentiation of potential hosts (Kong et al., 2000). Rep interacts with 

and inhibits RBR, resulting in the expression of E2F-regulated cell cycle promoting genes 

(Bagewadi et al., 2004). Furthermore, the interaction between RBR and the Rep proteins of 

geminiviruses has been shown to be conserved (Rodríguez-Negrete et al., 2013). In addition 

to cell cycle progression, Rep induces the transcription of and mediates the activation of 

Proliferating Cell Nuclear Antigen (PNCA), a processivity factor for the GMV-preferred DNA 

polymerase, DNA polymerase δ, which mediates DNA replication or DNA repair (Kong et al., 

2000; Wu et al., 2021). As it is capable of oligomerisation, Rep forms complexes with PCNA 

and its interacting partner Replication Factor C (RFC) for form a replisome complex that 

mediates viral replication (Bagewadi et al., 2004; Jin et al., 2008; Wu et al., 2021).  

 

Higher expression of Rep in T200 at 12-, 32-, and 67-dpi (Figure 23) may have potentiated 

rolling circle replication and contributed to the accumulation of viral ssDNA genome copies, 

resulting in the significantly higher viral load detected in T200 at 32- and 67-dpi, compared 

to TME3 (Figure 22). Cassava expressing AC1, isolated from ACMV-Kenya, as a transgene 

showed reduced accumulation of ACMV, EACMV, and SLCMV DNA during separate infection 

trials (Chellappan et al., 2004). The presence of the transgene led to the generation of 

siRNAs that facilitated PTGS during virus challenge, specifically targeting the homologous 

(ACMV) and heterologous (EACMV and SLCMV) AC1 gene, which encodes for GMV Rep 

(Chellappan et al., 2004). Consequently, the loss of Rep activity led to loss of viral replication 

and the reduction of viral load, resulting in recovery (Chellappan et al., 2004). As such, in the 

context of both SACMV-infected TME3, significantly lower AC1 expression was key in 

ensuring lower SACMV titre, resulting in a decrease in SACMV replication and systemic 

spread, facilitating recovery and tolerance. 

 

The transcription activator protein (TrAP; AC2) promotes cytokinin (CK) responsive genes to 

positively regulate cytokinin-driven cell proliferation and prevents the catabolism of 

activated cytokinins (Baliji et al., 2010; Liu et al., 2014). As geminiviruses reprogramme 
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terminally differentiated cells to initiate replication, TrAP represses the transcription of 

and/or represses the protein activity of Adenosine Kinase (ADK), an enzyme involved in 

catabolism and turnover of active CKs (Baliji et al., 2010). TrAP also downregulates the 

expression of chromatin remodelling protein, PICKLE, which hinders accessibility to CK-

responsive genes, promoting CK-driven cell proliferation and enhancing susceptibility to 

GMV infection. Across 12-, 32-, and 67-dpi, TrAP had significantly higher expression in T200 

compared to TME3, and this correlates with the significantly higher viral load in T200 at 32- 

and 67-dpi (Figure 22). TrAP promotes the expression of AV1 (core coat protein) and BV1 

(nuclear shuttle protein), which are late genes (Baliji et al., 2010; Liu et al., 2014). Due to its 

inability to binds dsDNA, TrAP does not function as a canonical TF (Lacatus & Sunter, 2009) 

and recruits specific host TFs to promote the expression of these two genes (Liu et al., 2014). 

Across 12- and 67-dpi in SACMV-infected T200, significantly higher expression of TrAP 

coincided with significantly higher expression of AV1 and BV1 (Figure 23), facilitating SACMV 

DNA encapsulation and nuclear export, enabling for systemic transmission of viral particles 

and the persistence of CMD.  

 

The replication enhancer protein (REn; AC3) acts as an accessory protein to Rep, interacting 

with and the enhancing protein-protein interactions between Rep and host proteins such 

PCNA and RFC to form large multimeric complexes that enhance viral DNA replication and 

mediate the simultaneous occurrence of activities that favour viral survival (Sunter et al., 

1990; Settlage et al., 2001; Castillo et al., 2003; Settlage et al., 2005). At 32- and 67-dpi, 

T200 has significantly higher expression of REn compared to TME3, with no significant 

difference at 12 dpi. As viral load was two and three-fold higher in T200 at 32-dpi and 67-

dpi, respectively, compared to TME3 (Figure 22), REn could be promoting interactions 

between Rep, along with the host factors involved in geminivirus replication, enhancing the 

accumulation of viral DNA. 

 

The viral suppressor of RNA silencing (VSR; AC4/C4) promotes cell cycle progression (Lai et 

al., 2009; Mei et al., 2018). By promoting the expression of RKP, AC4 promotes the 

degradation of cell cycle inhibitors. As a RING finger protein, RKP mediates the degradation 
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of proteins via the 26S proteasomal degradation pathway (Lai et al., 2009; Chen & Hellmann, 

2013). Furthermore, AC4 interferes with brassinosteroid (BR) signalling by redirecting 

Shaggy-like kinase (SKn), an ortholog of the BR signalling regulator Brassinosteroid 

Insensitive 2 (BIN2),  from the nucleus to the plasma membrane. The loss of regulation of 

BR-responsive gene expression leads to developmental abnormalities (Mei et al., 2018). The 

expression of AC4 was significantly higher in TME3 at 32 dpi compared to T200. However, by 

67 dpi, AC4 expression was significantly higher in T200. The significant accumulation of AC4 

at 67 dpi in T200 may be a contributing factor to the unaltered severe symptoms such as leaf 

curling and leaf deformation, resulting due to dysregulated cell proliferation and growth 

(Figure 20). As study by Walsh et al. (2019) found that the expression of an AC1/AC4-

targeting hairpin-RNA (precursor for siRNA) in cassava 60444, a CMD-susceptible genotype, 

led to decreased symptom severity and significantly reduced SACMV load at 67 dpi (Walsh et 

al., 2019). This led to cassava 60444 recovery of CMD, akin to the CMD-tolerant landrace 

TME3 (Walsh et al., 2019). This shows that the reduction the reduction of AC4 expression in 

SACMV-infected TME3 was pivotal in the establishment of the recovery phenotype, due to 

the maintenance of the regulation of cell proliferation and growth in the younger leaves 

observed at 67 dpi.  

 

The core coat protein (CP; AV1) regulates the accumulation of viral ssDNA copies by 

promoting and then later facilitating the repression of viral replication, and complexes with 

the synthesised viral ssDNA  to encapsulate it (Unseld et al., 2004; Malik et al., 2005). The 

expression of AV1 was significantly upregulated in T200 and TME3 at 12- and 32-dpi, with 

there being no significant difference at 67 dpi. The upregulation of AV1 may have 

contributed to enhanced viral replication that resulted in the accumulation of high SACMV 

copies at 32- and 67-dpi in T200 (Figure 22). However, there was no significant difference in 

AV1 expression at 67 dpi (Figure 23), but T200 was still symptomatic. Interestingly, In the 

youngest apical leaves of PepGMV-infected pepper plants that were isolated following 

disease recovery, there was an unusually high expression of PepGMV Rep, despite a 

reduction in viral load in the recovered plants (Carrillo-Tripp et al., 2007). This suggested 

that PepGMV maintains a small viral population in young, rapidly growing tissue, allowing 

for systemic dissemination of the virus as the plant grows, despite recovery having taken 
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place (Carrillo-Tripp et al., 2007). As the apex of the plant is concentrated with replicating 

cells as the plant grows, this enables for detectable levels of viral DNA and RNA to be 

detected in young leaves, despite the virus not inducing host defence responses that would 

manifest as disease symptoms (Carrillo-Tripp et al., 2007). This would explain why TME3, 

despite recovering and not showing CMD symptoms, had both SACMV DNA (Figure 22) as 

well as a high expression of AV1 (Rep) relative to the other SACMV pathogenicity 

determinants (Figure 23). 

 

5.2.2. Inhibition of hormone signalling and dysregulation of global metabolism 

Geminivirus pathogenicity determinants target hormone signalling and the 

regulation of global metabolism to enhance susceptibility to infection, wherein the mean 

latent period and the viral load required to initiate a successful infection are reduced (Sunter 

et al., 2001). 

 

The precoat protein (AV2) enhances susceptibility to geminivirus infection by inhibiting 

antioxidant production, and simultaneously suppressing salicylic acid (SA) production and 

accumulation (Roshan et al., 2018). The production of ROS contributes to symptom 

development, due to oxidative stress (Roshan et al., 2018). However, ROS production 

triggers the biosynthesis of SA, which is antiviral (Ghosh & Chakraborty, 2021; Lukan & Coll, 

2022). As such, AV2 also suppresses the expression of EDS1, which potentiates SA 

biosynthesis and creates a positive feedback loop (Roshan et al., 2018). The expression of 

AV2 was significantly higher in T200 across 12-, 32-, and 67-dpi, compared to TME3, with 

T200 also having higher viral loads and severe symptoms at 32-dpi and 67-dpi. This 

suggested that AV2 could have contributed to the impairment of SA-regulated antiviral 

immunity in T200. 

 

The AC4 VSR interferes with the hormone signalling pathways of gibberellic acid (GA) and 

brassinosteroids (BRs) (Li et al., 2022; Mei et al., 2018). Both BR and GA can potentiate SA 

accumulation and signalling through direct and indirect mechanisms. BR accumulation 
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inhibits jasmonic acid (JA) signalling, enhancing disease susceptibility due to the defence-

regulating role of JA (He et al., 2017). However, BRs can also promote SA responses by both 

inhibiting BIN2, which inhibits SA-responsive signalling components by phosphorylating 

them (Kim et al., 2022), or by suppressing JA signalling (He et al., 2017). Due to the 

antagonism between JA and SA, this can promote SA antiviral immunity (Yan & Xie, 2015). In 

the case of GA, GA signalling can promote the accumulation of SA (Li et al., 2022). AC4 

interferes with BR signalling by translocating SKn from the nucleus to the plasma membrane, 

impeding BR signalling (Mei et al., 2018). Additionally, AC4 also inhibits GA signalling by 

preventing the degradation of GA Insensitive (GAI), a signalling inhibitor, through the 26S 

proteasome-mediated degradation (Li et al., 2022). GA signalling can activate the expression 

of ICS1 and NPR1, involved in biosynthesis and response, respectively (Li et al., 2022). 

Considering that the expression of AC4 was significantly higher in TME3 at 32 dpi compared 

to T200 (Figure 23), this may indicate attempts by SACMV through AC4 to dysregulate GA 

and BR signalling in TME3 to impede SA accumulation and enhance susceptibility. At 67 dpi, 

AC4 expression was significantly higher in T200, and this correlates with symptoms that have 

not ceased (Figure 20), alongside a significantly higher viral load in T200 (Figure 22). 

 

TrAP interferes with the regulation of global metabolism and perturbs JA signalling (Hao et 

al., 2003; Lozano-Durán et al., 2011). Sucrose non-fermenting-related kinase 1 (SnRK1) is a 

regulator of global metabolism in plants, regulating metabolically-taxing defence pathways 

while limiting the availability of amino acids and nucleotides, stifling viral infection (Hao et 

al., 2003). TrAP proteins interact with and inhibit the kinase activity of SnRK1, leading to 

enhanced susceptibility due to the dysregulation of global metabolism (Hao et al., 2003). 

TrAP also impedes JA signalling by dysregulating the activity of the SCF E3 ligase complexes 

that mediate JA signalling through the degradation of the signalling repressors, JA-ZIM-

domain (JAZ) proteins (Lozano-Durán et al., 2011). Inhibition of degradation of JAZ proteins 

leads to loss of jasmonate signalling. (Lozano-Durán et al., 2011). The expression of TrAP in 

T200 was significantly higher at 12-, 32-, and 67-dpi, compared to TME3 (Figure 23). The 

dysregulation of hormone signalling and global metabolism may have enhanced the 

susceptibility of T200 to SACMV.  
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5.2.3. Virus intercellular movement and systemic spread 

The precoat protein (AV2) serves a redundant role in intercellular transport 

(Rothenstein et al., 2007). Due to the relatedness of monopartite and bipartite 

geminiviruses, AV2 has retained this function as a relic of the evolution of bipartite 

begomoviruses from monopartite begomoviruses (Rothenstein et al., 2007). In T200, there 

was significantly higher expression of AV2 at 12-, 32-, and 67-dpi, relative to TME3 (Figure 

23). Considering the significantly higher viral load in T200 relative to TME3 (Figure 22) and 

T200 being severely symptomatic at 67 dpi while TME3 had recovered (Figure 20), AV2 could 

have enhanced susceptibility in T200 by potentiating virus spread. 

 

Regarding the movement proteins, the movement protein (MP; BC1) redirects nuclear-

exported viral ssDNA-CP protein complexes to the cell periphery and modifies the size 

exclusion limit of the plasmodesmata (PD) to facilitate virus intercellular movement (Noueiry 

et al., 1994; Sanderfoot & Lazarowitz, 1995). In T200, the expression of BC1 was significantly 

higher at 12 dpi and 67 dpi, relative to TME3, whereas TME3 showed a significantly higher 

expression at 32 dpi (Figure 23). Despite the higher expression of BC1 in TME3 at 32 dpi, 

viral load was still significantly lower compared to T200 (Figure 23), suggesting that the 

upregulation was to achieve a different outcome, other than enhancing virus intercellular 

transport. Conversely, the nuclear shuttle protein (NSP; BV1) promotes the nuclear export of 

viral ssDNA-CP complexes (Noueiry et al., 1994; Carvalho et al., 2006), and it potentiates 

GMV infection by interfering with PRR-mediated antiviral defences, enhancing susceptibility 

(Florentino et al., 2006; Fontes et al., 2004). NSP specifically interacts with NSP-Interacting 

Kinases (NIKs), inhibiting their kinase activity and disrupting signalling cascades that regulate 

PAMP-triggered immunity (Fontes et al., 2004). The inhibition of NIK activity or repression of 

NIK genes results in enhanced susceptibility to geminivirus infection (Florentino et al., 2006). 

At 32 dpi, BV1 expression was significantly higher in TME3, as compared to T200. Given the 

role of BV1 is suppressing NIK-mediated immunity (Fontes et al., 2004) and the role of BC1 in 

the intracellular transport of BV1 to the plasma membrane (Sanderfoot & Lazarowitz, 1995), 

BC1-BV1 may be targeting membrane-bound NIKs to suppress their signalling and impede 

host defence. 
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5.2.4. Suppression of DNA methylation and RNA silencing  

Due to the efficiency of DNA methylation and RNA silencing in antiviral defence, the 

pathogenicity determinants of viruses have evolved to target and suppress these 

mechanisms (Buchmann et al., 2009). In the case of DNA and histone methylation, TrAP 

simultaneously promotes SAM Decarboxylase (SAMDC1) stabilisation (Zhang et al., 2011), 

targets and inhibits S-adenosyl homocysteine hydrolase (SAHH) (Buchmann et al., 2009), and 

inhibits histone methyltransferase (SUVH4/KYP). Firstly, SAMDC1 catabolises S-

adenosylmethionine (SAM), the methyl group donor for DNA methylation, into the  

decarboxylated SAM, repressing methylation (Zhang et al., 2011). Conversely, SAHH 

generates SAM, allowing for de novo DNA methylation or the maintenance of methylation 

(Buchmann et al., 2009). Lastly, SUVH4/KYP is a histone methyltransferase that 

transcriptionally represses viral gene expression through methylation of the viral dsDNA-

associated histone proteins (Castillo-González et al., 2015). In T200, the expression of TrAP 

was significantly higher at 12-, 32-, and 67-dpi, relative to TME3 (Figure 23). Additionally, 

viral load was significantly higher in T200 at 32- and 67-dpi (Figure 22). By circumventing the 

methylation and transcriptional repression of its viral minichromone, SACMV overcomes 

DNA methylation in T200, resulting in unperturbed viral replication and the maintenance of 

systemic infection.  

 

In studies assessing the role of DNA methylation in GMV infections, CuLCvV DNA isolated 

from recovered CuLCvV-infected watermelon plants showed a high degree of methylation 

compared to unrecovered plants, indicating that recovery is mediated by transcriptional 

gene silencing (Hagen et al., 2008). Additionally, the recovery of pepper plants infected with 

PepGMV has been shown to be due to TGS mediated by 24 nucleotide (nt) virus-derived 

siRNAs that were homologous genome viral intergenic regions (Rodríguez-Negrete et al., 

2009). A study by Rogans et al. (2016) showed that at 67 dpi, SACMV-infected TME3 had 

significantly higher accumulation of 24 nt siRNAs compared to SACMV-infected T200, 

suggesting TGS was targeted towards SACMV during recovery and tolerance. Additionally, a 

study by Seutane (2022) found that SACMV pathogenicity determinants target cassava 

methylation pathways through both gene repression and the inhibition of enzyme activity of 

proteins that are involved in DNA methylation. SACMV infection in T200 and TME3 resulted 
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in the downregulation of genes involved de novo methylation, resulting in genome 

hypomethylation, a key factor in enhancing susceptibility. Interestingly, at 67 dpi, TME3 

showed upregulation of ARGONAUTE 5 (AGO5), a protein involved in RNA-directed DNA 

methylation (RdDM) that leads to TGS. Thus, the recovery of TME3 is due to a significant 

reduction in viral load, potentially driven by RdDM-mediated TGS, resulting in tolerance of 

SACMV and the cessation of severe symptoms.  

 

In the case of RNA silencing , TrAP targets adenosine kinase (ADK), which indirectly regulates 

the amplification and accumulation of short interfering RNAs (siRNAs) (Wang et al., 2005). 

SiRNAs are homologous to the genes that they target, resulting in the degradation of the 

targeted RNA (Wang et al., 2005). Moreover, siRNAs facilitate RdDM by targeting the DNA 

from which the siRNA was derived (Buchmann et al., 2009), resulting in de novo DNA 

methylation (Trinks et al., 2005). The expression of TrAP was significantly higher in T200 at 

12-, 32-, and 67-dpi, compared to TME3 (Figure 23). The potential suppression of RNA 

silencing, coupled with the loss of DNA methylation, prevents recovery and enables the 

accumulation of both viral copies and viral transcripts.  

 

In pepper plants that showed recovery to PepGMV infection, Rodríguez-Negrete et al. (2009)  

found that PTGS was mediated by 21 to 22 nt virus-derived siRNAs that were homologous to 

Rep, TrAP, REn, MP, and NSP (Rodríguez-Negrete et al., 2009). Additionally, a study by 

Rogans et al. (2016) profiled the siRNAs that accumulate during SACMV infection in T200 

and TME3. At 12 dpi, SACMV-infected TME3 had a significantly higher accumulation of 21 nt 

siRNAs while T200 had a significantly higher accumulation of 24 nt siRNAs, suggesting that 

while TME3 has an early PTGS response, T200 attempts TGS (Rogans et al., 2016). 

Interestingly, at 67 dpi, SACMV-infected T200 had a higher number of virus-derived siRNAs, 

indicating that there was a higher viral load, which correlated to the persistently severe CMD 

symptoms. This also suggested that in T200, there is a failure in gene silencing mechanisms 

suppressing viral replication and transcription, resulting in the susceptibility phenotype 

associated with T200.  
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The precoat protein (AV2) also interferes with RNA silencing by repressing the expression of 

RNA-dependent RNA polymerase 1 (RdRP1) (Basu et al., 2018). By interfering in the 

accumulation of virus-derived siRNAs, AV2 prevents recovery from geminivirus infection  

(Basu et al., 2018). AV2 expression was also significantly higher in T200 at 12-, 32-, and 67-

dpi, compared to TME3, suggesting that it may be repressing the expression of RdRP1, given 

the lack of recovery and continuation of severe symptoms in T200 at 67 dpi (Figure 19). 

However, considering that SACMV-infected T200 accumulated more virus-derived siRNAs 

than SACMV-infected TME3 at 67 dpi (Rogans et al., 2016), this suggests that both PTGS and 

TGS in TME3 are more efficient in RNA silencing and DNA methylation, respectively.  

 

5.3. Differential expression of hormone associated genes and the production of 

phytohormones highlights the contrasting responses of T200 and TME3 against 

SACMV 

 

5.3.1. Dynamics of gene expression and hormone production during early infection 

With regards to hormone biosynthesis genes at 12 dpi, SACMV-infected T200 had 

significant upregulation, relative to mock, and significantly higher expression, relative to 

SACMV-infected TME3, of ET (ACS4, ACO10), JA (AOS, AOC1), ABA (NCED, AAO3), SA (ICS1) 

and BR (BRD1) (Figure 24). Conversely, SACMV-infected TME3 has significantly 

downregulated ACO10, AOC1, NCED, ICS1, EPS1, and BRD1, with no significant change in 

ACS4 and AOS. Only AAO3 was upregulated (Figure 24). However, in terms of response at 12 

dpi, SACMV-infected TME3 had upregulated and significantly higher expression of ERF1, 

unchanged EIN3 expression, no downregulation of SA signalling components, and a 

downregulation of ARF19 (Figure 25). As an EIN3-activated TF, ERF1 promotes the 

expression of plant defence genes such b-CHI and PDF1.2 (Solano et al., 1998). 

 

Despite SACMV-infected T200 expressing the biosynthesis genes of ABA, JA, ET, and SA 

(Figure 24), there was no significant change in the respective hormones, relative to the mock 

T200 (Figure 26). In the case of SACMV-infected TME3 (Figure 24), only the ABA gene AAO3 

was upregulated relative to mock TME3, although this had no significance on the level of 
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hormone, relative to mock TME3 (Figure 26). Interestingly, the basal levels of SA and JA in 

infected TME3 were significantly higher than those in T200 (Figure 27). Notably, TME3 has 

upregulation of HSP90.0 and unaltered expression of Hsf8 and SRS1 (Figure 25). In cassava, 

heat shock factor 8 (Hsf8) is a stress-inducible TF and it activates the expression of HSP90.0, 

with HSP90.0 complexing with SRS1, a SHORT INTERNODES (SHI)-related sequence (SRS) TF, 

to promote the expression of PBS3, an SA biosynthesis gene (Wei et al., 2021). This leads to 

SA accumulation. HSP90.0 also suppresses the accumulation of auxins by mediating their 

degradation through interactions with a cassava WRKY TF (Wei et al., 2021). This may 

explain the significant downregulation of ARF19 in TME3 at 12 dpi (Figure 25), given that 

ARF19 is an auxin-responsive transcriptional activator of auxin regulated genes (Peres et al., 

2019). T200 showed upregulation of ARF19 (Figure 25), a promoter of leaf senescence, 

which can enhance susceptibility to pathogens (Barna, 2022; Huang et a.l, 2022). Notably, 

both T200 and TME3 showed significant downregulation of JAR1 (Figure 25), a positive 

regulator of JA signalling (Suza & Staswick, 2008), despite not showing a significant alteration 

in their respective basal levels of JA (Figure 26). Interestingly, T200 also showed a significant 

upregulation and higher expression of AAR15 (Figure 25), a negative regulator of cytokinin 

signalling (Kiba et al., 2003).  

 

Hormone quantification revealed that at 12 dpi, SACMV-infected TME3 had significantly 

higher levels of JA and SA relative to SACMV-infected T200 (Figure 27). In N. benthamiana 

infected with Plum pox virus (PPV), cooperation between SA-mediated defence mechanisms 

such as PR gene expression and SA-enhanced RNA silencing, through upregulation of 

NtRDR1, facilitated restriction of PPV and prevented systemic infection (Alamillo et al., 

2006). Additionally, a study by Sade et al., 2014 found that an early response of SA 

accumulation and PR gene expression could promote the establishment of tolerance in 

TYLCV-infected tomato. Furthermore, in A. thaliana infected with Sri Lankan cassava mosaic 

virus (SLCMV), there was a downregulation of JAR1 but upregulation of SA biosynthesis and 

response genes (Wang et al., 2020), similar to what was observed in SACMV-infected TME3. 

However, during Rice stripe virus (RSV) infection in rice, JA accumulation and the subsequent 

JA-Ile signalling were shown to enhance RNA silencing by activating AGO18 transcription, 

relieving the repression of AGO1 and thus facilitating AGO1-mediated RNA silencing (Yang et 
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al., 2020). This may suggest that while JAR1 repression impedes JA-Ile signalling, JA 

accumulation in SACMV-infected TME3 at 12 dpi may enhance PTGS. 

 

5.3.2. Establishment of systemic acquired resistance during systemic infection 

The response genes expressed at 32 dpi highlight key genotype-specific responses to 

SACMV. While T200 showed upregulation and significantly higher expression of ET-

responsive genes (ERF1, ETR1, EIN3, ERF096) but downregulation of SA-responsive genes 

(PR7, PR9, HSP90.0, and Hsf8) (Figure 25). Conversely, TME3 showed no significant change in 

PR7, PR9, HSP90.0, and Hsf8, and had significantly high expression of SRS1 (Figure 25), 

suggesting that SA plays a key role in responses to SACMV at 32 dpi. The overexpression of 

both Hsf8 and HSP90.9 in cassava has a significant and positive effect on plant disease 

resistance through the upregulation of SA-responsive PR gene expression, accumulation of 

SA, and suppression of Auxin accumulation (Wei et al., 2021). PR7 proteins function as 

endoproteases that mediate pathogen cell wall degradation while PR9 proteins function as 

lignin-forming peroxidases and mediate plant cell wall fortification (Irigoyen et al., 2020). 

The expression of ETR1 in TME3 at 32 dpi without the ET-responsive TFs EIN3 and ERF096 

(Figure 25) would suggest that TME3 is suppressing ET-responsive gene expression (Mur et 

al., 2013), which is particularly important as in some instances, such as Tobacco mosaic virus 

(TMV) or Rice dwarf virus (RDV) in plants, the lack of ET accumulation promotes tolerance to 

infection and disease (Ghosh & Chakraborty, 2021). The continued expression of ERF1 in 

TME3 at 32 dpi could be promoting the accumulation of defence proteins (Solano et al., 

1998). Furthermore, SACMV-infected TME3 had upregulation and significantly higher 

expression of JAR1, a regulator of JA-regulated defence. 

 

During the systemic infection stage of SACMV infection, T200 and TME3 expressed the 

hormone biosynthesis genes of ET, JA, and ABA in a similar manner, with TME3 not 

expressing any SA biosynthesis gene (Figure 24). Infected TME3 showed a significant 

reduction in ABA accumulation, relative to its mock, while infected T200 showed a 

significant reduction in ACC accumulation, relative to its mock (Figure 26). However, infected 

T200 showed a significant increase in JA accumulation, relative to its mock (Figure 26). This 
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increase enabled for infected T200 to have significantly higher levels of JA, as compared to 

infected TME3, whereas the basal levels of SA in infected TME3 were still significantly higher 

than those of infected T200 (Figure 27). The antiviral roles served by SA, such as interfering 

with viral cell-to-cell movement, systemic infection, and viral replication, in addition to 

regulating SAR and PR gene expression while modulating the RNAi pathway, may have been 

initiated during this stage of CMD in infected TME3 (Doughari, 2015; Zhao & Li, 2021). This 

was potentially coupled with the reduction in ABA , which modulates ARGONAUTE 1 (AGO1) 

expression and the RNAi pathway (Zhao & Li, 2021), ensuring that PTGS was maintained by 

SA during SAR. 

 

The concurrent signalling of JAR1 and SA-regulated defence factors in TME3 (Figure 25) and 

the significantly higher levels of SA in Infected TME3 relative to infected T200 (Figure 27) 

may suggest that at 32 dpi, TME3 relies of systemic acquired resistance (SAR), with dual JA-

SA defence signalling enhancing its efficiency (Zhu et al., 2014). Importantly, SA has been 

shown to induce resistance in TYLCV-susceptible tomato, showing the antiviral role that SA 

plays during GMV pathogenesis (Li et al., 2019). Thus, as both SA and JA were involved in the 

plant defence response at 32 dpi, the crosstalk between both hormones was important for 

cassava-SACMV interactions and the establishment of recovery. 

 

5.3.3. Recovery from CMD and tolerance through induced systemic resistance 

At the late stage of CMD in T200 and TME3, T200 remained severely symptomatic 

while TME3 had already recovered from CMD (Figure 20), which was coupled with 

significantly lower viral load in infected TME3 and no significant expression of SACMV genes, 

relative to infected T200 (Figure 22). At 67 dpi, both T200 and TME3 expressed hormone 

biosynthesis genes in a similar manner as at 32 dpi (Figure 24). However, the expression of 

response genes differed (Figure 25). In T200, there was the upregulation and significantly 

higher expression of ERF1, JMT, and BAK1, whereas TME3 showed upregulation and higher 

expression of ETR1, EIN3, JAR, and PYR1 (Figure 25). In TME3, the regulation of ET-signalling 

by ETR1, coupled with EIN3-mediated regulation of JA signalling (Ma et al., 2020; Song et al., 

2014), the JAR1-regulated production of chemical defence, and the regulation of JA-SA 
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antagonism by PYR1 all could have facilitated the induction of induced systemic resistance 

(ISR). In plants, ISR is primarily regulated by JA and ET (Vallad & Goodman, 2004; Zhao & Li, 

2021). Interestingly, T200 showed upregulation and significantly higher expression of JMT 

and ERF1, which regulate systemic defence signalling and defence protein production 

(Solano et al., 1998; Cheong & Choi, 2003). However, symptoms remained severe (Figure 

20), viral load was significantly higher compared to TME3 (Figure 22), and the expression of 

SACMV genes was also significantly higher compared to TME3 (Figure 23).  

 

Interestingly, in pepper tissues that had recovered from PepGMV infection, there was 

differential expression of genes involved in JA-ET mediated defence responses (Góngora-

Castillo et al., 2012). The EIN3 TF was downregulated in symptomatic plants , similar to 

infected T200, while in both recovered and symptomatic plants, there was upregulated ACO. 

Furthermore, in both recovered and symptomatic plants, there was upregulation of JA 

biosynthesis genes and plant defence genes (b-Chi) (Góngora-Castillo et al., 2012). 

Importantly, following recovery, the expression of SA-responsive defence genes such PR 

genes returned to basal levels (Góngora-Castillo et al., 2012). The production of JA has been 

shown to decrease viral DNA titre during geminivirus infection, particularly Beet curly top 

virus (Zhao & Li, 2021). Additionally, ET accumulation and subsequent signalling via ERFs 

during TYLCV infection in tomato have been identified as the possible avenue through which 

ET contributes to recovery and tolerance (Ghosh & Chakraborty, 2021). The accumulation of 

ET in response to viral infection enables ET to act as a systemic signal and to also establish 

the foundation for ISR, which it regulates alongside JA (Vallad & Goodman, 2004; Pattyn et 

al., 2021). Lastly, ABA promotes callose deposition at the PD, impeding the intercellular 

movement of viral particles (Alazem & Lin, 2017). Thus, in recovered TME3, the 

accumulation of ET, JA, and ABA, alongside ETR1, EIN3, JAR1, and PYR1 expression enabled 

for the establishment of ISR, resulting in the maintenance of SACMV tolerance. 
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Chapter 6: Conclusions 

 

6.1. Key findings of the study  

The main aim of this research project was to quantify the phytohormone levels of SA, 

JA, ABA, and ET in the CMD-susceptible T200 and CMD-tolerant TME3 across the three 

stages of SACMV infection to determine if these phytohormones contribute to either 

susceptibility or recovery. The research sought to address if there was a distinction between 

T200 and TME3 in response to CMD cause by SACMV, if phytohormone where an underlying 

mechanism by which TME3 recovers from CMD, and if SACMV pathogenicity determinants 

promote the progression of CMD in T200 and TME3.  

 

This study has shown that the expression of SACMV pathogenicity determinants determines 

the outcome of CMD progression in either T200 or TME3. At all stages of CMD, T200 mostly 

had higher expression of the multifunctional pathogenicity determinants and this correlated 

with dysregulation of cell proliferation and growth (AC1, AC2, AC3, and AC4), promotion of 

viral replication (AC1, AC3, and AV1), promotion of viral systemic transmission (AC2, AV1, 

AV2, BC1, and BV1), suppression of hormone biosynthesis (AC2, AC4, and AV2), disruption of 

global metabolism (AC2), disruption of chemical and protein-mediated defences (AC2, BC1, 

and BV1), and the suppression of PTGS and TGS (AC2). The expression of these pathogenicity 

determinants correlated with viral load, with both being significantly higher in T200 at 32 dpi 

and 67 dpi, relative to TME3.  

 

Furthermore, this study identified the hormone-response defence pathways and processes 

that are involved in the recovery of TME3 from CMD and subsequent tolerance. As an early 

response, TME3 potentially relied on ERF1/EIN3-driven PTI, SA-responsive PR-gene 

expression, and PTGS of viral transcripts, mediated by ABA and JA. During systemic infection, 

TME3 had no change in its SA- and ET-driven response but there was the expression of JAR1. 

This suggested that TME3 relied on SAR established via SA-responsive PR-gene expression, 

PTI, PTGS, and JAR1-regulated defence signalling, allowing for recovery from CMD. However, 

at the late stage of infection, ETR1/EIN3-driven regulation of ET signalling, JAR1-driven 
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regulation of JA defence signalling, and ABA signalling via PYR1 led to the establishment of 

ISR, facilitating tolerance. 

 

6.2. Implications of the study 

This study assessed the production of four plant hormones (SA, JA, ACC, and ABA) in 

cassava during CMD in-tandem with assessing the expression of biosynthesis and response 

genes associated with these hormones, as well as assessing the role of SACMV load and the 

expression of SACMV pathogenicity determinants. By relating hormone production to the 

expression of host hormone-related genes, SACMV load, and the expression of SACMV ORFs 

across the three stages of CMD in T200 and TME3, this study has identified the potential 

hormone crosstalk that is involved in the recovery of TME3 from CMD and the establishment 

of tolerance. This hormone crosstalk, which regulates plant protein and chemical defences, 

TGS and PTGS and the limiting of viral replication and transmission, allows for the 

establishment of tolerance in TME3 during CMD. This is accomplished through finetuning of 

host responses to SACMV, preventing the activation of metabolically-taxing defence 

pathways that may lead to symptom development. Furthermore, the expression of ET 

biosynthesis genes was identified as a potential enhancer of the susceptibility of T200 to 

SACMV infection, due to the antagonism between SA and ET, and given how the response of 

TME3 at 12- and 32-dpi is reliant on SA. 

 

6.3. Limitations 

A major limitation was that hormone production was not assessed at 67 dpi in both 

TME3 and T200 during SACMV infection. However, based on the gene expression studies, it 

is anticipated that SACMV-infected TME3 will have significantly higher production of JA and 

ET compared to SACMV-infected T200. As SA-driven defence is not required during ISR, SA 

levels in SACMV-infected TME3 will be at basal levels. 
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6.4. Future work 

The suggested future work includes hormone quantification at 67 dpi, given that this 

is the stage in which TME3 becomes tolerant whilst T200 remains severely symptomatic. 

Secondly, quantification assays for hydrogen peroxide and nitric oxide in SACMV-infected 

T200 and TME3 could be conducted to assess the redox-state of cassava and how oxidative 

stress may contribute to susceptibility or signalling that establishes recovery. Reactive 

oxygen species and nitric oxide species modulate and regulate host stress responses and 

hormone biosynthesis and contribute to symptom development. Thirdly, hormone 

production could be assessed from 1 day post infection (dpi) to 7 dpi. The assessment of 

hormone accumulation at the earliest points of SACMV infection could elucidate the initial 

mechanisms that enable for SACMV infectivity and the development of CMD in cassava. 

Lastly, infect T200- and TME3-derived protoplasts with SACMV and assess structural changes 

in a time course experiment. Geminiviruses are known to initiate their replication in 

terminally differentiated cells, transcriptionally reprogramming the host to enter the mitotic 

cycle or endoreplication. The latter leads to endoreduplication, wherein genomic material is 

replicated without mitotic division, resulting in endoploidy and a substantial increase in cell 

size. Assessing SACMV-infected protoplasts will help determine if SACMV also triggers 

endoreduplication in infected cells. In addition to assessing endoploidy during SACMV 

infection, hormone treatment trials could be undertaken with the infected protoplasts to 

assess the influence of phytohormone in enhancing or halting endoreduplication in cells 

during SACMV infection. 
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