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ABSTRACT 

Cassava mealybug (Phenacoccus manihoti) is one of the most damaging pests of cassava (Manihot 

esculenta Crantz) globally. While biological control of mealybugs through the use of natural 

predators has been successfully practiced, breeding for resistant cultivars remains an important means 

of control. Understanding plant responses to insect herbivory, by determining and identifying 

differentially expressed genes (DEGs), is a vital step towards the understanding of molecular 

mechanisms of defence responses in plants and the development of resistant cultivars by gene editing. 

 

Mealybug isolates were collected from different cassava growing regions of South Africa and a 

detailed morphological and molecular characterization of the pests was undertaken. Morphological 

and molecular analysis confirmed the mealybug identity as Phenacoccus manihoti (Matile-Ferrero). 

The positively identified mealybug isolates were used to artificially infest three cassava genotypes 

with contrasting response to mealybug. The response of cassava genotypes AR23.1 (which has 

resistance to multiple diseases and to green mites), P40/1 (which has no known resistances) and 

98/0581 (which has multiple pest resistances and resistance to cassava mosaic disease) was further 

investigated by analysing their transcriptome after mealybug infestation at 24 and 72 hours in 

comparison with non-infested mock tissues. A total of 301, 206 and 269 transcripts from AR23.1, 

P40/1 and 98/0581 were differentially expressed (log2 fold and P ≤ 0.05) per time point following 

mealybug infestation. In two genotypes (AR23.1 and 98/0581), mealybug infestation resulted in a 

higher number of down-regulated than up-regulated genes between mealybug-infested and mock-

infested tissues, while in P40/1 between infested leaves at 24 hpi and 72 hpi, more genes were up-

regulated than were down-regulated. There was an increase in the number of DEGs from 24 hpi to 

72 hpi suggesting an early induction of defence responses during the mealybug infestation.  

 

Gene expression was further compared between AR23.1, P40/1 and 98/0581 to determine whether 

there were any genotype-specific expression patterns. Within the Gene Ontology (GO) functional 

classification, DEGs in the class Secondary Metabolic Processes were significantly enriched in 

AR23.1 in comparison with P40/1 and 98/0581. Additionally, DEGs in the class Regulation of 

Molecular Function were significantly enriched in P40/1, while DEGs in the classes Reproduction 

and Reproductive Processes, and Nutrient Reservoir, were enriched in the multi-pest resistant 

98/0581 genotype compared to P40/1 and AR23.1. In the metabolic pathway analysis performed 

using the KEGG database, DEGs in the classes ABC Transporters and MAPK signalling pathways 

were present in AR23.1 and 98/0581; and not in P40/1. There were both up- and down-regulated 

genes that were mapped to the classes Plant-Pathogen Interactions, and Plant Hormone Signal 

Transduction pathways in genotypes AR23.1 and 98/0581; while in P40/1, there were only down-

regulated genes classified under Plant-Pathogen Interactions pathway. The up-regulated DEGs 
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associated with these pathways are suggested to be involved in defence in response to P. manihoti 

feeding since these stress-associated genes, including those related to transcription factors, 

phytohormones and secondary metabolism were significantly induced in the AR23.1 (resistant) and 

98/0581 (tolerant) genotypes, and not in the P40/1 (susceptible) genotype. Stress-associated genes 

such as 2-oxogluterate / Fe (II)-dependent oxygenase superfamily protein, terpene synthase 21, heat 

shock family proteins and cytochrome P450 superfamily proteins were induced in AR23.1 and 

98/0581 genotypes.  

  

The results revealed a significantly different response to mealybug infestation in the three genotypes 

studied, with genotypes AR23.1 and 98/0581 showing a higher proportion of differentially expressed 

transcripts compared with the susceptible genotype P40/1 during infestation with mealybugs. Putative 

candidate defence-related genes that were overexpressed in the AR23.1 genotype post-infestation will 

be useful in future functional studies towards the control of mealybugs. These results will further 

form the basis for more detailed future studies on the specific role of all the differentially expressed 

transcripts identified. The transcripts identified in this study will also contribute significantly to the 

cassava EST database, and can be used to improve the annotation of the cassava genome. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Cassava origin and domestication 

The cassava (Manihot esculenta Crantz) plant is a shrub that belongs to the Euphorbiaceae family (Figure 

1.1) (Leite et al., 2002; Lopez et al., 2005a). The genus Manihot consists of 98 species native to the region 

from the south-western United States of America and extending southwards to Argentina (Chavarriaga-

Aguirre & Halsey, 2005; Nassar, 2000; Rogers & Appan, 1973). Four of the Manihot species are described 

in Central Brazil, Mexico, Northeast Brazil and Southwest Brazil with 38, 17, 16 and 6 species respectively. 

Out of the known 98 species of the Manihot species, cassava is the only widely cultivated species that is 

used for food (Figure 1.1) (Nassar, 2003).  

 

 

Figure 1.1: A cassava plant and roots grown and harvested in the field in Bushbuckridge 

(Mpumalanga Province). A: A mature cassava plant in the field ready for harvest. B: Freshly harvested 

cassava roots from the same cassava plant.  

 

It has been hypothesized that domesticated cassava has unknown taxonomic origin, possibly comprising 

multiple Manihot progenitors (Rogers & Appan, 1973). However, phylogenetic and morphological studies 

point to a single progenitor of Manihot esculenta subsp. flabellifolia (Pohl) Ciferri (Allem, 1994; Olsen, 

2004; Olsen & Schaal, 1999). Based on morphology, ecology and geography, other wild species regarded 

to be close to cassava are Manihot carthaginensis found in all countries bordering the Caribbean; Manihot 

aesculifolia found in Mexico and Central America; Manihot grahami found in Brazil, Paraguay, Uruguay 

and Argentina; Manihot flabellifolia found in Brazil, Paraguay, Uruguay and Argentina; and Manihot 

saxicola found in Guiana, Surinam and Venezuela (Allem, 1999, 2002). The cultivation of cassava has 

spread from its centre of origin to different parts of the world including Asia and Africa (Cock, 1985; 

Gleadow et al., 2009). Cassava was brought to Asia by the European explorers in the late 18th to 19th 

centuries (Onwueme, 2002). India, Java and the Philippines were the first locations for the arrival of cassava 
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in Asia. It was brought to Africa by Portuguese sailors in the 16th century, primarily through the west coast 

(Congo) from where it spread towards east Africa as far as Zanzibar (Janssens, 2001). Cassava has become 

a major crop in sub-Saharan Africa, especially in locations with high population densities such as Nigeria, 

Democratic Republic of Congo (DRC) and Tanzania, (FAOSTAT, 2016 ; IITA, 1992; Jones, 1959). 

 

1.2 Cassava characteristics 

Cassava is a monoecious species, meaning both male and female flowers exist on the plant (Halsey et al., 

2008; Narina & Odeny, 2012). The male flowers are small (0.5 cm) and situated towards the tip of the 

inflorescence, while the female flowers are slightly larger and situated at the base of the inflorescence 

(Chavarriaga-Aguirre & Halsey, 2005). Basically, flowering can take up to 2 months, and is altered by 

environmental conditions (Narina & Odeny, 2012; Parkes, 2011). 

 

Cassava is believed to have high rates of outcrossing, and interspecific crosses between Manihot esculenta 

and wild relatives are possible. The crop produces pollen grains that differ in size, approximately 130-150 

m (larger) and 90-110 m (smaller) in diameter (Halsey et al., 2008; Vieira et al., 2012). Wind and insect 

pollination (Rogers & Appan, 1973) are reported to be common although self-pollination also occurs (Lai 

et al., 2014). Cassava pollen loses its viability after being shed (Chavarriaga-Aguirre & Halsey, 2005) and 

therefore, breeders prefer to perform pollination within an hour in order to obtain successful fertilizations. 

 

Seeds can be produced from cassava cultivars that flower. When cassava seeds are planted, it takes about 

75-90 days (3 months) for them to germinate (Ceballos et al., 2004). Ultimately, one seed is acquired per 

fruit in self-contained pollination (Jennings, 1963), however, 2-3 seeds can be acquired in trilocular ovary 

(Jennings & Iglesias, 2002). Seeds often have a dormancy period; therefore, newly harvested seeds require 

3-6 months storage in controlled temperatures, before germination (Parkes, 2011). However, seeds at 

controlled temperatures may lose feasibility within one year. Propagation of cassava by seeds is therefore 

slow with low seed production. 

 

The crops’ stem on the other hand, is woody and tube-shaped with regular nodes and internodes (Alves, 

2002). The main stems are erect with a branching pattern that is commonly dichotomous or trichotomous 

(Nassar et al., 2008). Secondary branches occur from the first branches, and that produces other successive 

branching. From the branches of the stem, leaves are formed by the lamina and the petioles, which are lobed 

with palmated veins (Alves, 2002). Mature leaves develop between 4-5 months depending on the planting 

time and cultivar/genotype, and the number of lobes on mature leaves differs among cultivars. Mature 

leaves are smooth with each leaf surrounded by two petioles. The upper leaf surface is bright containing a 
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wax epidermis. The stomata are situated on the upper and lower surface of the leaves, occupying 1.4 - 

31.1% of the total leaf area.  

 

1.3 Cassava production and importance  

Cassava is a major source of energy in tropical regions of Africa, Asia and Latin America (Hershey et al., 

2012). The starchy roots are the cassava’s economic product, because they can be widely used in human 

food, industrial products and animal feed (Hershey et al., 2012; Vieira et al., 2012). Global cassava 

production reached a maximum of 277 million tons (mt) in 2016 (Figure 1.2), with Africa producing 

approximately 54% of the total world production, followed by Asia (31.1%) (FAOSTAT, 2016). According 

to statistics from FAOSTAT (FAOSTAT, 2016 ), more than 157 million tons of cassava was produced in 

Africa in 2016, with Nigeria producing 57.1 million tons. The other largest producers in Africa are Ghana 

(17.7 mt), Democratic Republic of Congo (14.6 mt), Angola (9.9 mt) and recently, Mozambique (9.1 mt).  

 

 

Figure 1.2: Global cassava production trends for a ten-year (2007-2016) period. The trends were 

measured in million tons (mt) Source: (FAOSTAT, 2016). Production data was collected from all cassava-

producing areas in each country globally.  

 

Cassava production serves different purposes in different continents. It is mainly used for food and cash 

income in Africa (Dahinya, 1994; Nweke et al., 2002; Nweke, 1996) while in most Latin American 

countries used for industrial purposes (Henry & Hershey, 2002; Nassar & Ortiz, 2007). In Asia, cassava is 

consumed differently in different regions (Howeler, 2006). Fresh roots are produced for human 

consumption, chips and pellets are used for animal and poultry feed, and starch is produced for food and 

industry. For example, in Indonesia and India, 70% of cassava is produced for human consumption 
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(Onwueme, 2002). However, most cassava production in China and Vietnam is for industrial production 

(Jansson et al., 2009) with only 10-20% being used for human consumption.  

 

1.3.1. Contribution to Food Security 

Cassava is a staple food in West and Central Africa, some parts of East Africa, and is consumed as a 

supplement for other staples in Southern Africa. It is widely cultivated in Africa in such a way that its 

annual per capita food consumption is comparable to the rest of the world (Aerni, 2006). Cassava is 

processed into different food products in Africa (Kenyon et al., 2006). In West Africa, flour and gari are 

the most cassava-processed products that are consumed in large quantities on a daily basis (Tonukari, 2004). 

Besides being processed, the roots can be boiled, fried, roasted or consumed raw. For example, in Nigeria 

and Congo, fufu (roots boiled and pounded into paste) can be consumed by adding it to stew or soup. In 

South Africa, cassava roots may be used to substitute/compliment rice or maize meal, prepared like potato 

by peeling and then boiled, baked, or fried. There are also a number of cassava food-processing methods 

consisting of drying and pounding of the roots to produce porridge known as ‘Xigema’ (Xitsonga language) 

(Makwarela & Rey, 2006). Cassava leaves can also be eaten as vegetables because they are high in protein, 

vitamin C, iron and calcium. The leaves are regarded as an important vegetable in Congo (Nweke et al., 

2002) and can be cooked to produce a condiment known as ‘Mathapi’ in South Africa (Makwarela & Rey, 

2006). Cassava leaves are also used as a substitute for other morogo (indigenous leafy vegetable) types 

(like Amaranth leaves) in South Africa.  

 

1.3.2. Industrial starch 

Cassava has attracted more attention recently in terms of starch because it can be cultivated on negligible 

land where other starch-producing crops cannot grow well (Jackson et al., 2014; Wilson, 2002). Among 

other advantages, it supplies good quality industrial starch that is cost effective (Aerni, 2006; Sánchez et 

al., 2017; Taiwo, 2006). Nonetheless, private sectors are not supporting cassava’s starch supply because of 

its competitors (e.g. corn, maize, sugar cane), which are preferred by the global market. Regardless, cassava 

still performs better for some purposes than the other starches. It can be utilized in the pharmaceutical 

industry, textile industry, and used as a raw material in glue and adhesive industry, and in the cosmetics 

industry (Howeler, 2006; Jackson et al., 2014; Tonukari, 2004; Zhang et al., 2016).  

 

Cassava starch processing was established in the 1940s in Asia, and it was the first major industrial use 

(Onwueme, 2002). Among the countries producing cassava starch in Asia are Malaysia, Philippines and 

China with Thailand being the largest producer. About half of cassava is produced for industrial use in 

Asia, while exports account for 27% since the start of production (Howeler, 2006; Onwueme, 2002). 

Additionally, in Latin American countries, starch processing from other crops is an important commodity 



 5 

in local markets, however, it is not major from cassava (Henry & Hershey, 2002), but mostly used in other 

crops like maize and sugar cane. Small-scale farmers throughout the Latin American countries produce 

modified or native starch from cassava, with Brazil being the largest producer.  

   

Africa is the largest producer of cassava, however, its success in terms of industry is still lacking. For 

African countries to have successful cassava industries, cost of production, processing and marketing 

should be reduced. This will enable African countries to advance to industrial production and to compete 

on the global markets. Glue, glucose syrup, ethanol and bread are among the industrial products produced 

in Nigeria (Dawit, 2010). Other industrial products from processed cassava are sweeteners, mosquito coils 

and brewing ingredients. Recently, a beer brewed in Mozambique by the South African Breweries Miller 

(SAB) is produced using 70% of cassava and 30% barley (Madeley, 2011). Therefore, if cassava production 

is optimized, it could potentially provide income to resource-poor farmers and generate foreign currency 

via export.  

 

1.3.3. Bioethanol production 

As a source of carbohydrates, cassava is an important alternative source of starch for ethanol production 

(Pingmuanglek et al., 2017; Poonsrisawat et al., 2017). The roots or starch extracted from the roots are the 

source for production (Hanif et al., 2016; Sanchez & Cardona, 2008). Brazil, Thailand, China and Nigeria 

use cassava for ethanol production. A study on ethanol fuel production from cassava as a substitute for 

gasoline was performed in Nigeria (Adeniyi et al., 2007). From the yield of ethanol produced, the results 

indicated that cassava is a feasible source of ethanol fuel that can substitute the conventional fossil fuels. 

Furthermore, in South Africa, ethanol was obtained from unpeeled cassava roots and cassava peels (Marx 

& Nquma, 2013). The highest ethanol yield was from simultaneous saccharification and fermentation, 

while the lowest was from direct fermentation.  

 

In Asia, cassava is considered a great crop for production of fuel ethanol because it can be grown all year 

round, and its raw material is cheap (Nguyen et al., 2007). A study done in China revealed that cassava-

derived bio-ethanol required (6.6 tonnes) for 1 tonne of ethanol as compared to maize (3.2 tonnes) and 

sugarcane (13.5 tonnes) (Jansson et al., 2009). In Thailand, cassava dried chips are recommended for 

ethanol production, however, it can also be produced from fresh roots (Silalertruksa & Gheewala, 2010), 

cassava stem (Zhu et al., 2015), and from cassava waste (Akaracharanya et al., 2011). This makes cassava 

an important industrial commodity in Asia. In Latin American countries, raw cassava is used for ethanol 

production (Ferreira-Leitao et al., 2010), however, sun-dried cassava chips are preferable in order to avoid 

deterioration of roots before production starts. 
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1.3.4. Other important uses of cassava 

Besides being produced for human consumption and industrial purposes, cassava can be used for animal 

(Balagopalan, 2002; Henderson, 2015; Trung et al., 2014) and poultry feed (Chauynarong et al., 2009; 

Morgan & Choct, 2016). Animal and poultry feed can be produced from roots, stems and leaves of cassava 

(Balagopalan, 2002; Henderson, 2015; Howeler, 2006; Ravindran, 1993). Leaves can be fed as forage in 

the dry seasons when feed is scarce. The roots can be processed into dry chips and pellets, before being fed 

to animals (Howeler, 2006; (Phu et al., 2016). Moreover, animal feed can be processed as silage from 

cassava whole plants in closed polythene bags, or produced from protein-enriched cassava by suppressed 

fermentation using microorganisms (Balagopalan, 2002). Processed animal and poultry feed can be used 

locally or exported. 

 

1.4 Factors affecting cassava production and utilization 

Although cassava cultivation has exponentially increased over the years, its production potential has been 

hampered by abiotic and biotic factors. The effects of each of these factors are discussed in more detail 

below. 

 

1.4.1 Stem propagation methods 

Propagation of cassava by stem cuttings is the method preferred by most farmers, however, the process is 

slow and can lead to the accumulation of viral and bacterial diseases. These constraints reduce productivity 

of the crop and may cause loss of superior genotypes (Nassar & Ortiz, 2007). Diseases such as cassava 

mosaic disease, cassava bacterial blight disease and cassava brown streak disease can be accumulated 

through stem cuttings from infected plants (Calvert & Thresh, 2002; Legg, 1999). To overcome the 

accumulation of viruses and diseases through traditional propagation methods, techniques of rapid 

multiplication such as micro-propagation by in culture and mini-propagation were introduced (Santana et 

al., 2009). The development of these techniques has significantly increased the rate of multiplication of 

disease-free material. These innovations can also be used to produce high quality planting material. For 

example, in a study by Kartha & Gamborg, (1975), in vitro techniques by meristem culture method were 

used to eliminate cassava mosaic virus in Indian and Nigerian diseased plants. In addition, in vitro 

techniques were also applied in eliminating cassava brown streak virus (Wasswa et al., 2010) and cassava 

mosaic virus (Nkaa et al., 2013; 2014) in cassava. On the other hand, cassava seeds, which are mostly used 

in breeding programs depending on the cultivar, are a promising option to eliminate constraints, particularly 

diseases associated with vegetative propagation. 
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1.4.2 Diseases and arthropod pests  

Diseases and pests reduce cassava yields, especially in Africa where cassava is an important food crop 

(Mahungu et al., 2009; Nassar & Ortiz, 2007). Major cassava diseases include cassava mosaic disease 

(CMD; Fig1.3A), cassava bacterial blight (CBB) and cassava brown streak disease (CBSD) (Anjanappa et 

al., 2016), while pests are whiteflies, cassava green mites (CGM) and cassava mealybugs (CMB; Fig 1.3 

B) (Hillocks et al., 2002). These constraints will further be discussed in detail. 

 

 

 

Figure 1.3: Plant damage symptoms caused by diseases and pest infestation on cassava. A show the 

virus symptoms of cassava mosaic disease (CMD) on the leaves of the plant in the field in Bushbuckridge 

(Mpumalanga). B shows the cassava leaves and the stem infested with mealybugs (CMB) in a glasshouse 

at ARC-VOPI, Roodeplaat. Some leaves are curled and the stem is distorted due to infestation.   

 

1.4.2.1 Cassava mosaic disease (CMD) 

Cassava mosaic disease is one of the important biotic constraints of cassava and is caused by the whitefly-

transmitted Geminivirus species (Allie et al., 2014; Calvert & Thresh, 2002; Otim-Nape et al., 1994; Thresh 

& Cooter, 2005). It is widespread in Africa and species that cause this disease include African cassava 

mosaic virus, East African cassava mosaic virus and South African cassava mosaic virus. The disease was 

first identified in Democratic Republic of Congo (DRC) vectored by whitefly of genus Bemisia (Legg, 

1999; Legg et al., 2006), and became a threat to cassava production in Africa. Whiteflies use their stylets 

to pierce the plant tissues and inject toxic saliva during sucking of the phloem elements into the plant. 

Symptoms of infection by CMD to cassava plants include chlorotic mosaic symptoms, leaf deformation 

and stunting. Infection with CMD can cause between 20-60% of storage yield reductions, and sometimes 

causes total crop failures. Farmers use insecticides to control the spread of whiteflies from transmitting the 

virus to other plants (Calvert & Thresh, 2002). However, the use of resistant varieties is the control measure 

that is being given more attention, due to their ability to resist infection by the virus. Any diseased plants 

that occur in the field are also removed as a control measure.  
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1.4.2.2 Cassava bacterial blight disease (CBB) 

Cassava bacterial blight disease is the most economically important bacterial disease of cassava in cassava 

growing regions (Lopez et al., 2005b; López & Bernal, 2012). It was introduced to Africa in the 1970s, 

caused by Xanthomonas axonopodis pv. manihotis (Boher & Verdier, 2009; Wydra & Verdier, 2002). 

Dissemination of the disease is mainly by infected planting material (Jorge et al., 2000), which result in 

wilting and defoliation of infected leaves, and could lead to death of plants in susceptible cultivars. Where 

there are favourable conditions for the spread of the pathogen, complete yield losses can also be experienced 

by CBB infection. Control measures include the use of disease-free planting material, and disease resistance 

screening of the genotypes (Fokunang et al., 2000). 

 

1.4.2.3 Cassava brown streak disease (CBSD) 

Cassava brown streak disease is a cassava disease caused by cassava brown streak virus (CBSV) of the 

genus Ipomovirus (Hillocks & Jennings, 2003; Mbanzibwa et al., 2011), which is transmitted by whiteflies 

(Mbanzibwa et al., 2009). The disease was first described in Tanzania (Maruthi et al., 2005), and since 

then, it has been found in all cassava growing regions, while it became endemic to East African coastal 

regions. The disease can be disseminated by infected planting material (Calvert & Thresh, 2002). Infected 

plants with CBSD show stem and root necrosis which could lead to 70% loss of root weight in susceptible 

cultivars (Wasswa et al., 2010). Natural measures to prevent the spread among plants is still lacking for 

control of the disease. Sources of resistance to CBSD are also assessed (Patil et al., 2011), together with in 

vitro techniques for elimination of the disease.   

 

1.4.2.4 Cassava green mites (CGM) 

Cassava green mites are important cassava pests that mostly occur during the dry season. They were first 

found infesting cassava by late 1971 in Uganda, East Africa (Gutierrez et al., 1988). Since the pest’s 

introduction in Africa, it has spread to the entire cassava belt causing serious damage to cassava production 

(Mutisya et al., 2015b; Yaninek & Hanna, 2003). Reduction in leaf size, defoliation and candlestick-like 

appearance of young shoots are observed in CGM infested plants. Different methods can be used for control 

of CGM. Due to the unsuccessful use of pesticides to control the pest, researchers at International Institute 

of Tropical Agriculture (IITA) then established biological control of CGM. CGM’s true identity was 

established and its behaviour within the cassava ecosystem and damage to the cassava plants was studied. 

IITA researchers then introduced and established predator mites Typhlodromalus aripo and 

Typhlodromalus manihoti, and later Neozygites tanajoae for biological control of CGM. The mites have 

been used since the 1990s as control measures in Africa (Aidoo et al., 2016; Mutisya et al., 2015a).  
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1.4.2.5 Cassava Mealybug (CMB) 

Mealybugs are major pests infesting a wide range of crops and ornamental plants worldwide (Miller et al., 

2005; Miller et al., 2002; Miller & Rossman, 1995). These phloem-sap sucking insects have been studied 

intensively for decades because of the economic losses they cause to agriculture, through direct damage to 

crops, virus transmission and decreases in yield and quality (Daane et al., 2012; Kuniyuki et al., 2006; 

Meyer et al., 2008; Nakaune et al., 2008; Sforza et al., 2003). Cassava mealybug (P. manihoti) (Figure 1.4) 

is a polyphagous insect feeding on cassava leaves and stems (Calatayud et al., 1994). It multiplies 

explosively in favourable conditions and can quickly devastate cassava crops. Upon introduction into 

Africa, the mealybug spread quickly throughout all cassava producing regions, threatening food security of 

over 500 million people (Bellotti et al., 1999; Neuenschwander, 2001).  

 

 

Figure 1.4: Cassava mealybugs (Phenacoccus manihoti) infesting cassava plants in South Africa. 

Mealybugs collected in a petri dish (1); mealybugs infesting cassava in a glasshouse at ARC-VOPI (2, 3 

and 4).  

 

Phenacoccus manihoti is a parthenogenetic species that reproduces without a mate. It has four 

developmental instars during its life cycle. Each adult female can lay up to 500 eggs in an ovisac under 



 10 

favourable conditions. The first instar is the most mobile stage (Calatayud & Le Rü, 2006; Parsa et al., 

2012) and the entire life cycle from egg to adult takes about 21 days (Figure 1.5).  

 

 

 

Figure 1.5: Modified life cycle of P. manihoti as indicated by (Calatayud & Le Rü, 2006). The 

developmental stages start from egg hatching until the adult stage, which takes 21 days.  

 

Cassava mealybugs are specialist pests that prefer cassava and other Manihot species as their host for 

feeding. The mealybugs use stylets to suck the phloem sap from the plant tissues, and inject saliva into the 

plants (Le Ru & Calatayud, 1994). Infestation of plants results in leaf yellowing, leaf necrosis and 

defoliation, deformation of the terminal shoots, distorted stems, and plants may die in heavy infestations 

(Calatayud & Le Rü, 2006; Parsa et al., 2012). Mealybug infestations may result in leaf loss and poor 

quality planting material for stem propagation. In addition, cassava mealybugs also secrete honeydew, 

which can be used to attract ants that protect the mealybugs from predators. 

 

Besides the use of insecticides, biological control of CMB was implemented in the 1980s by the IITA 

research team in Africa and has been practiced with some success (Nassar & Ortiz, 2007; Neuenschwander, 

2001). The researchers matched the CMB species infesting the cassava crop in Africa in South America 

(place of origin), and further identified the natural enemies (parasitoid) of the same species in South 

America. After rearing the natural enemies in the lab at IITA, they released the predatory wasps, Anagyrus 
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lopezi, and also developed a simulation model for plant/pest/predator-interactions, leading to a successful 

CMB biological control. Another means of controlling CMB is through establishment of resistant varieties. 

 

Overall, the best strategy to offset the destructive effects of diseases and pests is by breeding for resistance 

(Akinbo et al., 2012; Carabalí et al., 2010a; 2010b; Morante et al., 2004). To achieve this, cassava 

germplasm resistant to diseases and pests was established in the 1970s in Mozambique (Hillocks, 2002). 

They introduced the germplasm through subsequent breeding programmes that have since generated high 

yielding disease resistant genotypes. Most of the improved cultivars incorporating resistance to CMD and 

CBB are available at the IITA, Nigeria (Hillocks, 2002). Several clones that combine resistance to CGM, 

CMB and other diseases and pests have also been developed.  

 

1.5 Identification of cassava mealybugs 

Mealybugs can be identified using traditional morphological methods and molecular methods. The degree 

of morphological similarity between different species of mealybugs makes it difficult to correctly identify 

them and can limit their study and management (Malausa et al., 2011). Therefore, molecular methods can 

be used to complement morphological methods. Both morphological and molecular identification methods 

will be discussed here in detail. 

 

1.5.1 Morphological identification 

Mealybugs are traditionally identified by subtle morphological differences between adult females (Millar, 

2002). Identification depends on slide-mountings and thorough examination of tiny features under a 

microscope. Careful handling of the specimen is required for successful morphological identification due 

to the delicate nature of the process (Millar, 2002). Any damage during collection, preservation, 

transference or preparation for slide mounting could result in a lack of the characteristics necessary for 

identification to species level (Malausa et al., 2011). Therefore, morphological identification requires a 

high level of expertise and cannot always distinguish between closely related taxa (Abd-Rabou et al., 2012; 

Malausa et al., 2011). Moreover, the taxonomic morphological-based identification method is laborious 

and only the morphology of adult females is used for species identification (Cook et al., 2010). If plants in 

the field were infested with immature mealybugs, immediate identification would be impossible based on 

only morphology. Despite the delicate nature of morphological identification, the method has been used to 

successfully identify mealybug genera in South Africa (Millar, 2002). Other studies have combined the use 

of both morphological and molecular identification methods (da Silva et al., 2014; Sethusa et al., 2014; 

Wetten et al., 2016). It is therefore recommended to use both morphological and molecular methods for 

more reliable identification of insect species of different genera.  
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1.5.2 Molecular identification 

An alternative method to traditional morphological identification of mealybugs is through molecular 

methods (Beuning et al., 1999; da Silva et al., 2014; Wetten et al., 2016). Molecular identification methods 

such as DNA fragment mapping (Alamalakala et al., 2009; Cavalieri et al., 2008; Rosas-Garcia et al., 

2010), DNA conformation polymorphism, (Sharpe et al., 1999; Ren, 2000), and random amplification of 

polymorphic DNA (Demontis et al., 2007) have been extensively applied in identifying different insect 

species groups. However, recently new tools such as barcoding of the mitochondrial DNA have been 

introduced that are more powerful than the previous methods (Abd-Rabou et al., 2012; Park et al., 2010a; 

Sethusa et al., 2014; Sperling et al., 1999). 

 

1.5.2.1 DNA barcoding 

DNA barcoding is referred to as a taxon identification method using a DNA region that is uniform 

(Ratnasingham & Hebert, 2007; Valentini et al., 2009). The sequence data obtained is analysed with the 

intent of finding a genetic region of suitable variability for species identification (Kress & Erickson, 2008). 

DNA barcoding can be used to identify unknown specimens or species that have been previously described 

and to enhance the discovery of new species (Moritz & Cicero, 2004; Rach et al., 2008). For example, the 

use of DNA barcoding has been demonstrated by (Abd-Rabou et al., 2012) who identified 17 species of 

mealybug infesting crops and ornamental plants in Egypt using a combination of three DNA markers (Large 

subunit of the 28S ribosomal RNA: 28S-D2, cytochrome c oxidase 1: CO1, and internal transcribed spacer 

2: ITS2) as well as morphological examination. Rung et al. (2008) also used two molecular markers, CO1 

and elongation factor 1 (EF1α) to ascertain the identity of Planococcus citri and Planococcus minor, thus 

affirming DNA barcoding as a reliable method for the identification of species.   

 

Overall, morphological and molecular techniques are both important and relevant for identification of 

mealybugs. However, it should be noted that molecular characterization has other advantages: it does not 

need a complete specimen, it is less time-consuming, and does not need specialist taxonomic expertise for 

identification.  

 

1.6 Plant-insect interactions  

From over 350 million years ago, plants and insects continue to battle against each other (Gatehouse, 2002; 

Wu & Baldwin, 2010). Insects have advanced to being able to recognize and detect their host plant for 

feeding using natural signals during their coevolution. As immobile organisms, plants encounter several 

species of herbivorous insects chewing on their tissues, sucking up their cell content and feeding on their 

vascular sap (Korth, 2003; Van Poecke, 2007; Wei et al., 2007). An abundance of direct (Arimura et al., 

2005; Chen, 2008; Zhou et al., 2011) and indirect defence (Dudareva et al., 2013; Kessler & Baldwin, 
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2001, 2002; Kessler et al., 2004; Stam et al., 2014) mechanisms (Figure 1.6) have evolved to protect plants 

from pathogens and herbivores (Broekgaarden et al., 2011). These mechanisms can be constitutively 

present or induced by herbivory stimuli. Accumulation of constitutive defences depends on the type of 

species infesting the plant; whilst with induced defences, characteristics are shared between the plants 

(Gatehouse, 2002). 

 

 

Figure 1.6: A schematic representation of direct and indirect plant mechanisms upon herbivore 

attack.  

 

1.6.1 Direct defences 

Direct defences may prevent the insect from feeding (trichomes, thorns, thick leaves) or produce toxic 

chemicals that include primary and secondary metabolites (Figure 1.6) that destroy or impede the 

development of the insect (Kessler & Baldwin, 2001; War et al., 2012; Zhou et al., 2011). In tomato Duffey 

& Stout, (1996) and tobacco (Steppuhn & Baldwin, 2007), the presence of secondary metabolites has been 

demonstrated to discourage feeding by herbivores. Medicago trancatula plants deterred aphids from 

settling and feeding on the plants within six hours of release in a study by (Klingler et al., 2005). In cassava, 

both grasshopper (Zonocerus variegatus) and burrowing bug (Cyrtomenus bergi), appear to be deterred 

from feeding by cyanogen in leaves and roots (Bellotti & Riis, 1994; Riis et al., 2003). Furthermore, 

artificial infestation in a wild species of cassava, Jatropha gossypifolia (Calatayud & Le Rü, 2006) with 

cassava mealybug (Phenacoccus herreni) ended in 100% mealybug mortality 48 hours, due to to the release 

of the cyanogen in the leaves. 
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One of the most significant elements of pest defence in plants is a direct induced defence response (Howe 

& Jander, 2008). These defences are pest-specific and they have the advantage of reducing the metabolic 

costs to the host plant (Chen, 2008; Stam et al., 2014). The cross-talk between the signal pathways results 

in the release of volatiles that further activate the expression of defence-related genes. To date, activation 

of plant defence signals by pierce-sucking herbivore feeding has been reported to be similar to those in 

response to pathogen infection (Artico et al., 2014; De Vos et al., 2005; Gutsche et al., 2009; Lorenzo & 

Solano, 2005). Examples of these studies include the pathogen Pseudomonas syringae pv. tomato infection 

in Arabidopsis thaliana (De Vos et al., 2005); green peach aphid (Myzus persicae) feeding in Arabidopsis 

thaliana (De Vos et al., 2005; Moran & Thompson, 2001); Russian wheat aphid (Diuraphis noxia) feeding 

in wheat and barley (Gutsche et al., 2009; Liu et al., 2005); potato aphid (Macrosiphum euphorbiae) feeding 

in tomato (Cooper & Goggin, 2005), silverleaf whitefly (B. tabaci type B) feeding in Arabidopsis thaliana 

(Kempema et al., 2007), greenbug (Schizaphis graminum) feeding in sorghum (Park et al., 2006), and the 

grapevine mealybug, Planococcus ficus feeding in grapevines (Timm & Reineke, 2014) and the cotton 

mealybug, Phenacoccus solenopsis in cotton (Zhang et al., 2011b). Signal molecules such as jasmonic acid 

(JA), salicylic acid (SA) and ethylene phytohormones are the ones induced upon biotic stress, and abscisic 

acid is induced upon abiotic stress (Gutzat & Scheid, 2012). These hormones have also been associated 

with plant-herbivore/pathogen interactions, which are triggered upon attack by insects and pathogens (Allie 

et al., 2014; Artico et al., 2014; De Vos et al., 2005; 2006; Gao et al., 2016; Li et al., 2008; Utsumi et al., 

2016).  

 

1.6.1.1 Jasmonic acid (JA) 

Jasmonic acid signalling is involved in diverse processes such as root growth and tuber formation, as well 

as in biosynthesis of systemic acquired resistance (SAR) (Grant & Lamb, 2006; Ryals et al., 1996) Hilfiker 

et al, 2014; Luna et al., 2012). It plays a major role in induced direct plant defence against insects and 

pathogens (Bari & Jones, 2009; Halitschke & Baldwin, 2004; Wang & Wu, 2013). This phytohormone is 

reported to be synthesized by the oxylipin pathway, and can interact with other phytohormones to facilitate 

transcriptional and metabolic realignments in plants after herbivore attack (Verhage et al., 2010). 

Halitschke et al. (2001) indicated that the accumulation of JA appeared to be induced by the oral secretions 

of a specialist herbivore Manduca sexta in Nicotiana attenuata. Moreover, the expression of SA and JA-

responsive genes were induced by green peach aphid (Myzus persicae) feeding in Arabidopsis thaliana 

(Moran & Thompson, 2001). Similarly to aphids, mealybug feeding does induce JA signal molecules in 

different plant species (Dubey et al., 2013). 

 

Jasmonic acid signalling is regulated by many components, however, three main components namely: 

Coronatine-Insensitive1 protein (COI1), Jasmonate Resistant 1 (JAR1) and MYC2 transcription factor play 

the major roles in its regulation (Figure 1.7). COI1 is an F-box protein that is part of the E3 ubiquitin-ligase 
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skip-cullin-F-box (SCF) complex (Chung et al., 2009; Song et al., 2014; Xie et al., 1998; Xu et al., 2002; 

Yan et al., 2009). JAR1 component encodes a JA amino acid synthetase involved in conjugating JA-Ile 

(Staswick & Tiryaki, 2004), while MYC2 encodes the transcription factor involved in transcriptional 

regulation of JA-responsive genes (Kazan & Manners, 2013; Lorenzo et al., 2004; Schweizer et al., 2013; 

Staswick & Tiryaki, 2004). These three components have been indicated to play a major JA regulation upon 

plant insect/pathogen attack. For example, in a study by Huang et al. (2015), genes that were involved in 

JA biosynthesis and signalling pathways (MYC2 transcription factors and JAR) were activated upon 

feeding by cotton bollworm (Helicoverpa armigera) in cotton plants. Moreover, JAR1 was activated in 

response to infestation by the diamond back moth (Plutella xylostella) in Arabidopsis thaliana (Ehlting et 

al., 2008), providing support of the important role of JA in response to biotic and abiotic stresses. 

 

 

Figure 1.7: A schematic representation of signalling hormones involved in biotic stress defence 

response.  

 

1.6.1.2 Ethylene (ET) 

Ethylene is a gaseous hormone that plays a role in regulating growth and development in plants (Chang et 

al., 2013; Guo & Ecker, 2004; McManus, 2012; Sakai et al., 1998; Von Dahl & Baldwin, 2007), including 

leaf senescence and abscission, programmed cell death, and response to stress and pathogen and herbivore 

attack (Müller & Munné-Bosch, 2015; Ouaked et al., 2003). Both abiotic and biotic stresses regulate 

ethylene signalling and establishment of SAR (Fu & Dong, 2013). The first observation of ethylene burst 

due to insect attack was reported by Williamson (1950), and since then, more studies have demonstrated 

ethylene burst in response to insect attack. In tobacco (Nicotiana attenuata), an attack by the specialist 

herbivore Manduca sexta resulted in a dramatic release of ethylene (Winz & Baldwin, 2001). The release 

of ethylene was also activated in cotton plants in response to infestation by cotton bollworm (Helicoverpa 

armigera) in a study by Huang et al. (2015). During insect feeding and wounding, ethylene biosynthesis is 

regulated by kinases such as mitogen-activated protein kinases (MAPKs) and ethylene response factors 
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(ERFs; Figure 1.7). Maffei et al. (2007) indicated that MAPKs play a role in signalling of abiotic and biotic 

stresses, pathogens and plant hormones in plants. For instance, in a study by Seo et al. (1999), transcripts 

in tobacco encoding MAPKs began to accumulate only a few minutes after mechanical wounding, 

representing the presence of ethylene. Furthermore, upon infestation by diamondback moth (Plutella 

xylostella) in Arabidopsis thaliana, transcripts encoding MAPKs were also activated (Ehlting et al., 2008), 

supporting the role of ethylene signalling in response to insect feeding and wounding. 

 

1.6.1.3 Salicylic acid (SA)  

Salicylic acid signalling plays an important role in regulating plant responses against biotrophic pathogens 

as well as phloem-feeding insects (Glazebrook, 2005; Pieterse et al., 2012). It also plays a role in the 

establishment of SAR and shown through genetic studies (Grant & Lamb, 2006; Ryals et al., 1996; Hilfiker 

et al, 2014; Luna et al., 2012). SA signalling involves an important regulatory component, nonexpresser of 

pathogenesis-related gene 1 (NPR1, Figure 1.7). These components interact with TGA transcription factors 

and are involved in activation of SA-responsive pathogenesis-related (PR) genes. In a study by Zhang et 

al. (2015a), feeding by cotton mealybug Phenacoccus solenopsis induced the expression of PR genes (PR-

1a and Glu A) in tomato. In addition, PR genes were differentially expressed during inoculation by 

Alternaria solani in tomato (Upadhyay et al., 2014). On the other hand, PR genes associated with SA-

mediated signalling were induced by aphid feeding in sorghum (Park et al., 2006) and tomato (de Ilarduya 

et al., 2003). Expression of these PR genes responsive to SA signalling is therefore used as a marker for 

SA-dependent systemic acquired resistance.  

 

1.6.1.4 JA, ET and SA interactions 

Jasmonic acid, ET and SA are involved in plant defence by regulating plant defence responses against biotic 

and abiotic stresses (Bari & Jones, 2009; Caarls et al., 2015; Dong, 1998; Zhang et al., 2013). In some 

studies (Beckers & Spoel, 2006; Kunkel & Brooks, 2002; Pieterse et al., 2009; Spoel et al., 2007; Zhang 

et al., 2013), synergistic interactions between JA, ET and SA have been reported. For instance, Spoel et al. 

(2007) indicated that NPR1 plays an important role in interactions between SA and JA in Arabidopsis 

thaliana plants. Transcription factors MYC2 and ERF1 appeared to function as important nodes that 

integrate signals from JA and ET pathways upon herbivory by Pieris rapae in Arabidopsis thaliana (De 

Vos et al., 2005; 2006). Furthermore, an interaction between JA and ET mediated defence signalling was 

regulated by transcription factor MYC2 in Arabidopsis thaliana in response to biotic stress (Anderson et 

al., 2004). Petersen et al. (2000) reported the MAPK4 transcription factors as a negative regulator of SA 

signalling and a positive regulator of JA signalling in Arabidopsis thaliana. Moreover, in a study by Li et 

al. (2008), the expression of WRKY70 in Arabidopsis thaliana caused enhanced expression of SA-

responsive PR genes and concomitantly suppressed methyl-jasmonate-induced expression of JA-
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responsive marker gene Plant defensin 1.2 (PDF1.2). Some of these regulatory proteins are also known to 

play a role in shaping the outcome of Arabidopsis thaliana defence response.  

 

1.6.2 Indirect defences 

In indirect defences (green leaf volatiles, volatile organic compounds, and extra floral nectars), the plant 

may employ mechanisms such as attractants of predators and parasitoids (Figure 1.6) of herbivores in 

facilitating the control of herbivores (Agrawal & Rutter, 1998; Krimmel & Pearse, 2013), or supply food 

and shelter to increase the effectiveness of natural enemies (War et al., 2012). Studies with sap-sucking 

insects on Arabidopsis thaliana (Kuśnierczyk et al., 2008; Zhang et al., 2013) and cotton (Hegde et al., 

2011) have revealed that feeding by sap-sucking insects results in the release of parasitoid attractants that 

can assist in the control of herbivorous pests, including cassava pests. For example, in a study by Zhang et 

al. (2013), β-myrcene was released from Arabidopsis thaliana following feeding by whitefly (Bemisia 

tabacci), which resulted in the attraction of the whitefly parasitoid Encasia formosa. In addition, a blend of 

volatiles released by cotton in response to Aphis gossypii could trigger the antennal responses of 

Chrysoperla lucasina, a predatory lacewing to cotton aphid (Hegde et al., 2011). Furthermore, the release 

of cyanogen glycosides from wild cassava leaves infested with mealybug (Phenacoccus herreni) appeared 

to attract female Anagyrus lopezi wasp, which is the predator to cassava mealybugs (Nadel & Alphen, 

1987).  

 

1.7 Plant-herbivore resistance 

Plant defence responses are generally activated at the site of infection or herbivore feeding (Biere & 

Goverse, 2016; Klauser et al., 2015). For plants to specifically recognize insect or pathogen attack (Biere 

& Goverse, 2016; Hammond-Kosack & Jones, 1997; Pan et al., 2000), and the corresponding avirulence 

(avr) gene in the pathogen, they require dominant or semi-dominant resistance (R) gene alleles. During 

pathogen attack, the plant R protein interacts with the avr effectors and the defence responses become 

stimulated. Functional plant R genes that have been isolated so far encode resistance to bacterial, viral, 

fungal, oomycete, nematodes and insect pests (Dangl & Jones, 2001; Jones & Dangl, 2006). The vast 

majority of the R genes cloned belong to the nucleotide-binding site leucine-rich repeat, extracellular 

leucine-rich repeat, or leucine-rich repeat kinase superfamilies (Marone et al., 2013; McDowell & 

Woffenden, 2003; Michelmore & Meyers, 1998; Petit-Houdenot & Fudal, 2017). These superfamilies were 

identified using map-based cloning techniques in tomato and Arabidopsis thaliana. 

  

In plants, several R genes that confer resistance to insect herbivores have been identified and they belong 

to the NBS-LRR domains (Du et al., 2009; Hogenhout & Bos, 2011; Rossi et al., 1998). These R genes 

include the Vat gene that confers resistance to cotton aphid Aphis gossypii in melon and cotton (Dogimont 
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et al., 2010; Klingler et al., 2001); Bph genes that confer resistance to the brown planthopper Nilaparvata 

lugens in rice (Oriza sativa) (Du et al., 2009); and the Mi-1.2 gene that confers resistance to potato aphid 

Macrosiphum euphorbiae in tomato (Rossi et al., 1998). Furthermore, other classes of R-genes such as the 

Rag gene that confers resistance to the soybean aphid Aphis glycine (Kim et al., 2010a; 2010b; Zhang et 

al., 2009); the AIN (Acyrthosiphon-induced necrosis) gene that confers resistance to bluegreen aphid 

Acyrthosiphon kondii in Medicago trancatula, the  Dn (Diuraphis noxia) genes and H genes that confers 

resistance to hessian fly Mayetiola destructor and Russian wheat aphid Diuraphis noxia in wheat have also 

been reported (Dweikat et al., 1997; Klingler et al., 2009; Liu et al., 2005). As yet, no genes that confer 

resistance to cassava mealybugs or whitefly have been reported. Only CMD genes that confer resistance to 

cassava mosaic disease has been reported from East African cultivars (Akano et al., 2002; Fregene et al., 

1997), and CMD tolerance in the African landrace TME3 has also been described (Bengyella et al., 2015; 

Louis & Rey, 2015). With the use of current next generation sequencing tools, plant-insect interactions in 

cassava can be unravelled to facilitate the discovery of genes involved in multiple pest resistance. 

 

1.8 Improving cassava germplasm for mealybug resistance 

Cassava improvement involves breeding for high yield, drought tolerance, and resistance to diseases and 

pests (Mahungu et al., 2009), and a range of breeding technologies is improving for crop improvement. 

Conventional breeding using recurrent selection methods (Ceballos et al., 2004) was considered, however, 

it was discovered that more efforts would be required to introduce traits into different cultivars without 

altering characteristics of the parent genotype. In cassava, many factors affect its conventional breeding 

(Jennings & Iglesias, 2002). These factors include high levels of genetic heterozygosity, variable flowering 

patterns, and poor seed set and germination (Fregene et al., 1997; Jennings & Iglesias, 2002).  

 

Conventional breeding for resistance to diseases and pests has been susccesfully practiced in cassava 

(Morales, 2001; Nassar & Ortiz, 2010), however, it takes decades to achieve the products. Breeding for 

resistance to African Cassava Mosaic Virus (ACMV), transmitted by whiteflies (Bemisia tabaci) started in 

the 1920s in East Africa (Morales, 2001). ACMV tolerant cultivars were identified within the collected 

germplasm, and crosses were made between the tolerant cultivars, however, high levels of resistance was 

not achieved. For high levels of resistance to be achieved, interspecific crosses were further made using 

wild Manihot species such as M. glaziovii, and then backcrossed again. It took three generations of 

backcrosses to finally get improved ACMV improved cultivars. In addition, breeding for resistance to 

mosaic and brown streak viruses was also carried out at the East African Research Institute, in Tanzania 

(Nichols, 1947). The method used entailed intervarietal hybridization with M. utilissima and interspecific 

hybridization, which included seed production, propagation and field trials of virus resistance. 

Backcrossing from wild Manihot to cassava was performed, until to the third backcross. Virus resistant 

clones were generated and tested in the field with M. utilissima and interspecific hybrids with high levels 
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of resistance. To overcome the expensive and slow process of traditional conventional breeding methods, 

new molecular breeding techniques were adapted for use in cassava.  

 

Since molecular breeding methods were introduced, cassava breeding for resistance to diseases and pests 

has improved. Molecular breeding of cassava has been successful due to major contributions made by 

technologies in the area of tissue culture, genetic transformation and high throughput next generation 

sequencing techniques (Ceballos et al., 2004; Lapidot & Friedmann, 2002; Liu et al., 2011; Mardis, 2008a, 

2008b; Sharma & Ortiz, 2000; Taylor et al., 2004; Zhang et al., 2005). A genetic linkage map of cassava 

has provided an initial tool for the genetic analysis of important traits (Fregene et al., 1997). Several genetic 

markers have since been generated using simple sequence repeats (SSR), random amplified polymorphism 

DNA (RAPD) and isoenzyme markers, making the genetic linkage map denser (Fregene et al., 1997; Raji 

et al., 2009). Single nucleotide polymorphism (SNP) markers have also been constructed to make the 

genetic map denser (Rabbi et al., 2014; Soto et al., 2015). 

 

A Bacterial Artificial Chromosome (BAC) library was then constructed in order to accelerate the cloning 

of resistance genes. The BAC library was constructed from the clones TMS 30001 while a second one was 

later made from M Ecu-72 (Tomkins et al., 2004). Apart from the two BAC libraries constructed, a third 

library was constructed from a TME3 variety. This new variety has a new source of CMD resistance that 

was attributed to a single dominant gene designated CMD2 (Akano et al., 2002). 

 

Genetic engineering was later introduced to cassava; however, it was considered recalcitrant due to 

selection problems (Fregene & Puonti-Kaerlas, 2002). Cotyledons or embryogenic cultures have been used 

as target tissues in many protocols and transformed by particle bombardment or Agrobacterium-mediated 

procedures (Liu et al., 2011). Therefore, the use of embryogenic tissues (i.e. friable embryogenic callus, 

FEC) in combination with Agrobacterium-mediated transformation became the favoured method of cassava 

transformation because of its higher efficiency compared to the cotyledon-based protocol (Abhary et al., 

2011; Bull et al., 2009; Chauhan et al., 2015; Nyaboga et al., 2015). Genetically engineered (transgenic) 

plants (Bi et al., 2010; Taylor et al., 2004) with additional genetic properties were then produced with these 

methods, making a contribution to integrated pest management programs.  

 

Molecular breeding for resistance against pests of economical importance through the insertion of different 

genes was later introduced. Bacillus thuringiensis (Bt) genes, which produces several insect toxins 

(Swadener, 1994), are commonly used. Transgenic plants that include Bt genes have been generated in Zea 

mays (Koziel et al., 1993), Glycine max (Stewart Jr et al., 1996), Nicotiana tabacum (De Cosa et al., 2001) 

and in cotton (Gossypium hirsutum) (Lu et al., 2012), and many others. For example, Bt cotton that consists 

of the insecticidal protein Cry expresses resistance to lepidopteran species and has proved to be resistant to 
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other insect pests in addition to lepidopteran pests (Lu et al., 2012). These studies opened a platform to 

breeding for multiple pest resistance in cassava. Furthermore, genetically modified (GM) approaches were 

also adapted for development of genetically engineered cassava through the BioCassava Plus (BC+) 

programme (Sayre et al., 2011). Genetically engineered cassava with increased nutrients and additional 

traits (increased level of shelf life, resistance to viral diseases) were addressed, with reports from field trials 

in Puerto Rico and Nigeria. In addition, more advanced technologies like NGS and SNP genotyping were 

also introduced to molecular breeding of cassava (Allie et al., 2014; An et al., 2012; Ballén-Taborda et al., 

2013; Owiti et al., 2011; Utsumi et al., 2012; Wang et al., 2014).  

 

1.9 Next generation sequencing (NGS) 

The introduction of NGS technologies (massively parallel sequencing) has transformed genomic and 

transcriptomic methods (Davey et al., 2011; Mardis, 2008b; Metzker, 2010; Morozova et al., 2009; 

Morozova & Marra, 2008). These technologies depend on the several procedures that are grouped together 

as template preparation, sequencing and imaging, and data analysis. The advantage of NGS technologies is 

their capabilities to generate a massive amount of data that is less costly (Metzker, 2010), compared to the 

ABI-Sanger sequencing. Presently, commercial platforms of sequencing systems that are available for high 

throughput of genomics and transcriptomics research include Roche/454, ABI Sequencing by 

Oligonucleotide Ligation and Detection (SOLiD) and Illumina (Davey et al., 2011; Mardis, 2008b; 

Metzker, 2010; Morozova et al., 2009; Morozova & Marra, 2008). 

 

1.9.1 Roche/454 sequencing technology 

Roche/454 sequencing technology was the first next generation sequencing technology that was 

commercially introduced into the market in 2004 after ABI-Sanger sequencing (Morozova & Marra, 2008; 

Rothberg & Leamon, 2008). This technology uses a pyrosequencing approach, which involves massively 

parallel sequencing by synthesis of long reads and produces average read length of 400bp- 1000bp (Hall, 

2007; Mardis, 2008a, 2008b; Wicker et al., 2009). Pyrosequencing utilizes DNA polymerase incorporating 

the nucleotides resulting in the release of pyrophosphate molecules. The release of phosphate molecules 

then recruits a sequence of downstream responses that eventually generate light by the enzyme luciferase 

(Mardis, 2008a, 2008b). This technology has been employed in genomics and transcriptomics research 

including in humans (Qin et al., 2010; Worthey et al., 2011), animals (Cahais et al., 2012; Hou et al., 2011) 

and plants (Varshney et al., 2012; Wicker et al., 2009), For example, in plants, a barley complex genome 

was sequenced using the Roche/454 technology (Wicker et al., 2009). The technology provided much more 

coverage of the BAC clones than in ABI-Sanger sequencing. Cassava was also sequenced and assembled 

using the 454 FLX Titanium sequencing technology (Prochnik et al., 2012). However, the sequencing 
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platform was discontinued due to the introduction of the new and faster platforms. Since the sequencing of 

the cassava draft genome, more genomic and transcriptomic studies have been made possible.  

 

1.9.2 ABI SOLiD sequencing technology  

The ABI SOLiD system, which was first introduced in 2007, is a program that is based upon the 

hybridization ligation process (Ansorge, 2009; Mardis, 2008a, 2008b; Morozova & Marra, 2008; Shearer 

et al., 2011). The system process includes oligo adaptor ligation of DNA fragments, attaching DNA 

fragments to the tiny magnetic beads, and amplification of the DNA on the beads by emulsion PCR. Within 

the sequencer, lies a glass slide placed into the fluidics cassete. The beads are then attached to the surface 

of the glass slide after amplification, and sequenced. The SOLiD system produces read length of up to 75 

bp and can construct about 320 Gb of sequences per run. This platform has been applied in plant genomics 

such as in a study by (Ashelford et al., 2011) a novel circadian clock mutation was revealed by re-

sequencing a full genome in Arabidopsis thaliana using both ABI SOLiD and Roche 454 NGS 

technologies. In addition, basal defence and cell wall associated genes of susceptible and tolerant cassava 

landraces infested with South African cassava mosaic virus were identified by transcriptome analysis using 

ABI SOLiD technologies (Allie et al., 2014). This technology has proven to unravel genomics and 

transcriptomics problems, however, it has limiting factors such as being slower, with a time-consuming 

method for library preparation as compared to the other sequencing technologies (Zhang et al., 2011).  

 

1.9.3 Illumina sequencing technology 

The Illumina approach is still the most used system for sequencing since its introduction to the market in 

2006 (Mardis, 2008a, 2008b; Zhang et al., 2011). Illumina platforms include MiSeq, HiSeq series and the 

NextSeq 500 (Buermans & Den Dunnen, 2014; Reuter et al., 2015). The MiSeq is designed for sequencing 

small genomes, while the HiSeq series are designed for high throughput sequencing applications. In 

addition, the NextSeq 500 is designed for human genome sequencing. In the present study, the HiSeq 2500 

was used for transcriptome analysis. This approach uses bridge amplification for cluster generation and 

sequencing by synthesis of reads of up to 300 bp in length (Figure 1.8). The system uses a combination of 

four nucleotides, each classified with a unique flourophore that are added concurrently to the flow cell 

channels along with DNA polymerase for integrating into oligo-primed cluster fragments (Egan et al., 

2012; Mardis, 2008a; Zhang et al., 2011). Cluster strands are then extended by bridge amplification and 

sequenced. The HiSeq 2500 is able to produce paired-end reads of 125 bp in length; however, recent 

sequencer models (NextSeq 500 and HiSeq X Ten) produce even longer reads of about 150 bp in length.  

To date, this platform is used by most studies including in plant genomics and transcriptomics (Coppola et 

al., 2017; Egan et al., 2012; Huang et al., 2009; Wu et al., 2013; Yang et al., 2015). 
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Figure 1.8: An overview of Illumina/Solexa platform workflow. RNA was purified by the removal of 

rRNA using magnetic kit to produce enriched mRNA. The library is prepared from enriched mRNA, which 

is fragmented, adapter ligated and PCR amplified to enrich purified cDNA template. cDNA library is added 

to the flow cell for bridge amplification. Fragmented clusters are subjected to denaturation, annealed with 

the sequencing primer and sequenced using an Illumina instrument to produce 125 bp paired-end 

sequencing reads (Mardis 2008a, 200b). 

 

1.9.4 Single molecule sequencing 

Although the first and second-generation sequencing platforms are still used in the agricultural industry, 

there are new third generation sequencing platforms that have recently been introduced (Greninger et al., 

2015; Lu et al., 2016; Schadt et al., 2010; Rhoads & Au, 2015; Schneider & Dekker, 2012). These platforms 

use the single-molecule sequencing by degradation or direct physical inspection of the DNA molecule, with 

higher throughput, longer read lengths, smallest amount of starting material, low cost and faster turnaround 

time (Greninger et al., 2015; Schadt et al., 2010; Schneider & Dekker, 2012), compared to the first and 

second-generation sequencing platforms. The platforms include Pacific BioSciences (Rhoads & Au, 2015) 

and Oxford Nanopore MinION (Lu et al., 2016) third generation sequencing platforms. 

 

Compared to the second-generation sequencing platforms, Pacific BioSciences (PacBio) and Oxford 

nanopore platforms have an advantage of producing longer read lengths, however, the reads have high error 

rate. Circular consensus sequencing can be done to reduce the error rates (Larsen et al., 2014), thereby 
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overcoming the repetitive regions of the second-generation sequencing. Various studies have demonstrated 

the potential of the nanopore sequencing, including in the assembly of the genome of Arabidopsis thaliana 

and Drosophila malanogaster (Berlin et al., 2014). In spite of that, the first and second-generation 

sequencing platforms have led the way in transforming the genomics field, opening a platform for the 

development of the current third generation sequencing, and they are still used.   

 

1.9.5 Application of NGS in cassava breeding 

DNA-based molecular markers are useful for detecting the genetic variation available in germplasm 

collections and breeding lines. However, with the use of next generation sequencing technologies, it is 

possible to resequence the entire plant genome and the entire transcriptome more efficiently at a greater 

depth than before (Varshney et al., 2009). Genome and transcriptome sequence data of model plants and 

other crop species such as Populus trichocarpa (Tuskan et al., 2006), Medicago truncatula (Tang et al., 

2014), Zea mays (Schnable et al., 2009) and Arabidopsis thaliana (Meyerowitz & Somerville, 1994) have 

been sequenced using the NGS technologies. These platforms offer high throughput with reduced 

sequencing costs as compared to Sanger sequencing (Varshney et al., 2009). Cassava is one of the crop 

species that has been sequenced using NGS platforms, Roche/454; and has recently been re-annotated 

(Bredeson et al., 2016). The sequencing and assembly of the cassava genome (Table 1.1) is invaluable in 

the application of molecular technologies towards cassava improvement, and this include transcriptome 

profiling of genes associated with resistance to herbivorous pests.  

 

Table 1.1: Current status of the cassava reference genome: Manihot esculenta v6.1. 

Database title Existing data 

Genome size (approximately) 582.25 Mb (~15 % gaps) 

Contig 40 044  

Scaffolds 2 001 

Chromosomes 18 (not yet anchored on chromosome) 

Loci 30 033 

Alternate transcripts 8 348 

 

1.9.6 Transcriptome profiling 

A transcriptome is defined as set of all coding and non-coding RNA molecules produced in a population of 

cells (Wise et al., 2007). Analysis of a transcriptome involves characterization of all transcriptional activity 

without prior knowledge of the genome. Advances in sequencing enable rapid profiling and deep 

investigation of the whole or a portion of a transcriptome (Wise et al., 2007). Transcriptome studies can be 
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achieved using genome-guided tools (Kim et al., 2013; Trapnell et al., 2012) or de novo assembly tools 

(Birol et al., 2009; Chen et al., 2010; Grabherr et al., 2011; Haas et al., 2013; Robertson et al., 2010). 

 

In most plant species, microarrays have been the most used technology for transcriptome profiling (Meyer 

et al., 2008; Meyers et al., 2004; Park & Ryu, 2014; Studham & MacIntosh, 2013). Microarrays were the 

first platform to be used for expression profiling since its emergence (Schena et al., 1995). This platform 

can be used to study the expression of genes simultaneously, however, it only measures expression levels 

of genes for which a probe is available (Rensink & Buell, 2005). A number of expressed profiles have been 

studied using this technique in plant defence against insect pests (Couldridge et al., 2007; Ehlting et al., 

2008; Gutsche et al., 2009). Other technologies that do not utilize probes such as Illumina/Solexa, 

ABI/SOLiD, and 454/Roche have been introduced for expression profiling purposes, even through de novo 

sequencing (Mardis, 2008a, 2008b; Zhang et al., 2011). The availability of technologies like these has 

proven the ability to measure the expression of thousands of genes in plant species (Chen et al., 2012; Wall 

et al., 2009; Yang et al., 2012) in response to both biotic and abiotic stresses, which has presented scientists 

with new opportunities. 

 

The availability of a complete genome of Arabidopsis made it the first plant for which transcriptional 

profilling platforms were developed (Meyer et al., 2008; Meyers et al., 2004). Sequences of other crop 

species such as poplar (Tuskan et al., 2006), Medicago trancatula (Cannon et al., 2005), tomato (Tomato 

Genome Consortium, 2012) and maize (Schnable et al., 2009) are also available. Only few transcriptome 

profiling studies have been performed in cassava (Allie et al., 2014; Ballén-Taborda et al., 2013; Bohorquez 

et al., 2012; Fregene et al., 2004; Lopez et al., 2005b; Owiti et al., 2011; Utsumi et al., 2012; Wang et al., 

2014), however, stress-associated genes with biological functions were identified. To date, genes associated 

with pest resistance in cassava have not been reported. This study will address part of these concerns by 

identifying putative candidate defence genes involved in cassava mealybug resistance by RNA-seq 

transcriptome profiling.  

 

2.0 MOTIVATION AND RATIONALE FOR STUDY 

Cassava is a woody perennial plant that feeds over 850 million people living throughout the tropics. It is 

mainly cultivated for its large starchy roots but the leaves are also consumed as a vegetable, especially in 

Africa. In South Africa, cassava is grown in Limpopo, Mpumalanga and KwaZulu-Natal provinces as a 

secondary crop. In the neighbouring countries of Swaziland and Mozambique, cassava is a staple food crop 

and is also used for industrial starch production. Cassava has also gained importance as an industrial starch 

in the pharmaceutical, textile and cosmetics industry. Furthermore, it is also used in bio-ethanol production 

and has been regarded as one of the most important crops in bio-ethanol production. However, the pests of 

cassava (P. manihoti) can devastate the crop resulting in up to 80% yield losses. Several approaches such 
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as biological control using parasitoids have been implemented with varying degrees of success in central 

and western Africa, however, cultivating resistant varieties remains the most sustainable option for 

managing the pests.  

 

Cassava breeding over the years mainly focused on high yields and low fibre content with very little 

emphasis on pest resistance (Morante et al., 2004). The significance of yield reduction due to pests has led 

to the inclusion of breeding for resistance to pests as a major objective in cassava breeding programs. Basic 

techniques used in plant pathology and genetics were used to decipher the different mechanisms in response 

to pathogen and insect attacks (Ceballos et al., 2004; Fregene et al., 1997; Liu et al., 2011; Nassar & Ortiz, 

2010). However, with the recent advances in NGS sequencing (second and third generation), molecular 

breeding of cassava for pest resistance can be more effective. Understanding the interactions between the 

insect pest (cassava mealybugs) and the plant host (cassava) will be important for elucidating the 

mechanism and nature of cassava resistance to mealybug. The subsequent identification and development 

of cassava genotypes with resistance to mealybug will go a long way in contributing to sustainable cassava 

production in sub-Saharan Africa. 

 

2.1 AIM 

The aim of the project was to identify genes and molecular pathways associated with cassava response to 

mealybug (Phenacoccus manihoti) through transcriptome profiling of cassava genotypes infested with 

mealybugs.  

 

 2.2 HYPOTHESES 

i. Barcoding genes correctly identify the various species of mealybugs present in South Africa.  

ii. Different cassava genotypes respond differently to mealybug infestation and feeding. 

iii. Cassava plants respond to mealybug infestation by induction or suppression of different classes 

of transcripts and gene pathways depending on their level of resistance and/or susceptibility. 

 

2.3 SPECIFIC OBJECTIVES 

i. To characterize mealybug collections from different cassava-growing provinces in South Africa 

using barcoding techniques. 

ii. To phenotypically screen diverse cassava genotypes for their response to cassava mealybug 

infestation. 

iii. To identify candidate genes and determine gene expression pathways in response to mealybug 

infestation in resistant and susceptible cassava genotypes. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Mealybug collection and maintenance 

Colonies of cassava mealybugs were collected from cassava plants at Makhathini (27.3953° S, 32.1764° E; 

KwaZulu Natal province), Malelane (25.4861° S, 31.5484° E) and Bushbuckridge (24.8398° S, 31.0464° 

E; Mpumalanga province). The mealybugs were collected randomly from cassava growing farms by 

harvesting branches from mealybug infested plants. Branches with mealybugs were then placed on cassava 

plants in pots in separate cages to allow the pests to feed. The collected mealybugs were transported to the 

Agricultural Research Council–Vegetable and Ornamental Plants Institute (ARC-VOPI) and maintained as 

independent colonies on cassava plants under greenhouse conditions at 27 °C day and night temperature. 

A sample of each mealybug collection was further preserved in 100% ethanol and stored at room 

temperature for morphological and molecular identification. The South African Authority (South African 

National Biodiversity Institute) does not require any permission for scouting and/or collection of pests of 

any kind either from open fields or from farmers’ fields. The current study did not involve endangered or 

protected species.   

 

2.1.1 Morphological identification of mealybugs 

All solutions, reagents, chemicals and kits used in this study are listed in Appendix A1-A3. From the field 

samples (branches with multiple mealybugs) collected from several farms in two provinces, 15 adult female 

mealybug (five specimens per site: Makhathini, Malelane and Bushbuckridge) were prepared for 

morphological identification according to the protocol of (Williams & de Willink, 1992) with slight 

modification as follows: Mealybug specimens were incised with a needle in the middle of the dorsum of 

the thorax and incubated in 10% potassium hydroxide overnight. Specimens were heated in a tube in boiling 

water until the body contents were pale and translucent, and then soaked in distilled water for three hours. 

The specimens were then rinsed with 96% ethanol and incubated for a further 10 minutes in the same 

solution before transferring to carbol xylene for another 10 minutes to dissolve any residual body wax. 

Specimens were placed in 96% alcohol again to remove the carbol xylene, and stained in acid fuchsin for 

1 h before dehydrating in acid alcohol for 30 minutes. The dried specimens were placed on a slide, covered 

with a drop of clove oil for 20 min, and then mounted on microscope slides with Canada balsam for 

identification. Mealybugs were identified according to species keys described by (Williams & de Willink, 

1992).    
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2.1.2. Confirmation of mealybug identity 

Total DNA was extracted from individual intact specimens (three specimens from three different field sites) 

using the blood and body fluid protocol of the DNeasy DNA extraction kit (Qiagen, Valencia, CA), with 

modifications according to Sethusa et al. (2014). DNA concentrations were quantified using a Qubit® 

fluorometer (Invitrogen/Life Technologies Inc., Carlsbad, CA, US) and verified on a 1% agarose gel in 

1xTAE buffer at 10 V/cm for 30 min using a BioRad Geldoc system (BioRad laboratories Inc., CA). DNA 

was stored at 4 °C for PCR amplification. Barcoding primers of the 28S ribosomal RNA (rRNA) region, 

s3660 (F- 5’GAGAGTTMAASAGTACGTGAAAC3’) (Dowton & Austin, 1998) and 28S (R- 

5’TCGGAAGGAACCAGCTACTA3’) (Whiting et al., 1997); 18S rRNA region, 2660 (F- 

5’CTGGTTGATCCTGCCAGTAG3’) (Tautz et al., 1988) and 18S-B (R- 

5’CCGCGGCTGCTGGCACCAGA3’) (von Dohlen & Moran, 1995); and the CO1 region, PcoF1 

(5′CCTTCAACTAATCATAAAAATATYAG3′) and LepR1-

(5′TAAACTTCTGGATGTCCAAAAAATCA3′) (Park et al., 2010b) were used to amplify genomic 

regions (18S and 28S rRNA; and CO1 region) in mealybug samples. Gene fragments were amplified using 

a touchdown protocol that included initial denaturation at 94 °C for 5 min followed by 14 cycles of 94 °C 

for 30 sec, 56 °C for 30 sec and 72 °C for 2 min, with 1.0 °C decreasing temperature from 56 to 42 °C for 

30 sec every cycle. The remaining 18 cycles were performed at 94 °C for 30 sec, 42 °C for 30 sec and 72 

°C for 2 min, with the final elongation at 72 °C for 7 min. PCR products were purified using the QIAquick 

PCR purification kit (Qiagen, Valencia, CA). After PCR amplification, the products were verified on a 1% 

agarose gel electrophoresed in 1xTAE buffer using the BioRad Geldoc system (BioRad laboratories Inc., 

CA).  

 

Sanger sequencing of PCR products was outsourced to Inqaba Biotec (Inqaba Biotechnical Industries, 

Gauteng, South Africa). Resultant sequences were assembled using Pregap4 and Gap4 programs within the 

molecular biology software STADEN package (Staden et al., 1998). Consensus sequences were subjected 

to BLASTn on NCBI (www.ncbi.nlm.nih.gov/BLAST) and EMBL 

(https://www.ebi.ac.uk/Tools/sss/ncbiblast/nucleotide.html) to retrieve known homologous sequences as 

species identification references. CLC Bio Genomics workbench v9.0 was used for multiple sequence 

alignment and the molecular evolutionary genetics analysis package (MEGA v.6.0) for phylogenetic 

analysis. Non-parametric maximum likelihood (ML) Tamura-Nei bootstrapping model with heuristic 

searches of 10,000 replications was performed to assess branch support in phylogenetic trees generated. 

Under the Tamura-Nei model, branch lengths and substitution rate parameters are optimized to fit the data 

submitted to construct trees. The method is statistically well founded and leads to higher accuracy when 

constructing trees. Values of 95% or larger were regarded as evidence that the groupings were of the same 

species, while values of 70% - 94% were regarded as groupings of a related species. 

 

http://www.ncbi.nlm.nih.gov/BLAST
https://www.ebi.ac.uk/Tools/sss/ncbiblast/nucleotide.html
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2.2 Cassava collection, multiplication and hardening 

Cassava genotypes AR23.1 (CIAT), P40/1 (South Africa) and 98/0581 (IITA) were sourced from ARC-

VOPI (Table 2.1) and multiplied through tissue culture in Murashige and Skoog (MS) medium (Murashige 

& Skoog, 1962) in a growth room at 21 °C (16 h light and 8 h darkness) until the plants developed roots 

and leaves for 7 weeks (Figure 2.2). In vitro plantlets were later transferred to 20 cm diameter pots under 

greenhouse conditions at 27 ± 2 °C day and night temperature, grown in a medium mix of 60% topsoil, 

20% sand and 20% vermiculite (Figure 2.1). Plants were watered once daily, and supplemented with 

nutrients (Multifeed, Makro, SA) for a period of seven weeks. 

 

Table 2.1: Cassava genotypes selected for infestation and sequencing experiments. 

Genotype Origin Source Other information 

AR23.1 CIAT, Colombia ARC-VOPI Stay green, grow fast in vitro and in 

greenhouse, multiple disease and green 

mite resistance 

P40/1 ARC, South Africa ARC-VOPI No known resistance 

98/0581 IITA, Nigeria  ARC-VOPI Multiple pest resistance, CMD resistance  

 

 

 

Figure 2.1: Cassava plants multiplied in the growthroom and greenhouse for rearing and mealybug 

infestation experiments. Plants were multiplied under controlled temperature. A: In vitro plants in a 

growth room in bottles and tubes at 21 °C (16 h light and 8 h darkness). B:  Greenhouse plants hardened in 

a soil mix at 27 ± 2 °C day and night temperature. 

 

2.3 Mealybug infestation experiments and scoring 

Plant leaves that were seven weeks old were infested with the third stage instar mealybugs. Nine plants 

were divided into groups of three, each representing a biological replicate (for each genotype and each time 
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point). Plants were prepared separately for both phenotypic evaluation and RNA-sequencing under the 

same conditions. Two fully expanded leaves (directly below the apex) were infested with 15 mealybugs by 

gently brushing the insects on the leaves using a fine paintbrush. Pots with plants infested with mealybugs 

were covered with plastic bags to protect the mealybugs from moving from one plant to the other. Non-

infested controls were plants from which leaf tissues were harvested at zero-time point prior to infestation. 

Mealybugs were removed from the infested leaves using a paintbrush before harvesting plant tissues for 

RNA-sequencing. Leaves infested with mealybugs or mock-infested (leaves were wiped with sterile 

distilled water using a sterile paintbrush) were harvested at 24 and 72 hours of mealybug infestation (Table 

2.2).  

 

Table 2.2:  Description of experimental samples.  

 
Tissue Description Genotype RNA-seq dataset 

Non-Infested tissue harvested at 24 h Non-infested mock AR23.1 AR23-24-mock 

Infested tissue harvested at 24 hpi Experimental tissue AR23.1 AR23-24-inf 

Non-Infested tissue harvested at 72 h Non-infested mock AR23.1 AR23-72-mock 

Infested tissue harvested at 72 hpi Experimental tissue AR23.1 AR23-72-inf 

Non-Infested tissue harvested at 24 h Non-infested mock P40/1 P40-24-mock 

Infested tissue harvested at 24 hpi Experimental tissue P40/1 P40-24-inf 

Non-Infested tissue harvested at 72 h Non-infested mock P40/1 P40-72-mock 

Infested tissue harvested at 72 hpi Experimental tissue P40/1 P40-27-inf 

Non-Infested tissue harvested at 24 h Non-infested mock 98/0581 0581-24-mock 

Infested tissue harvested at 24 hpi Experimental tissue 98/0581 0581-24-inf 

Non-Infested tissue harvested at 72 h Non-infested mock 98/0581 0581-72-mock 

Infested tissue harvested at 72 hpi Experimental tissue 98/0581 0581-27-inf 

 

Leaf tissues were pooled from each plant per replicate (6 leaves per biological replicate), snap frozen in 

liquid nitrogen and stored at -80 oC. The plants were further monitored weekly post-infestation (7, 14, 21, 

28 and 35 dpi) to assess and record the extent of damage and the number of mealybugs per surviving plant.  

 

Screening and scoring were done according to the method of the Collaborative Study of Cassava in Africa 

(Nweke et al., 1999) on the 7th, 14th, 21st, 28th and 35th days post-infestation by comparing mealybug-

infested with mock-infested leaves.  Symptom severity was evaluated per plant on a scale of 0 (resistant, 

no observable symptoms) to 4 (a candlestick-like appearance, internode length reduced, curved/complete 

defoliation of the young portion of shoots, ≥200 mealybugs and severe symptoms). Plants that had ≥100 

and ≤200 mealybugs with moderate symptoms were scored as moderately susceptible (score 3) while those 

with ≥50 and ≤100 mealybugs were scored as moderately resistant/tolerant (score 2). Plants with less than 

50 mealybugs, and slight symptoms were scored as partially resistant (score 1).  
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2.4 Total RNA isolation  

2.4.1 Treatment of equipment and glassware for RNA isolation 

Pestles and mortars, spatulas and tweezers that were used for RNA preparations and isolations were treated 

with DEPC in water, then autoclaved at 121 oC for 15 minutes to sterilize. After autoclaving, the instruments 

and glassware were subjected to 80 °C dry heat to dry before being utilized. Equipment such as gel 

preparation trays, combs, gel running tank and gel doc were also treated with DEPC water before being 

used. 

 

2.4.2 RNA isolation and quantification 

Leaf tissue (100 mg) from infested and non-infested (mock) plants from each biological replicate and each 

time point were ground in liquid nitrogen. In each biological replicate (at each time point), three plants 

were used and from each plant, two leaves (directly below the apex) were pooled. Biological variation was 

represented by 6 leaves per biological replicate. RNA was isolated using the RNeasy Plant Mini kit (Qiagen, 

Valencia, CA) according to the manufacturer’s instructions. RNA was digested with DNase using the 

RNase-Free DNase kit (Qiagen, Valencia, CA), subsequently eluted in 50 μl RNase-free water, and stored 

at -80 °C until ready for use. RNA concentration was quantified using a Qubit® fluorometer. Agarose gel 

electrophoresis was used to view RNA quality, the electrophoresis buffer was 1xTBE and electrophoresis 

was at 10 V/cm for 30 min using a BioRad Geldoc system (BioRad laboratories Inc., CA). A RiboRuler 

RNA ladder was used as molecular size marker (RiboRuler, Inqaba Biotec, SA). Ethidium bromide stained 

images were captured on a BioRad Gel/Chemi doc (BioRad laboratories Inc., CA) and BioRad image lab 

software 5.1. After quantifying concentrations using a Qubit® fluorometer, all RNA samples were adjusted 

to the same concentration for reverse-transcription reactions and sequencing. 

 

2.5. Library preparation and RNA sequencing 

Total RNA was purified by the removal of rRNA using oligo dT beads to produce enriched mRNA, and 

was prepared for sequencing using a TruSeq Stranded mRNA Sample Preparation Kit (Illumina, San Diego, 

CA, USA). First strand cDNA was synthesized using reverse transcriptase and random hexamers followed 

by the second strand synthesis. The cDNA fragments were 3 adenylated followed by adapter ligation with 

RNA adapter indexes. PCR amplification was performed to enrich purified cDNA template. The cDNA 

concentration of the library was determined using a Qubit® fluorometer according to the manufacturer’s 

instructions, and the library was further validated on a 1% 1xTAE agarose gel. Library dilutions were 

prepared and loaded on a cBOT system (Illumina, San Diego, CA, USA) for cluster generation and 

sequenced using an Illumina HiSeq 2500. Each biological replicate (3 per time point) was sequenced 

separately for each genotype AR23.1, P40/1 and 98/0581 at 24 and 72 hpi as well as for mock-infested. An 

RNA-seq workflow for the methods is shown in Figure 2.2. 
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2.5.1 Methodology workflow 
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Figure 2.2: Schematic representation of the experimental approach for RNA isolation and cDNA 

preparation for Illumina RNA-seq from biological replicates of cassava genotypes infested with 

mealybugs and non-infested mock. This figure represents the workflow for one biological replicate from 

one genotype at one time point. This method was repeated for all the genotypes at different time-points on 

leaves infested with mealybugs compared to non-infested mock. 

 

2.6 Bioinformatics analysis 

2.6.1 Read mapping and gene expression quantification  

The quality of sequencing data was assessed using the FastQC v0.10.1 tools (Bianchi et al., 2013). 

Sequences were trimmed for quality and adaptors removed using Trimmomatic v0.30 software (Bolger et 

al., 2014). The sequences used for further analysis had a Phred score with a confidence level above 20. 

Trimmed transcript sequences were mapped to the annotated cassava reference genome 

(Mesculenta_305_v6.1) and quantified using Tophat/Cufflinks (Birol et al., 2009) v2.0.11 pipeline (Kim 

et al., 2013; Trapnell et al., 2012). Differential gene expression in response to mealybug infestation was 

analysed using the Cuffdiff tool (Trapnell et al., 2012). Gene expression counts were normalized using 

fragments per kilobase of exon per million mapped reads (FPKM). Gene expression data from the 

biological replicates of each genotype was compared to determine the positive correlation within the same 

time-point using MS Excel (Appendix: Figure A9-A11). Since the three biological replicates had no 

significant variation among them, data from three biological replicates were pooled together per time-point 

for each genotype before analysis of differentially expressed genes. Differentially expressed genes (DEGs) 

were determined with a log2 fold change ≥ 2.0 cut-off and an absolute P-value of ≤ 0.05 (Appendix: Table 

A2-A4). Differentially expressed genes were assigned functions using the Mesculenta_305_v6.1 

annotations, according to their gene ID, and compared to public databases (NCBI BLASTx) and literature 

from RNA-seq analysis post-infestation with herbivores (Artico et al., 2014; Ehlting et al., 2008; Huang et 

al., 2015; Park et al., 2006; Wei et al., 2013). The raw sequence data was submitted to the NCBI Small 

Read Archive (accession number SRP058748). 

 

Gene ontology (GO) analysis was conducted on the differentially expressed genes using InterProScan 

(http://www.ebi.ac.uk/Tools/pfa/iprscan/) with default parameters. The GO terms associated with each 

DEG were then obtained to describe biological processes, molecular functions and cellular components. 

InterProScan output file was input into BGI WEGO program and GO annotations were plotted 

(http://wego.genomics.org.cn) (Ye et al., 2006).   

 

http://wego.genomics.org.cn/
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2.6.2 Pathway analysis  

Pathway analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) annotation 

service (Kanehisa et al., 2004; Moriya et al., 2007). KEGG Ontology (KO) terms were assigned to DEGs 

using the Manihot esculenta annotation file (www.phytozome.net). Genes that were assigned KO terms 

were then mapped to KEGG pathways and significantly enriched terms were further identified in 

comparison with the castor bean (Ricinus communis) genome background.  

 

2.7 RT-qPCR validation of DEGs 

Nine (9) candidate defence-related genes (Table 2) were selected from the DEGs for validation using 

quantitative PCR. Three biological replicates per time point were used for RT-qPCR confirmation analysis. 

In each biological replicate (at each time point), three plants were used and from each plant, 2 leaves 

(directly below the apex) were pooled. For each pooled sample there were three technical replicates. 

Therefore, biological variation was represented by 6 leaves per biological replicate. Primer pairs were 

designed using CLC Bio Genomics Workbench v9.0, with the amplicon length less than 200 bp and melting 

temperature between 50-60 °C. Ubiquitin 10 (UBQ10) and GTP binding (GTPb) (Moreno et al., 2011) 

were used as housekeeping genes for the normalization of the RT-qPCR data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.phytozome.net/


 34 

Table 2.3 Primer sequences of selected DEGs used for real-time quantitative reverse transcription-

polymerase chain reaction (RT-qPCR). 

Genes Primer 

names 

Forward (5’-3’) Reverse (5’-3’) Product 

size 

1. Ubiquitin 10 UBQ10 tgcatctcgttctccgattg gcgaagatcagtcgttgttgc 166 bp 

2. GTP binding GTPb gttgccttcttttgcgtttct gcaatttgatccgttttccat 114 bp 

3. 2-Oxyglutarate (2OG) 

and FE(II)-dependent 

oxygenase superfamily 

protein 

2OG-FE(II) ggagttgaggttgctgaaga ggaaggaggagaagaagaaga 146 bp 

4. HSP20-like chaperones 

superfamily protein 

HSP20 aaaaacccacaagcccaa ctctcactttctcttcatcttc 190 bp 

5. Myb domain protein 4 MYB ggtgagggtggtttaagt ctctagatttgcgtttgatg 161 bp 

6. Glycosyl hydrolases 

family 32 

GH32 gattaggcgttgaagaag gaacaggagctgaagcta 145 bp 

7. Cytochrome P450, family 

94, subfamily B, polypeptide 

3  

CYP450 actcccacttatcctacac caacgaaaccacaaccaa 120 bp 

8. Alpha/beta-hydrolases 

protein family 

Alpha/B cactctctcttctacttcttct ttttcccttgtggccctt 179 bp 

9. GDSL-like 

Lipase/Acylhydrolase 

family protein 

GDSL ggttttgtaatggagtgg tattttgggtgtgagagg 176 bp 

10. Terpene synthase 21 Terp tcttcttcttctcctttcctc tccccacttacaatcccc 141 bp 

11. Gibberrelin 2-oxidase 6 Gibb tgcatgattcctgactagtc catggatcagtctagaatg 150 bp 

 

Reverse transcription (RT) of RNA was achieved using iScript Advanced first strand cDNA synthesis kit 

(Bio-Rad Laboratories Inc., Hercules, CA, USA) in a total reaction volume of 20 μl containing 1 μg of total 

RNA according to the manufacturer’s instructions. Complementary DNA (cDNA) concentrations were 

quantified using a Qubit® fluorometer, and equal concentrations (40ng) were prepared for RT-qPCR 

reactions. Quantitative RT-qPCRs were performed in a Roche LightCycler® 96 System (Roche Applied 

Science, US) using the KAPA SYBR FAST Universal qPCR kit (KAPA Biosystems, SA) according to the 

manufacturer’s instructions. Thermal cycling conditions were as follows: 94°C for 10 min, followed by 40 

cycles of 94°C for 30 sec, 50-60°C for 30 sec (depending on the annealing temperature of each primer set), 

and 72°C for 30 sec. Each qPCR reaction was perfomed in triplicate with negative controls. Fluorescence 

values were acquired at the end of the elongation phase. A melting curve analysis was performed after the 

final PCR cycle to verify primer specificity. Transcript levels were estimated using the relative 

quantification method, as described by Livak & Schmittgen, (2001) and Pfaffl, (2004) by calculating the 

ratio of relative expression from the efficiency (E) and threshold cycle (Ct) values of an unknown sample 

versus a control sample. The stability of the reference genes across all samples was determined using 

BestKeeper statistical algorithm (Pfaffl et al., 2004). 
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CHAPTER 3 

Identification of mealybug collections from cassava in KwaZulu Natal and 

Mpumalanga provinces of South Africa. 

 

AIM – To identify and confirm mealybug species collected from different cassava-growing provinces in 

South Africa using molecular techniques. 

 

3.1 Introduction 

Mealybugs are small sap-sucking herbivorous insects belonging to the Pseudococcidae family (Hardy et 

al., 2008; Park et al., 2010a). They are serious agricultural insects that cause damage to food crops and 

ornamental plants (Miller et al., 2005). These insects can be generalized or specialized depending on the 

kind of host they feed on. Generalist herbivorous insects feed on different plant species of different families, 

whilst specialists feed on only one or a few plant species of the same family (Ali & Agrawal, 2012; Mello 

& Silva-Filho, 2002). In cassava, two mealybug species of the genus Phenacoccus have been identified to 

be specialized on cassava as host, namely: Phenacoccus herreni Cox and Williams and Phenacoccus 

manihoti Matile-Ferrero (Bertschy et al., 1997; Calatayud & Le Rü, 2006). P. herreni is known to occur 

only in South America, while P. manihoti is labelled an African species (Herren & Neuenschwander, 1991). 

 

Mealybugs are known to transmit viruses to plants causing long term damage (Douglas & Krüger, 2008; 

Millar et al., 2002). These viruses include grapevine virus A and B in grapevine among other viruses. 

However, no known viruses have been reported that have been transmitted by cassava mealybugs in 

cassava. These mealybugs mainly colonize the Manihot species (Calatayud & Le Rü, 2006) by carefully 

piercing the plant with stylet and injecting the toxic saliva into a plant while sucking the sap from tissues 

(Bellotti et al., 1999. This results in leaf yellowing, curling and cabbage-like malformation, leaf necrosis, 

stem distortion, shoot death and may even kill the plant if the insects are not controlled (Bellotti, 2002; 

Parsa et al., 2012).  

 

Cassava mealybug is one of the major insect pests of cassava and has been reported to cause a global yield 

reduction of about 30-80% (Bellotti, 2002). In South Africa, there are no governmental reports on the 

incidences of mealybug damage on cassava plants. However, the small-scale farmers in Mpumalanga 

(lowveld) and KwaZulu Natal provinces have reported (no formal reports) distortion of the tubers by 

mealybugs over the past few years. Therefore, identification of mealybug species that damage cassava in 

South Africa is important for control purposes. 
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Mealybugs can be identified traditionally by morphological differences or molecular methods. Traditional 

identifications rely on slide-mountings of female adult specimens and inspection under the microscope 

(Malausa et al., 2011; Millar, 2002). However, morphological identification cannot always distinguish 

between closely related taxa. To supplement the traditional morphological identification methods, 

molecular methods can be used as complement method (Beuning et al., 1999; Sethusa et al., 2014; Weeto 

et al., 2004). In this study, we used combined morphological and molecular methods to confirm mealybug 

species collected from KwaZulu Natal (KZN) and Mpumalanga (MP) provinces.  

 

3.2 Results 

3.2.1 Morphological identification of mealybugs 

Morphological examination and comparison with the species key confirmed the identification of only one 

species of the Phenacoccus genus, Phenacoccus manihoti (Matile-Ferrero). Important diagnostic features, 

such as the position of the pores, ducts and setae on the dorsum (Figure 3.1), matched the distribution 

patterns of the South African structures as depicted in the Williams & de Willink, (1992) illustration, 

confirming the morphological identity of mealybugs in South Africa. 

 

 

Figure 3.1: Cassava mealybugs mounted and stained on a slide under the microscope. This figure 

represents one species of the mealybug. Morphological analysis was done on all the mealybug specimens 

susbmitted and were similar in morphology. Figure 3.1 a, b and c shows mature female mealybug with 

body features. These features are used to distinguish the species of the mealybug from the other 

Phenacoccus species family. Only one specimen was used to show the features of the adult mealybug 

species. 
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The following morphological features were observed during the analysis of the mealybug specimens: 

 

i. Multilocular disc pores were situated near the margins of the dorsum, but absent on the dorsum. 

ii. Quinquelocular pores were present on the venter. 

iii. Specimens had 18 pairs of cerrari and a circulus.  

iv. Specimens had two tubular ducts, without translucent pores from the hind tibiae.  

v. Multilocular disc pores were present with tubular ducts on the dorsal margins. 

vi. Quinquelocular pores anterior to clypeolabral shield were 38 in number. 

 

3.2.2 Molecular identification of mealybugs 

3.2.2.1 DNA isolation and PCR analysis 

DNA was isolated from mealybug samples and 20-30 ng/μl was obtained per sample (Figure 3.2 A). DNA 

concentrations were quantified with a Qubit® fluorometer and viewed on an agarose gel, and then subjected 

to PCR to amplify regions from the 18S and 28S rRNA and CO1 genes as explained in Chapter 2.1.2. The 

amplification of 18S and 28S rRNA regions resulted in the expected PCR products, which were sequenced 

(Figure 3.2 B and 3.2 C). However, the COI region could not amplify on all the mealybug samples from 

KZN and MP. The COI region was amplified repeatedly without success. 

 

 

Figure 3.2: Agarose gels (1%) of mealybug (CMB) high molecular weight DNA (A) and PCR 

amplicons (B and C) from KwaZulu Natal and Mpumalanga provinces. Picture 3.2 A, Lanes 1.1 and 

1.2: mealybug DNA samples from MP; and lane 1.3:  sample from KZN. Picture 3.2 B, lane a - 1kb 

molecular ladder; lane b and c (MP samples), d (KZN sample) are PCR amplicons using the 18S primers.  

Picture 3.2 C, lane A and B (MP samples), C (KZN sample) are PCR amplicons using the 28S primers.  
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3.2.2.2 DNA characterization of P. manihoti species  

Nine 18S and nine 28S raw Sanger sequences were obtained from Inqaba Biotec in this study (Appendix, 

Figure A1, A2, A5 and A6). Sequences received were reverse complimented and subjected to BLASTn 

searches on NCBI and EMBL. CMB 18S and 28S were aligned separately with the P. manihoti voucher 

sequences to estimate the similarities between the samples (Appendix, Figure A3 and A7), and further 

aligned with the GenBank datasets using CLC Bio Genomics workbench v9.0 (Appendix, Figure A4 and 

A8). All nine species were genetically identical, showing a similar population of P. manihoti without 

differences for 18S (Appendix: Figure A3) and 28S, except for the CMB 28S 1.2 and 1.3 (Appendix: Figure 

A7), which had a few different bases and gaps compared to the other sequences. However, the phylogenetic 

analysis identified them as P. manihoti, and not any other related species.  

 

3.2.2.3 Phylogenetic analysis 

The alignments of the nine species from KZN and MP were utilized to construct phylogenetic trees using 

maximum likelihood method. Phylogeny was limiting to the family Pseudococcidae, with 97% similarity. 

Phylogenetic analysis shows the family relationships between the species identified. Phylogenetic analysis 

confirmed the morphological identity of the sampled mealybug species as P. manihoti. Both the 18S and 

28S rRNA generated sequences of the nine individual mealybug samples clustered with known 

Phenacoccus manihoti sequences (JQ651008.1, JQ651255.1, JQ651256.1, JQ651257.1 and JQ651258.1 

vouchers; Sethusa et al., 2014) that had been retrieved from the Genbank with 99% (Figure 3.3 and 3.4) 

similarity respectively. Phenacoccus madeirensis (Madeira mealybug) was shown to be the closest relative 

to P. manihoti in both 18S and 28S rRNA analysis (Figures 3.3 and 3.4). Consensus sequences were 

submitted to the NCBI GenBank accession numbers KY271370-KY271372 and MG906880- MG906885 

(18S sequences); and KY271373-KY271375 and MG910449- MG910454 (28S sequences). 
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Figure 3.3: Classification of the South African mealybug species from cassava using 18S rRNA. 

Phylogenetic tree of Phenacoccus species derived from the maximum likelihood analysis of 18S rRNA 

sequences. Mealybug samples collected in the current study clustered with Phenacoccus manihoti 18S 

RNA sequence (Genbank accession number JQ651008.1 voucher) confirming their identity. Bootstrap 

values are calculated using non-parametric maximum likelihood (ML) Tamura-Nei bootstrapping model 

from 10 000 replicates. 
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Figure 3.4: Classification of the South African mealybug species from cassava using 28S rRNA. 

Phylogenetic tree of Phenacoccus species derived from the maximum likelihood analysis of 28S rRNA 

sequences. Mealybug species here also clustered with Phenacoccus manihoti when 28S RNA sequences 

(Genbank accession number JQ651255.1, JQ651256.1, JQ651257.1, and JQ651257.8 vouchers) were used 

to draw the phylogenetic tree. Bootstrap values are calculated using non-parametric maximum likelihood 

(ML) Tamura-Nei bootstrapping model from 10 000 replicates. 

 

3.3 Discussion 

The purpose of this chapter was to characterize and confirm the identity of mealybugs infesting cassava 

plants in KZN and MP of South Africa using morphological and molecular methods. We present here a 

study in which the morphological and molecular identification of cassava mealybug species in these 

locations was confirmed for the first time in South Africa (SA). Previous cassava mealybug studies in South 

Africa have relied on morphological identification methods, which are often laborious and dependent on 

the female adult (Millar, 2002). However, a combination of two methods for identification of species 

complements each other. In this study, the taxonomic identifications of the morphological characterization 

were consistent with the DNA analyses, allowing the identification of P. manihoti species from KZN and 

MP. Important to note is that these two regions are the main cassava producing areas in this country. It 

should therefore be emphasized that, having only one mealybug species makes each region feasible to 

deploy control methods. Therefore, the current study serves as a baseline to conduct a more thorough 

mealybug sampling strategy in KZN and MP, as well as in all cassava growing regions in South Africa and 

the rest of the African continent. 

 

Overall, this chapter shows the genetic relationship between the species from KZN and MP with the P. 

manihoti voucher species. Furthermore, the phylogenetic analysis also confirms that the species is really P. 

manihoti, and not any other related characterized mealybug species. Both morphological and molecular 

methods were reliable in confirming the mealybug species collected from KZN and MP as P. manihoti. 

This study provides validation to the existence of the cassava mealybug species identified in the databases, 

and also confirms that this is not the other cassava mealybug species, P. herreni.  

 

 

 

 

 

 

 



 43 

CHAPTER 4 

Transcriptomics of cassava (Manihot esculenta Crantz) following mealybug 

(Phenacoccus manihoti) infestation 

 

AIMS – To phenotypically screen diverse cassava genotypes for their response to cassava mealybug 

infestation, identify candidate genes and determine gene expression pathways in response to mealybug 

infestation in resistant and susceptible cassava genotypes. 

 

4.1 Introduction  

Cassava as a food security and industrial crop in Africa and globally is currently at risk due to abiotic and 

biotic stresses. Cassava mealybug (P. manihoti) (Millar, 2002; Sethusa et al., 2014), one of the pests of 

cassava, have been reported to occur in South Africa, however, no information has been formally reported 

on the damage caused by this pest. Regardless of the success in biological control of cassava mealybug, 

growing resistant cultivars remains the most sustainable option for managing the pests. More recently, the 

introduction and availability of genomics and transcriptomics approaches have led to better understanding 

of pest resistance mechanisms in plants in general (Artico et al., 2014; Broekgaarden et al., 2008; De Vos 

et al., 2005; Timm & Reineke, 2014).  

 

New developments in sequencing technologies (NGS) have allowed the production of less expensive 

sequence data to analyse genomics and trancriptomics questions. These NGS technologies are faster and 

better than Sanger sequencing (Davey et al., 2011; Mardis, 2008a, 2008b; Metzker, 2010; Morozova et al., 

2009; Morozova & Marra, 2008). Candidate genes involved in herbivore feeding and wounding can be 

identified by studying the transcriptional profiles of non-model plants in response to herbivore attack. 

Although no transcriptomics studies have been reported for response to cassava mealybug using NGS 

technologies, a recent study in cassava successfully utilized the ABI SOLiD NGS platform to analyse the 

transcriptome of cassava landraces infected with South African cassava mosaic virus (Allie et al., 2014). 

In addition, a transcriptome profile of low temperature-treated cassava apical shoots demonstrated dynamic 

responses to the abiotic cold stress treatment (An et al., 2012) resulting in the expression of MYB and 

WRKY transcription factors; CYP450 family proteins and MAP kinases, which are known to play a defence 

role in response to both abiotic and biotic stress. The expression of the aforementioned genes has also been 

reported during pathogen and insect attack (Artico et al., 2014; De Vos et al., 2005; Ehlting et al., 2008; 

Timm & Reineke, 2014) suggesting their involvement in plant defence.  

 

This chapter aimed at evaluating cassava genotypes for the phenotypic impact of mealybug infestation at 

35 days interval, and employing NGS technologies in order to identify transcripts and gene pathways that 
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play a role in early response (24-72 hours) to mealybug (P. manihoti) infestation. With the availability of 

the cassava genome (Bredeson et al., 2016; Prochnik et al., 2012), novel genes for cassava mealybug 

resistance manipulation were identified. Comparisons of differentially expressed genes between the 

different time-points (non-infested mock and infested at 24 and 72 hpi) per genotype in response to 

mealybug infestation/feeding identified both up-regulated and down-regulated transcripts. These 

comparisons allowed for identification of putative candidate defence-related genes involved in P. manihoti 

infesting cassava in South Africa. These findings will be useful in understanding cassava-plant-herbivore 

interactions and in the development of new resistant/tolerant cassava cultivars. 

 

4.2 Results  

4.2.1 Cassava phenotypic responses to mealybug infestation 

From the phenotypic evaluation, AR23.1 was regarded as partially resistant, P40/1 as susceptible and 

98/0581 as tolerant (Table 4.1). Leaves of infested AR23.1 genotype were asymptomatic up to 14 days 

post-infestation (dpi) (Figures 4.1a and 4.1b) but subsequently showed mild morphological changes around 

21 (Figure 4.1c) and 28 dpi (Figure 4.1d). In contrast, P40/1 showed distinct symptoms with extensive 

wilting and chlorosis by 21 dpi (Figure 4.1g). While the AR23.1 plants continued to regenerate new leaves 

despite active colonization by the insects, P40/1 plants did not regenerate any new leaves and subsequently 

wilted and died (Figure 4.1h). Genotype 98/0581, on the other hand, showed tolerance to insect infestation 

with signs of folding and a slight change in leaf colour (Table 4.1). However, the plants continued to 

develop new leaves even with high populations of mealybugs. 
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Table 4.1: Scoring of AR23.1, P40/1 and 98/0581 cassava genotypes for phenotypic responses to 

cassava mealybug (CMB) infestation at 7, 14, 21, 28 and 35 dpi. 

Days post-

infestation 

(dpi) 

AR23.1 P40/1 98/0581 

CMB counts Symptoms CMB counts Symptoms CMB counts Symptoms 

7 dpi < 50 CMB No visible 

symptoms 

> 50 CMB Slight insect nodules 

on leaves 

> 50 CMB Slight insect nodules 

on leaves 

14 dpi < 50 CMB Plant green with 

slight insect 

nodules 

± 100 CMB Moderate insect 

nodules 

± 100 CMB Slight insect nodules 

21 dpi ± 50 CMB Moderate insect 

nodules and slight 

change of leaf 

colour 

> 150 CMB Change in leaf 

colour 

> 100 CMB Moderate insect 

nodules on leaves 

28 dpi ≥ 50 CMB Dying of old 

damaged leaves 

> 200 CMB Curled leaves, severe 

reduction of leaf 

area, Plant dying 

± 150 CMB Curling of leaves, 

slight reduction of leaf 

tissue 

35 dpi < 50 CMB Slight loss of leaf 

tissue  

> 200 CMB Death of a plant ± 200 CMB Moderate reduction of 

leaf tissue, and 

developing new leaves 

Score Score 1- Partially Resistant Score 4-Susceptible Score 2- Tolerant 
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Figure 4.1: Mealybug-induced symptoms on the plants. Cassava genotypes AR23.1 (CIAT) (a-d) and 

P40/1 (South Africa) (e-h) plants infested with mealybugs (P. manihoti) in a greenhouse at ARC-VOPI, 

South Africa (R753 25 59 S 28 35 E). A clear difference on the effect of mealybug across the two 

genotypes is observed from 21 days post-infestation (dpi). The only observable symptom on AR23.1 leaves 

at 28 dpi is yellowing on the tips (Figure 4.1d) while P40/1 leaves begin to become soft and show signs of 

yellowing and curling at the edges at the same time point (Figure 4.1h).  

 

4.2.2 Total RNA integrity of cassava leaf samples 

Total RNA was quantified and viewed on an agarose gel electrophoresis (Figure 4.2) as indicated in Chapter 

2.4.2. It is evident that the RNA was of a consistent good quality and that the yield was considerably high. 

RNA concentrations varied between 49.5 ng/µl and 320.2 ng/µl. The RNA integrity was thus classified as 

excellent and suitable for PCR-based sequencing analyses.  
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Figure 4.2: Agarose gel (1%) of total RNA isolated from AR23.1, P40/1 and 98/0581 cassava 

genotypes at 24 and 72 hours of mealybug infesation. Lane M is RiboRuler High Range RNA ladder. 

Lane 1, 2, 3 represents AR23.1 RNA samples; Lane 4, 5, 6 represents P40/1 RNA samples; while Lane 7, 

8, 9 represents 98/0581 RNA samples at 24 and 72 hours of mealybug infestation. 

 

4.2.3 Reads quality check and trimming  

Sequenced reads were subjected to FastQC tools to check quality of the reads generated before trimming 

(Figure 4.3). The plot shows highlights of per base sequence quality of read after sequencing, and trimming 

with Trimmomatic v0.30 tools. Over 85% of the reads were maintained after trimming, reflecting that the 

sequences generated were of very high quality for further analysis.  

 

 

Figure 4.3: Per base sequence quality plot using FastQC of the left and right AR23.1 sequence reads 

after trimming. The green area indicates the good reads suitable for further analysis and data 

representation, orange is acceptable reads, and the pink area is the bad unacceptable reads.  
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4.2.4 Gene expression of cassava genotypes in response to mealybug infestation 

A detailed account of all sequencing reads generated per biological replicate is provided in Appendix: Table 

A1. High quality reads were generated, resulting in the retention of at least 85% of the sequences after 

trimming (Appendix: Table A1). There was also good correlation between reads from the different 

biological replicates of each genotype, with correlation values ranging from R2 = 0.991 - 0.999 (Appendix: 

Figure A9) for AR23.1, R2 = 0.998 – 0.999 (Appendix: Figure A10) for P40/1 to R2 = 0.987 – 0.998 for 

98/0581 (Appendix: Figure A11). Given the significant correlation across replicates, the reads were pooled 

from the three biological replicates at each time point for each sample before mapping reads to the reference 

genome. Table 4.2 shows a summary of pooled reads per time point for each genotype before and after 

trimming. On average, 80% of the trimmed reads could be mapped to the cassava reference genome 

(Mesculenta_305_v6.1) (Table 4.2) using Tophat/Cufflinks (Kim et al., 2013; Trapnell et al., 2012). 

 

Table 4.2: Summary of raw and trimmed reads generated by Illumina HiSeq 2500. Reads are 

presented per time point after pooling across the three biological replicates of AR23.1 (resistant), P40/1 

(susceptible) and 98/0581 (tolerant); and subsequently mapping to the cassava reference genome 

(Mesculenta_305_v6.1).  

RNA-seq dataset 
No. of raw 

reads 

Trimmed 

reads 

% Trimmed 

reads 

Mapped 

reads 

Mapped 

reads/million 

sequence reads 

AR23-24-mock 81, 490,264 78,829,123 96.7 70,228,998 890,901 

AR23-24-inf 85,904,324 82,499,207 96.0 68,587,064 831,366 

AR23-72-mock 120,666,228 112,979,340 93.6 85,831,373 759,708 

AR23-72-inf 116,142,504 104,578,982 90.0 90,357,903 864,015 

P40-24-mock 88,204,836 85,273,331 96.6 76,921,462 902,057 

P40-24-inf 84,905,130 79,802,477 94.0 66,220,010 829,798 

P40-72-mock 98,680,132 91,365,796 93,3 74,305,354 813,273 

P40-27-inf 95,190,544 90,807,902 95,4 77,618,821 854,758 

0581-24-mock 53,359,502 40,762,232 94.0 34,202,461 839,072 

0581-24-inf 47,951,444 43,628,412 91.0 36,126,443 828,048 

0581-72-mock 79,116,061 63,315,061 91.6 55,392,669 874,873 

0581-27-inf 78,674,145 59,668,658 90.8 54,547,181 914,168 

 

A total of 301, 206 and 269 transcripts from AR23.1, P40/1 and 98/0581 were differentially expressed (log2 

fold change and P ≤ 0.05) at various time points following mealybug infestation (Table 4.3). In the AR23.1, 

P40/1 and 98/0581 genotypes, mealybug infestation resulted in a higher number of down-regulated than 

up-regulated genes (Table 4.3), except in P40/1 between infested leaves at 24 hpi and 72 hpi, where up-

regulated genes were more frequent than the down-regulated genes (Table 4.3). Comparative analysis 

revealed that most of the DEGs observed were uniquely expressed at specific time points and that there 

were less common DEGs across different time points in all the three genotypes (Figure 4.4). Of all the 
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DEGs identified, only 4, 1 and 1 were common across all time points for genotype AR23.1, P40/1 and 

98/051 respectively (Figure 4.4). There was a steady increase in the number of DEGs with increase in time 

post-infestation (Table 4.3) suggesting an increase in mealybug defence response with progress in 

infestation.  

 

Table 4.3: An overview of the number of up-regulated and down-regulated genes (DEGs) identified 

between non-infested mock and mealybug infested leaves at 24 and 72 hours of mealybug infestation. 

In P40/1 the number of down-regulated DEGs between the infested tissues at 24 hpi versus 72 hpi was 

lower compared to up-regulated. 

Dataset 1 Dataset 2 Time-points Up-regulated Down-regulated Total 

AR23-24-mock AR23-24-inf 24 h versus 24 hpi 38 (41%) 54 (59%) 92 

AR23-72-mock AR23-72-inf 72 h versus 72 hpi 42 (42%) 57 (58%) 99 

AR23-24-inf AR23-72-inf 24 hpi versus 72 hpi 33 (30%) 77 (70%) 110 

  Total 113 (38%) 188 (62%) 301 

P40-24-mock P40-24-inf 24 h versus 24 hpi 31 (46%) 36 (54%) 67 

P40-72-mock P40-72-inf 72 h versus 72 hpi 27 (39%) 43 (61%) 70 

P40-24-inf P40-72-inf 24 hpi versus 72 hpi 38 (55%) 31 (45%) 69 

  Total 96 (47%) 110 (53%) 206 

0581-24-mock 0581-24-inf 24 h versus 24 hpi 34 (42%) 47 (58%) 67 

0581-72-mock 0581-72-inf 72 h versus 72 hpi 38 (42.2%) 52 (57.8%) 70 

0581-24-inf 0581-72-inf 24 hpi versus 72 hpi 33 (34%) 65 (66%) 69 

  Total 105 (39%) 164 (61%) 269 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 50 

 

Figure 4.4: Venn diagrams of differentially expressed genes (DEGs). A comparison of DEGs that were 

common across different time points (24 and 72 hours compared to non-infested mock) in AR23.1 and 

P40/1 post-infestation with P. manihoti. The Venn diagrams represent an average across all three biological 

replicates at respective time points. Only transcripts with a minimum of log2 fold change and P ≤ 0.05 were 

included in the data. 

 

4.2.5 Transcriptional changes in AR23.1 in response to mealybug infestation 

Out of the 301 differentially expressed genes (DEGs) identified (Table 4.2) in AR23.1, 242 were unique 

(Appendix: Table A2). GO terms were assigned for 132 out of the 242 unique DEGs (55%) for describing 

biological processes, cellular components and molecular functions (Figure 4.5). Under the GO functional 

categorization, DE genes were highly represented in the cellular process, metabolic process, response to 

stimulus and response to stress in the biological process category. Binding and catalytic functions were 

over-represented within the molecular function category while the most abundant DE genes under cellular 

component category were the cell and cell part (Figure 4.5).  
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Figure 4.5: Analysis of enriched GO terms. Functional categorization of all unique differentially 

expressed genes based on biological processes, cellular components and molecular functions for AR23.1, 

P40/1 and 98/0581 genotypes. Significant differences observed between the DEGs of the two genotypes 

are highlighted using the pointing arrows. 

 

An abundance of genes encoding pathogenesis-related (PR) proteins was observed among the differentially 

expressed genes in AR23.1, most of which were classified as resistance (R) receptor like detection and 

signalling proteins (Appendix: Table A2). Two Leucine-rich repeat receptor-like protein kinase (LRR-PK) 

family proteins (Manes.03G048300, Manes.01G142200) that were up-regulated within 24 hours of 

mealybug infestation, and a third one (Manes.01G129500) that was up-regulated at 72 hours of mealybug 

infestation (Appendix: Table A2) were also detected. Most of the PR proteins appeared to be induced within 

24 hours of mealybug infestation including an HSP20-like chaperone superfamily protein 

(Manes.02G124600), and MYB domain proteins 4 (Manes.01G147500) and 55 (Manes.01G235800). 

There was evidence of reduced expression by 72 hours of mealybug infestation demonstrating a decreased 

expression of these proteins after the first 24 hours with mealybugs.  

 

However, both up- and down-regulation of some of the pathogenesis-related proteins were observed at 24 

hours of mealybug infestation including WRKY DNA-binding protein 56 (Manes.01G252200) and WRKY 
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family transcription factor (Manes.01G273700). Other known insect-defence related proteins, such as 

Cytochrome P450 family 339 genes (Manes.01G200000, Manes.15G189500, Manes.15G154400, 

Manes.01G178000, Manes.01G264600, Manes.10G146700, Manes.03G138800, Manes.08G047000, 

Manes.02G071200) as well as Kunitz trypsin inhibitors (Manes.01G126300), were either up- or down-

regulated at both 24 and 72 hours of mealybug infestation (Appendix: Table A2). 

 

Metabolic pathway analysis, using the KEGG database, revealed that 73 out of 244 unique DEGs (30%) 

identified from AR23.1 mapped to 14 KEGG pathways (Figure 4.6A). There were more down-regulated 

than up-regulated genes in almost all of the KEGG pathways mapped (Figure 4.6A), although a high 

percentage of genes could not be mapped due to a lack of KO terms. There were both up- and down-

regulated genes mapped to the plant-pathogen interactions (Figure 4.7 and 4.8) and plant hormone signal 

transduction pathway (Appendix: Figure A12 and A13), phenylpropanoid biosynthesis (Appendix: Figure 

A14 and A15) and glutathione metabolism (Appendix: Figure A16 and A17).  
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Figure 4.6: KEGG classification of differentially expressed genes. The KEGG pathway distribution of 

DEGs in AR23.1 (A), P40/1 (B) and 98/0581 (C) in response to cassava mealybug infection using castor 

bean (Ricinus communis) as the reference. The graph represents the 14 most enriched pathways, and the 

number of genes per pathway. Significant differences observed between the three genotypes are pointed 

with arrows. 
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Figure 4.7: Localization of the up-regulated plant-pathogen interaction pathway enzymes on the leaf 

tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represent genes that are 

present in the castor bean genome (Ricinus communis; reference genome used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure 4.8: Localization of the down-regulated plant-pathogen interaction pathway enzymes on the 

leaf tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represent genes that 

are present in the castor bean genome (Ricinus communis; reference genome used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  

 

4.2.6 Transcriptional changes in P40/1 in response to mealybug infestation 

Out of the 206 DEGs identified (Table 4.2) in P40/1, 154 were unique (Appendix: Table A3). GO terms 

for 86 out of the 154 unique DEGs (56%) were assigned to biological processes, cellular components and 

molecular functions (Figure 4.5). GO functional categorization was over-represented in the cellular and 

metabolic process, and response to stress in the biological process category, binding and catalytic in the 



 56 

molecular function category, and cell and cell part in the cellular component category (Figure 4.5). 

However, genes under regulation of molecular function, electron carrier and organelle part categories were 

specifically enriched in the P40/1 genotype in comparison with AR23.1. 

 

Similar to the genotype AR23.1, we observed the up-regulation of the Leucine-rich repeat receptor-like 

protein kinase family protein (Manes.02G150200) and leucine-rich repeat transmembrane protein kinase 

family protein (Manes.03G048300) within 24 hours of mealybug infestation. Other pathogenesis related 

(PR) proteins such as IAA-leucine resistant (ILR)-like 2 (Manes.01G196200) were only up-regulated at 72 

hours of mealybug infestation. The same disease resistance gene (Manes.02G205700) belonging to the 

TIR-NBS-LRR class of R genes, that was found to be down-regulated at 72 hours of mealybug infestation 

in a resistant genotype AR23.1 (Appendix: Table A2), was also down-regulated in susceptible genotype 

P40/1 (Appendix: Table A3) at the same time point. Moreover, two other disease resistance family proteins 

(TIR NBS LRR; Manes.11G156500, Manes.14G165100) were also down-regulated in mealybug-infested 

tissues harvested at 24 hours compared with mealybug infested tissues harvested at 72 hours.  

 

Most of the pathogenesis-related proteins in P40/1 were down-regulated, except for two HSP20-like 

chaperone-superfamily proteins (Manes.02G124800, Manes.02G124700), which were highly up-regulated 

in mealybug infested tissues harvested at 24 hours compared with mealybug infested tissues at 72 hours 

(Appendix: Table A3). These two HSP20-like chaperone-superfamily proteins were different from those 

that were up-regulated in AR23.1 above. Up-regulation of a WRKY DNA-binding protein 27 

(Manes.02G017100) was also observed when mealybug infested tissues harvested at 24 hours were 

compared with infested tissues at 72 hours. This observation suggested a later (after 24 hours) induction of 

the two HSP20-like chaperones superfamily proteins (Manes.02G124800, Manes.02G124700) and WRKY 

DNA-binding protein 27 (Manes.02G017100).  

 

The up-regulation of UDP-glucosyl transferase 74B1 (Manes.01G196500) was observed when tissues 

harvested at 24 hours were compared with those harvested at 72 hours of mealybug infestation, suggesting 

a later induction of this gene during mealybug feeding. The same gene was found to be up-regulated when 

mealybug infested tissues harvested at 24 hours were compared with non-infested mock tissues at the same 

time further confirming the late induction of this gene. UDP-glucosyl transferases have been reported to be 

responsible for the last step in the biosynthesis of linamarin and lotaustralin, which are the major 

cyanogenic glucosides in cassava (Jørgensen et al., 2011). 

 

KO terms were assigned to 52 out of the 206 (25.2%) DEGs identified, and were subsequently mapped to 

12 KEGG pathways (Figure 4.6B). DE genes that were mapped to the plant-pathogen interactions pathway 

were down-regulated (Figure 4.9) while those that were mapped to the plant hormone signal transduction 
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pathways were both up- (MAP kinase substrate 1, Auxin efflux carrier 17 family protein, Jamonate-zim-

domain protein 8, Highly ABA-393 induced PP2C gene 3) and down-regulated [(pathogenesis-related 

thaumatin superfamily protein, Pathogenesis-related 4) (Appendix: Figure A18 and A19)]. It is important 

to note that due to lack of representative KO terms, not all genes were mapped and therefore the output 

from KEGG analysis would not be representative of all the DEGs. 
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Figure 4.9: Localization of the down-regulated plant-pathogen interaction pathway enzymes on the 

leaf tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represent genes that 

are present in the castor bean genome (Ricinus communis; reference genome used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  

 

4.2.7 Transcriptional changes in 98/0581 in response to mealybug infestation 

Genotype 98/0581 had 225 unique DEGs (Appendix: Table A4) from the 269 that were identified (Table 

4.2). Out of the 225 unique DEGs, 127 were assigned GO terms (56%) for describing biological processes, 

cellular components and molecular functions (Figure 4.5). Genes under reproduction and reproductive 
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process, nutrient reservoir, and multi-organism process were only enriched in the 98/0581 genotype (Figure 

4.5).  

 

A disease resistance family protein/LRR family protein (Manes.10G129500) was up-regulated between 

infested tissues at 24 hours of mealybug infestation compared to non-infested mock, while a similar gene 

[(disease resistance family protein/LRR family protein) (Manes.07G042900)] was up-regulated at 72 hours 

of mealybug infestation compared to non-infested mock. Two LRR receptor-like protein kinase family 

proteins were also found to be down-regulated when infested tissues at 24 hours (Manes.06G012500) and 

72 hours of mealybug infestation (Manes.11G118000) were compared to non-infested mock tissues. Both 

the R genes that were observed at 24 hours of mealybug infestation were not significant at 72 hours of 

mealybug infestation, and vice versa.   

 

Most of the pathogenesis-related genes were down-regulated, except for the mitogen activated protein 

kinases that were up-regulated at 24 hours of mealybug infestation compared to non-infested mock 

(Manes.05G155300), 72 hours of mealybug infestation compared to non-infested mock 

(Manes.05G031200), and between infested tissues at 24 and 72 hours of mealybug infestation 

(Manes.18G020900). Several down-regulated pathogenesis-related genes included WRKY DNA-binding 

protein 70 (Manes.08G170600) and the myb domain proteins (Manes.04G140800, Manes.05G020800, 

Manes.16G096700) that were up- or down-regulated between the time-points (Appendix: Table A4). In 

addition, cytochrome P450 and heat shock proteins were also up- or down-regulated between the time-

points (Appendix: Table A4). 

 

KO terms were assigned to 72 out of 225 DEGs identified, which mapped to 12 KEGG pathways (Figure 

4.6C). Up- and down-regulated genes significantly mapped to plant-pathogen interactions (Figure 4.10 and 

4.11), plant hormone signal transduction (Appendix: Figure A24 and A25), phenylpropanoid biosynthesis 

(Appendix: Figure A26 and A27) and glutathione metabolism (Appendix: Figure A28 and A29).  
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Figure 4.10: Localization of the up-regulated plant-pathogen interaction pathway enzymes on the 

leaf tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represent genes that 

are present in the castor bean genome (Ricinus communis; reference genome used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure 4.11: Localization of the down-regulated plant-pathogen interaction pathway enzymes on the 

leaf tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represent genes that 

are present in the castor bean genome (Ricinus communis; reference genome used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  

 

4.2.8 Comparison of expression patterns between AR23.1, P40/1 and 98/0581 

Gene expression was further compared between AR23.1, P40/1 and 98/0581 to determine whether there 

were any genotype-specific expression patterns. Within the GO functional classification, genes under 

secondary metabolic process were significantly enriched in AR23.1 in comparison with P40/1 and 98/0581 
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(Figure 4.5). On the other hand, genes under regulation of molecular function were significantly enriched 

in P40/1, while genes under reproduction and reproductive process and nutrient reservoir, were enriched in 

the 98/0581 genotype compared to P40/1 and AR23.1 (Figure 4.5). Under the metabolic pathway analysis 

using the KEGG database, genes under ABC transporters and MAPK signalling pathways, both of which 

have been reported to be involved in plant defence, were present in AR23.1 and 98/0581; and not in P40/1 

(Figure 4.6). There were both up- and down-regulated genes that were mapped to the plant-pathogen 

interactions (Figures 4.7, 4.8, 4.10 and 4.11) and plant hormone signal transduction pathway (Appendix: 

Figures A12, A13, A24 and A25) in genotype AR23.1 and 98/0581, while in P40/1, there were no up-

regulated genes classified under plant-pathogen interactions pathway (Figure 4.9). It must be noted that the 

genes shown in Figures 4.7 - 4.11; and Appendix: Figures A12-A29 are an under-representation of all plant-

pathogen interactions, plant-hormone signal transduction, phenylpropanoid biosynthesis and glutathione 

metabolism genes that were found to be differentially expressed in AR23.1, P40/1 and 98/0581 due to lack 

of representative KO terms.  

 

Four genes [Gibberellin 2-oxidase 6 (Manes.01G231100), HSP20-like chaperones superfamily protein 

(Manes.02G124600), alpha/beta-Hydrolases superfamily protein (Manes.01G274500), and GDSL-like 

Lipase/Acylhydrolase superfamily protein (Manes.02G189200),] that were up-regulated in AR23.1 were 

down-regulated in P40/1 at 24 hours of mealybug infestation. Interestingly, a similar HSP20-like 

chaperones superfamily protein (Manes.02G124600) was also up-regulated (+0.58 log2 fold) in the 

98/0581 genotype at the same time-point, together with the alpha/beta-Hydrolases superfamily protein 

(Manes.09G040500), and GDSL-like Lipase/Acylhydrolase superfamily protein [(Manes.13G130400) 

(Appendix: Table A4)]. A “pectin lyase-like superfamily” protein (Manes.02G092000) that was up-

regulated (+1.73) in P40/1 at 72 hours of mealybug infestation was down-regulated in AR23.1 (-1.51) 

although a different “pectin lyase-like superfamily” protein (Manes.01G231200) was up-regulated in 

AR23.1 at the same time period (Appendix: Tables A2 and A3). The up-regulation of a “Calmodulin like 

23” (Manes.02G075400) in AR23.1 and a down-regulation of the same family protein [“Calmodulin like 

23” (Manes.01G116700)] was observed in P40/1 (Appendix: Tables A2 and A3). The UDP-glucosyl 

transferase was also down-regulated in AR23.1 (Manes.02G054300) and 98/0581 (Manes.10G097000, 

Manes.06G086200, Manes.10G097000), whereas in P40/1, UDP-glucosyl transferase 74B1” 

(Manes.01G196500) was up-regulated.  

 

4.2.8 Network interaction of AR23.1, P40/1 and 98/0581 proteins  

Interacting genes/proteins were further estimated between the up- and down-regulated DEGs in AR23.1 

(Figure 4.12 and 4.13), P40/1 (Appendix: Figure A30 and A31) and 98/0581 (Appendix: Figure A32 and 

A33) genotypes using a Search Tool for Retrieval of Interacting Genes/Proteins (STRING) tools (Jensen et 

al., 2009; Szklarczyk et al., 2011). The analysis was specifically focused on the defence response genes 
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(highlighted in red) post mealybug feeding (Figure 4.12 and 4.13). Only a low level of network interaction 

was observed between the up- and down-regulated DEGs tested in the AR23.1 genotype, with 13 defence 

response genes being up-regulated and 11 down-regulated. Defence response genes (highlighted in red) 

such as cytochrome P450, family 94, subfamily B, polypeptide 3 (CYP94B3), putative WRKY transcription 

factor 53 (WRKY53), ethylene-responsive transcription factor 1A (ERF-1A), BON association protein 2 

(BAP2) and glutathione S-transferase (GSTF6) were among the up-regulated, while MLO-like family 

protein (MLO8), FERONIA (FER), glutathione S-transferases (GSTF9 and GSTF11), S-adenosyl-L-

methionine-dependent methyltransferase-like protein (BSMT1) and putative WRKY transcription factor 72 

(WRKY72) were down-regulated. Although the numbers of network interactions were low amongst 

defence-related proteins, there was, for example, co-expression of WRKY53 and ERF-1 transcription 

factor, MYC2, and CYP94B3 (Figure 4.12). Moreover, there were no interacting proteins observed between 

the down-regulated defence response genes (highlighted in red), except between MLO8 and FER genes 

(Figure 4.13). Defence response genes appeared to interact mainly with other classes of genes that are not 

necessarily of the defence response genes. 
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Figure 4.12: Network representation of the interactions of the up-regulated differentially expressed 

genes (DEGs) in AR23.1 post-infestation with mealybugs. The Arabidopsis thaliana genome was used 

to infer interactions in cassava. Different lines and colours identify types of evidence of interactions. Green 

line represents gene neighbourhood, red: gene fusion, light blue: protein homology, dark blue: gene 

occurrence, black: co-expression, and pink is the experimentally determined genes. DEGs, in the leaf 

tissues post mealybug infestation (highlighted in red) represent defence response genes.  
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Figure 4.13: Network representation of the interactions of the down-regulated differentially 

expressed genes (DEGs) in AR23.1 post-infestation with mealybugs. The Arabidopsis thaliana genome 

was used to infer interactions in cassava. Different lines and colours identify types of evidence of 

interactions. Green line represents gene neighbourhood, red: gene fusion, light blue: protein homology, 

dark blue: gene occurrence, black: co-expression, and pink is the experimentally determined genes. DEGs, 

in the leaf tissues post mealybug infestation (highlighted in red) represent defence response genes.  

 

In the P40/1 genotype, eight defence response genes (highlighted in red) were up-regulated (Appendix: 

Figure A30) and there was no interaction between these genes. Each gene was a standalone or interacting 

with other classes of genes. On the other hand, only one defence response gene, 3-Ketoacyl-CoA synthase 

protein (KCS1), was down-regulated (Appendix: Figure A31). The 98/0581 genotype showed 17 defence 
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response genes (highlighted in red) that were up-regulated. These genes included the heat shock 70kDa 

PROTEIN (HSC70-1), cytochrome P450, family 82, subfamily C, polypeptide 4 (CYP82C4), putative 

transcription factor WRKY40, ethylene-responsive transcription factors (ERF-1 and ERF-6) and Osmotin 

34 (OSM34) among others (Appendix: Figure A32). A high interaction was observed between the genes 

such as HSC70-1 and glutathione S-tranferase (GSTT1), cytochrome P450, family 81, subfamily D, 

polypeptide 8 (CYP81D8), heat shock family proteins (HSP21 and HSP17.61I) and Bcl-2-associated 

athanogene 6 (BAG6). For example, HSC70-1 and GSTT1 were interacting in terms of co-expression and 

experimental data, while HSP17.61I and HSP21 were interacting in terms of co-expression and 

cooccurrence across the genome (Appendix: Figure A32). Co-expression interactions seemed to be most 

frequently observed between the defence response genes, however, other interactions were observed 

between these genes and other classes. In addition, nine defence response genes were down-regulated, 

including ethylene-responsive transcription factor 5 (ERF5), senescence-associated gene 12 (SAG12), 

BAK1-interacting receptor-like kinase 1 (BIR1) and GST11 among others (Appendix: Figure A33). There 

were few interactions between these down-regulated defence response genes in the 98/0581 genotype. 

 

4.2.9 Validation of expressed transcripts by RT-qPCR 

The expression of nine candidate mealybug defence-related genes (Table 2.3) was validated using qRT-

PCR with UBQ10 and GTPb as housekeeping genes. The validated candidate DEGs were selected based 

on their likely defence role in response to herbivore infestation as reported in other plant systems (Coppola 

et al., 2013; De Vos et al., 2005; Timm & Reineke, 2014; Wei et al., 2013). The analysis of the data 

provided the log2 ratios between time points in relation to both housekeeping genes UBQ10 and GTPb 

(Figure 4.14). Consistent with RNA-seq data, 2OG-FE(II) gene was among the most highly expressed at 

24 hours and 72 hours of mealybug infestation, followed by CYP450, GH32 and Alpha/B family genes 

with reference to UBQ10 and GTPb. Although the two procedures (RNA-seq and qPCR) are very different, 

they could independently confirm the general trend of expression of the selected genes upon mealybug 

infestation (Figure 4.14). 



 67 

 

Figure 4.14: Comparative expression levels by RNA-seq and real-time RT-qPCR of nine cassava up-

regulated genes in genotype AR23.1 in response to mealybug infestation at 24 and 72 hpi calculated 

with reference to UBQ10 and GTPb. Error bars on each qPCR column indicate the standard error (SE) 

from three biological replicates.  

 

4.3 Discussion 

The study established different response patterns to P. manihoti in the three genotypes, AR23.1, P40/1 and 

98/0581. The findings point to partial resistance to P. manihoti in genotype AR23.1, susceptibility in P40/1 

and tolerance in 98/0581 based on the observed phenotype after mealybug infestation (Table 4.1 and Figure 

4.1). There was no significant damage to genotype AR23.1 other than minor changes in leaf colour and 

slight loss of leaf tissue by the 28 dpi, compared to the susceptible genotype P40/1 that wilted and died by 

35-day post infection with mealybugs. The tolerant genotype, on the other hand, showed moderate 

symptoms (Table 4.1) while still developing new leaves even with high mealybug infestation. Resistance 

in genotype AR23.1 was hallmarked by minimal colonization by P. manihoti and a relatively long-term 

interaction (35 dpi) with mealybugs without showing severe symptoms of infestation/feeding. A similar 

observation whereby resistant cereals showed mild leaf chlorosis symptoms from aphid feeding has been 

reported in barley (Hordeum vulgare) and wheat (Triticum aestivum) with aphids (Diuraphis noxia) at nine 

days after infestation (Ni et al., 2001). In addition, aphid (Aphis glycine) feeding in soybean (Glycine max) 

showed little or no visible symptoms in resistant varieties and partially resistant plant introductions at 28 
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days after infestation with aphids (Mian et al., 2008). Moreover, cotton HR resistant cultivar was not visibly 

damaged in response to whitefly Bemisia tabacci infestation, whereas whiteflies caused obvious damage 

to the susceptible ZS cotton cultivar for one month (Li et al., 2016). The population of the whiteflies was 

consistently higher in the susceptible cotton cultivar compared to the resistant cultivar over the three-year 

period. In another study by Klingler et al. (2009), a phenotypic evaluation of Medicago trancatula lines 

A20 (resistant) and A17 (susceptible) at 19 days after infestation with bluegreen aphid (Acyrthosiphon 

kondio) was demonstrated. Line A17 had developed damage symptoms, while line A20 showed no obvious 

results. The findings presented in this study suggest that P. manihoti may prefer to feed and reproduce on 

susceptible genotypes than on resistant genotype, however, this observation needs to be further examined 

at a larger scale. The observation from the results in this study further showed that tolerant and resistant 

genotypes have the ability to survive feeding by P. manihoti infestation.  

 

Based on the phenotypic evaluation in this study, P. manihoti multiplication on the resistant and tolerant 

genotypes did not affect the survival of the cassava plants, compared to the susceptible genotype. However, 

as time progressed, the survival of the pest on the resistant genotype was reduced. Thus, the ability of 

AR23.1 to minimize P. manihoti colonization by 35 dpi could be the result of the release of cyanogenic 

glycoside toxins (Bellotti & Riis, 1994; Riis et al., 2003; Steppuhn & Baldwin, 2007) deterring herbivorous 

pests from feeding on the host plants. 

 

The response of AR23.1, P40/1 and 98/0581 genotypes to mealybug infestation was further investigated 

using high throughput RNA-sequencing technology, which allowed a detailed identification of 

differentially expressed genes. Differentially expressed transcripts at 24 and 72 hours of mealybug 

infestation were compared between a resistant (AR23.1), green mite-susceptible (P40/1) and a tolerant 

(98/0581) cassava genotype from Colombia, South Africa and Nigeria, respectively. Time points were 

selected for the analysis of transcripts at 24 and 72 hours of mealybug infestation based on previous 

transcriptomic studies (Coppola et al., 2013; De Vos et al., 2005; Timm & Reineke, 2014; Zhang et al., 

2015a). However, transcriptional changes have been observed as early as 1 hpi with diamondback moth 

(Plutella xylostella) in Barbarea vulgaris (Wei et al., 2013; Zhang et al., 2015b) and Arabidopsis thaliana 

(Ehlting et al., 2008); and green peach aphids (Myzus persicae) in Arabidopsis thaliana (Couldridge et al., 

2007). In the case of mealybugs, grapevines has shown transcriptional changes at 6 hpi after feeding by  

grapevine mealybug Planococcus ficus; and as late as 96 hours (Timm & Reineke, 2014) and 120 hours of 

mealybug infestation in tomato (Zhang et al., 2015a). A higher number (54, 36 and 47 for AR23.1, P40/1 

and 98/0581, respectively) of down-regulated DEGs at 24 hours of mealybug infestation compared with 

up-regulated DEGs (38, 31 and 34 in AR23.1, P40/1 and 98/0581, respectively) in all three genotypes was 

observed (Table 4.2), demonstrating initial suppression of DEGs in response to mealybug feeding. Other 

studies have reported similar results in Arabidopsis thaliana (De Vos et al., 2005), Solanum lycopersicum 
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(Coppola et al., 2013), Gossypium hirsutum (Dubey et al., 2013) and Barbarea vulgaris (Wei et al., 2013), 

where initial suppression of DEGs in response to herbivore attack were observed. The suppression of DEGs 

may be a change in the metabolic status of the plant in response to stress, and has been reported in the 

interaction between sap-sucking insects (Bemisia tabacci and Aphis gossypii) with cotton (Gossypium 

hirsutum) (Dubey et al., 2013). In contrast, a higher number of DEGs were up-regulated compared to down-

regulated in response to mealybug feeding, and only one study has been reported (Timm & Reineke, 2014). 

However, most of the defence-related DEGs appeared to have been induced at 24 hours of mealybug 

infestation in AR23.1 and 98/0581 but not in the susceptible genotype P40/1, consistent with other studies 

with different insects in Arabidopsis thaliana (Ehlting et al., 2008), Glycine max (Li et al., 2008), Medicago 

trancatula (Gao et al., 2010), Brassica oleracea (Broekgaarden et al., 2007) and Vitis venifera (Timm & 

Reineke, 2014). 

 

Although more detailed studies will be required to establish the true mechanism of tolerance/resistance 

observed in AR23.1, it was possible to identify the induction of specific leucine-rich repeat (LRR) TIR-

NBS-LRR and LRR receptor-like protein kinase (PK) resistance family proteins (Gururani et al., 2012) in 

this study. TIR-NBS-LRR are involved in activation of defence signalling (Century et al., 1997; Marone et 

al., 2013; Parker et al., 1996), while LRR-PK resistance family proteins are involved in regulation of 

developmental and defence-related processes (Halter et al., 2014; Liebrand et al., 2013; Torii, 2004). These 

R proteins were up-regulated in AR23.1 and were either absent or down-regulated in P40/1 (Appendix: 

Tables A2 and A3), suggesting that the R proteins may be involved in recognizing the presence of the insect 

and further, be playing a role in defence against mealybug feeding. Furthermore, some of these R proteins 

were also up-regulated in the 98/0581 genotype (Appendix: Table A4) compared to P40/1. Other defence-

associated genes such as MYB domain transcription factors, HSP20-like chaperone superfamily proteins 

and calmodulin-like proteins were also differentially expressed in AR23.1 and 98/0581 and not in P40/1. 

Many of these induced defence-related proteins have also been observed in several other plant-insect and 

plant-pathogen interaction studies (Allie et al., 2014; Artico et al., 2014; Bricchi et al., 2012; De Vos et al., 

2005; Timm & Reineke, 2014; Utsumi et al., 2016; Wei et al., 2013), supporting their role in defence 

against P. manihoti.  

 

Cytochrome P450 family proteins are involved in the metabolism of plant allelochemicals which are 

induced as a result of abiotic and biotic stresses (An et al., 2012; Artico et al., 2014; Danielson, 2002; 

Johnson et al., 2014; Wei et al., 2013). Allelochemicals are secondary plant metabolites that can stimulate 

or inhibit growth or behaviour of the invading organism either negatively or positively. Allelochemicals 

with a negative allelopathic effects have been reported to play a role in defence against herbivory, through 

toxicity and thus repelling the insect. Cytochrome P450 family proteins were up- or down-regulated in the 

three genotypes, suggesting that they may not necessarily associate with plant defence in response to 
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mealybug feeding. A CYP94B3 protein (Manes.01G200000) was up-regulated in the resistant AR23.1 

genotype at 24 and 72 hours of mealybug infestation (Appendix: Table A2 and A4), but not in the tolerant 

98/0581 and susceptible P40/1 genotypes. Furthermore, CYP86A8 protein (Manes.01G059800) was up-

regulated in the resistant and tolerant genotypes at 24 hours of mealybug infestation, and not in the 

susceptible genotype (Appendix: Table A2 and A4). CYP94B3 plays a role in catabolism and activation of 

plant hormone jasmonyl-L-Isoleucine (Koo et al., 2011). CYP94B3 encodes jasmonoyl-L-isoleucine 12-

hydroxylase (Kitaoka et al., 2011), therefore, the expression of this gene in response to mealybug feeding 

suggests specific activity towards jasmonoyl-L-isoleucine. These findings implicate a role for CYP94B3 in 

cassava stress response following mealybug feeding only for the AR23.1 genotype. CYP86A8 on the other 

hand is involved in the biosynthesis of cutin in the epidermis (Duan & Schuler, 2005; Mizutani & Ohta, 

2010), thereby the role of this gene in response to herbivore feeding is still unknown. However, these 

specific family proteins (CYP86 and CYP94) collectively play potential roles in the prevention of 

accumulation of toxic levels of free fatty acids (Duan & Schuler, 2005; Bak et al., 2011). In addition, 

CYP82C2 (Manes.05G167500) was also up-regulated in the tolerant 98/0581 genotype and down-regulated 

in the susceptible P40/1 genotype, but was not differentially expressed in the resistant genotype AR23.1. 

This gene is involved in the biosynthetic pathway of 4-hydroxyindole-3-carboxyl nitrile, a cyanogenic 

metabolite required for inducible pathogen defence (Rajnaik et al., 2015). The expression of this gene in 

the tolerant genotype and not in a susceptible genotype may be implicating its role in defence against P. 

manihoti. Although CYP82C2 has not been reported to play a role in response to herbivore attack, it has 

been implicated in the biosynthesis of novel pathogen-related secondary metabolites (Rajnaik et al., 2015), 

as well as in elevating the response of plant defence genes and increased resistance to Botrytis cinera (Liu 

et al., 2010). Since the CYP450 family proteins have a wide diversity in plants, more comprehensive 

experiments will be needed to determine their specific roles in response to P. manihoti feeding in cassava. 

 

The KEGG database revealed the enrichment of genes under ABC transporters and MAPK signalling 

pathways specifically in AR23.1 and 98/0581, and not P40/1. ABC transporters play a role in organ growth, 

plant nutrition, plant development and in response to abiotic and biotic stresses (Kang et al., 2011), while 

MAPKs play a role in signalling of a variety of abiotic and biotic stress (Pitzschke et al., 2009). Elicitation 

of transporters and signalling molecules in the resistant AR23.1 and tolerant 98/0581 point to an induced 

defence response to mealybug feeding not observed in the susceptible genotype P40/1. The key mealybug-

induced changes and DEGs involved in signalling and secondary metabolites have been summarised in this 

discussion in order to demonstrate the interactions between cassava plants and the pest. 
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CHAPTER 5 

GENERAL DISCUSSION AND CONCLUSION 

5.1 Introduction 

Cultivation of cassava in Africa has been hampered by several biotic and abiotic factors resulting in major 

yield reductions. One of the major pests of the cassava crop is cassava mealybug (Phenacoccus manihoti), 

which is increasingly threatening the production of cassava in sub-Saharan Africa. Since the mealybug was 

first reported in Africa in the 1970s (Neuenschwander, 2001), it has become the major pest in most cassava 

growing regions. A transcriptome profiling study was undertaken to identify candidate defence-related 

genes that are involved in response to cassava mealybug in cassava. Previous studies in a variety of systems 

reported differentially expressed genes in response to herbivore attack (Bohorquez et al., 2012; Coppola et 

al., 2013; De Vos et al., 2005; Timm & Reineke, 2014; Wei et al., 2013; Zhang et al., 2015a), however, 

only one study has been undertaken in cassava (Bohorquez et al., 2012). This thesis reports, for the first 

time, transcriptome responses to feeding by cassava mealybug (P. manihoti) on cassava. This analysis will 

positively impact in the development of cassava mealybug resistant genotypes in future. 

 

5.2 Morphological and molecular analysis of KwaZulu Natal and Mpumalanga mealybugs in South 

Africa 

Controlling pests of economic importance involves identification of species, which can be done using both 

morphological and molecular methods. This study utilized both morphological and molecular methods to 

confirm the identity of mealybugs infesting cassava plants in KwaZulu Natal and Mpumalanga provinces 

of South Africa. Although morphological methods are slow and inefficient, previous studies relied on these 

methods for identification of mealybugs (Millar, 2002; Nagrare et al., 2009; Watson & Kubiriba, 2005). 

These studies provide a confirmation that they are still reliable methods for species identification.  

 

Molecular methods, on the other hand, are preferred because they are faster and any morphological stage 

of the mealybug can be used for species identification. The 18S and 28S rRNA genes investigated 

confirmed the identity of the species from KwaZulu Natal and Mpumalanga as P. manihoti in the present 

study. Other studies, such as Park et al. (2010a), preferred the use of molecular methods for identification 

of mealybugs infesting Korean pears, because morphological methods were found to be time-consuming 

and led to delays in shipment of fruits. Sethusa et al. (2014), however, reported the use of both 

morphological and molecular methods in identifying scale insects of economic importance, and molecular 

methods were confirmed to be more reliable than the morphological methods. Furthermore, this study has 

demonstrated the advantages of molecular methods for mealybug species identification compared to 

morphological methods. These results have proven that the concomitant usage of morphological and 
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molecular techniques are important and relevant for mealybug identification as the two methods 

complement or validate each other, thereby supporting the identification of the mealybugs in the present 

study, as confirmation of the P. manihoti species present in KwaZulu Natal and Mpumalanga province of 

South Africa. 

 

5.3 Analysis of phenotypic responses of cassava to mealybug infestation 

The phenotypic characteristics of different cassava genotypes were evaluated post-infestation with 

mealybugs, and varying responses of the three genotypes to mealybug infestation were observed. 

Resistance to mealybugs was identified in genotype AR23.1, which showed significantly higher levels of 

resistance than the 98/0581 and P40/1 when evaluated for a period of 5 weeks under infestation with 

mealybugs in the greenhouse. Natural variation for pest resistance has been observed in several plants in 

reaction to several pests including Medicago truncatula infested by aphids (Kamphuis et al., 2012; Klingler 

et al., 2009), Arabidopsis thaliana infested by diamondback moth (Handley et al., 2005) and other insect 

herbivory systems (Bidart-Bouzart and Kliebenstein, 2008). In cassava, natural variation was observed in 

wild Manihot tristis (Carabalí et al., 2010a; 2010b) and Manihot esculenta sub spp flabelifolia (Morante et 

al., 2004). Given the lack of literature on breeding for resistance to mealybug in cassava, the current study 

will form an important reference point for relevant future studies in cassava, especially in the AR23.1 

genotype.  

 

Interestingly, with genotype AR23.1 exhibiting some resistance to mealybug, the results support the reports 

to date that plant responses to insect pests in general trigger a common cohort of defence-related genes 

(Broekgaarden et al., 2007; Ehlting et al., 2008; Li et al., 2008; Li et al., 2016; Timm & Reineke, 2014; 

Zhang et al., 2015b). The results further suggest that P. manihoti feeding could have repressed the growth 

development of the P40/1 susceptible genotype, compared to the resistant AR23.1 and the tolerant 98/0581. 

Compared to our results, phenotypic evaluation of different host plants in response to insect herbivores has 

been reported with less damage on resistant lines compared to susceptible lines (Klingler et al., 2009; Li et 

al., 2016; Mian et al., 2008; Ni et al., 2001), supporting the results observed in the present study. 

Additionally, partial resistance in cultivated cassava has been shown (Tertuliano et al., 1993). However, 

total resistance resulting in absence of mealybugs has not been identified in cultivated cassava, only in wild 

Manihot species. Thus, natural variation in resistance towards mealybugs can be exploited to provide 

sustainable crop protection against these insect herbivores. 
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5.4 Potential of transcript profiling for the identification of candidate defence-related genes in 

response to mealybugs (P. manihoti) 

To determine if the cassava mealybug P. manihoti induced a cohort of specific defence-related genes, two 

resistant/tolerant cassava genotypes (AR23.1, 98/0581) were compared with the susceptible genotype 

P40/1. Mealybug-induced responses were compared between cassava genotypes at different time-points. A 

comparison of transcripts up- and down-regulated between the time-points provided insights into molecular 

processes involved in cassava-mealybug interactions. All three genotypes showed an increase in number 

of DEGs as infestation progressed, however, more down-regulated genes were observed between the time-

points compared to up-regulated (Table 4.2). These findings were consistent with other studies with 

different insects infested onto different host plants (Coppola et al., 2013; De Vos et al., 2005; Dubey et al., 

2013; Wei et al., 2013). Moreover, important evidence was also provided through the GO analysis of 

specific processes involved in transcriptome changes in cassava leaves in response to P. manihoti feeding. 

Gene ontology (GO) annotation of DEGs expressed in response to mealybug feeding revealed differential 

responses to stress, regulation of biological processes, cell and binding categories between the resistant 

(AR23.1), susceptible (P40/1) and tolerant (98/0581) genotypes (Figure 4.5). These functions have also 

been reported in other plants in response to both biotic and abiotic stress (An et al., 2012; Wei et al., 2013), 

supporting their role in response to mealybug feeding. Similar to our findings, a study by Wei et al. (2013) 

also demonstrated induced responses to insect feeding that resulted in the synthesis, regulation and/or 

transportation of anti-insect secondary metabolites and wound healing. 

 

Insect feeding has been shown to result in both constitutive and induced defence mechanisms, which lead 

to activation of signal cascades and release of volatiles for protection (Kessler & Baldwin, 2002). The 

genotypes AR23.1 and 98/0581 showed a high level of enrichment for molecular and signal transducers 

under GO term classification (Figure 4.5). The role of signal transducers such as jasmonates in defence 

against insects has been extensively reported (Artico et al., 2014; Broekgaarden et al., 2008; De Vos et al., 

2005; Huang et al., 2015). The enrichment of signal transducers in AR23.1 and 98/0581, and absence of 

the same class in P40/1 (Appendix: Tables A2-A4) strongly suggests a direct role in defence mechanisms 

in AR23.1 and 98/0581 against cassava mealybug. The specific up-regulation of defence-related genes in 

AR23.1 and 98/0581 (Appendix: Tables A2 and A4) and absence in P40/1 (Appendix: Tables A3) further 

supports this hypothesis, and also supports the conclusion that green mite AR23.1 and multiple pest-

resistant 98/0581 genotypes could share similar defence responses in general.  

 

In this study, gibberellin 2-oxidase 6 (Manes.01G231100), HSP20-like chaperones superfamily protein 

(Manes.02G124600), alpha/beta-Hydrolases superfamily protein (Manes.01G274500) and GDSL-like 

Lipase/acylhydrolase superfamily protein (Manes.02G189200) were up-regulated in AR23.1 but down-

regulated in P40/1 at 24 h after mealybug infestation (Appendix: Tables A2 and A3), implicating these 
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genes in the biotic stress response to P. manihoti infestation (Beneventi et al., 2013; Gao et al., 2016; Gao 

et al., 2010; Kumar et al., 2015; Li et al., 2016; Lo et al., 2016; Utsumi et al., 2016; Wang et al., 2016). 

The same family proteins of the GDSL-like Lipase/acylhydrolase superfamily protein 

(Manes.013G130400) and the alpha/beta-Hydrolases superfamily protein (Manes.09G040500) were also 

up-regulated in the tolerant genotype 98/0581 (Appendix: Tables A4). Alpha/beta-hydrolase superfamily 

proteins function as hydrolases, hormone precursors or transporters and chaperones of other proteins 

(Lenfant et al., 2013), while the GDSL-like lipase/acylhydrolase superfamily proteins play a role in biotic 

stress response by breaking down fatty acids, lipids and isoprenoids in plants (Rawat et al., 2012). The 

observation that hydrolases and lipase/acylhydrolases are both up-regulated in resistant and tolerant cassava 

genotypes, but not susceptible, suggests that these are general abiotic stress responses, but were not as 

effective in tolerance, as mealybug damage was more severe in tolerant compared to resistant genotypes. 

 

Gibberellin 2-oxidase family proteins are involved in determining the bioactive gibberellin content in plants 

which may result in dwarfism if reduced (Hu et al., 2017; Zhou et al., 2012), as well as in plant growth and 

development (Huttly & Phillips, 1995; Synek et al., 2006). Overexpression of gibberellin 2-oxidase 6 had 

a great impact on vegetative and reproductive growth of transgenic physic nut (Jatropha curcas). In the 

present study, the up-regulation of the gibberellin 2-oxidase 6 genes in the resistant genotypes could be 

playing a role in sustaining plant growth and development following mealybug attack. On the other hand, 

the HSP20-like chaperone superfamily proteins are involved in the stability and accumulation of R genes, 

and in the coordination of the entire defence signalling (Lopes-Caitar et al. 2013). HSP20 genes were 

expressed in soybean genotypes innoculated by Meloidogyne javanica (Lopes-Caitar et al. 2013), and 

grapevines infested by Planococcus ficus (Timm & Reineke, 2014), which were similar to the genes 

expressed in response to abiotic stress. Similar results have been observed in the present study whereby 

HSP20 chaperones were expressed in response to mealybug feeding, suggesting that some of the HSP20 

may exhibit functions that are unrelated to heat shock, such as biotic stress response. The diversity of 

functions within the HSP20 family has also been reported in other studies in response to herbivore feeding 

such as soybean (Prochaska et al., 2015; Timm & Reineke, 2014). 

 

Overall, the afore-mentioned genes have been associated with both abiotic and biotic stress responses in 

various crops including Arabidopsis thaliana (Bricchi et al., 2012; Su & Li, 2008), cotton (Kumar et al., 

2015),  soybean (Beneventi et al., 2013), rice (Li et al., 2016; Lo et al., 2016; Rawat et al., 2012) chickpea 

(Hiremath et al., 2011) and cassava (Utsumi et al., 2016).  

  

Our results show a high level of induction of 2-oxogluterate (2OG) and Fe (II)-dependent oxygenase 

superfamily proteins and MYB domain transcription factor in AR23.1, and not in P40/1. In addition, the 

same gene families were either up- or down-regulated in the 98/0581 genotype. The 2-oxogluterate (2OG) 
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and Fe (II)-dependent oxygenase superfamily proteins have been reported to be involved in plant defence 

(Kawai et al., 2014) by catalysing the formation of plant hormones while the MYB domain family proteins 

are involved in regulation of transcription factors in plants (Ambawat et al., 2013; Roy, 2016). Previous 

studies have demonstrated up-regulation of these before-mentioned family genes in response to herbivore 

infestation (Bricchi et al., 2012; Broekgaarden et al., 2008; Coppola et al., 2013; Timm & Reineke, 2014), 

suggesting that these are associated with insect feeding response. For instance, Coppola et al. (2013) and 

Artico et al. (2014) reported up-regulation of genes such as MYB domain transcription factor and 2-

oxogluterate (2OG) and Fe (II)-dependent oxygenase superfamily protein post-infestation by Macrosiphum 

euphobiae in tomato and Anthonomus grandis in cotton, respectively, as well as in a study by Timm & 

Reineke (2014), in response to Planococcus ficus infestation in grapevines.  

 

It was also interesting to note that different members of the same gene families can be found to be either 

induced and supressed at the same time-points in the same genotype. For example, heat shock proteins, 

gibberellin-regulated proteins and cytochrome P450 family proteins were both up- and down-regulated at 

24 and 72 hpi compared to mock in the partially resistant AR23.1 and 98/0581 genotypes (Appendix: Table 

A2 and A4). A similar trend was observed in a study by Broekgaarden et al. (2008) whereby members of 

protein families were reported to be induced or repressed in cabbage cultivars Rivera and Christmas 

Drumhead post-infestation by aphid Brevicoryne brassicae. These results point to diversity in the functions 

of the same gene family in response to herbivorous insects’ feeding. 

 

5.5 Signalling pathways involved in plant-mealybug interactions 

Although we observed a significant number of DEGs, most of them were not assigned to specific KEGG 

Orthology (KO) terms which is partly due to the incomplete annotation of the cassava genome, making it 

difficult to use the KEGG database and establish complete pathway analyses. Nevertheless, the DEGs that 

were assigned KO terms in the present study demonstrated an abundance of genes playing roles in plant 

hormone signal transduction and plant-pathogen interactions. The plant hormone signal transduction 

pathways rely on signalling molecules such as abscisic acid ABA, JA, ET, and SA which are elicited in 

response to insect interactions (De Vos et al., 2005). Mealybugs appeared to elicit a defence reaction based 

on the cross-communication of different hormone-related signalling pathways. In the present study, P. 

manihoti feeding suppressed more defence genes compared with induced genes in the susceptible P40/1, 

tolerant 98/0581 and partially resistant AR23.1 cassava genotypes. Many genes involved in JA, SA, ET 

and GA (Appendix: Tables A2-A4) biosynthesis were down-regulated post-infestation by mealybugs at 

different time-points. The suppression of JA-regulated genes and defence metabolites in tomato plants 

infested with Phenacoccus solenopsis was also reported in a recent study by Zhang et al. (2015a), 

demonstrating the intervention of JA pathway in defence response to Phenacoccus solenopsis feeding. 

Several studies in the past have confirmed the induction of signal transduction pathways and primary 
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induced defence responses upon pest infestation in different plants including Arabidopsis thaliana (Bricchi 

et al., 2012), tomato Solanum lycopersicum (Coppola et al., 2013), soybean (Li et al., 2008) and Medicago 

truncatula (Klingler et al., 2005).  

 

In addition to PAMP-triggered immunity (PTI), effector-triggered immunity (ETI), represented by 

differentially expressed calcium binding and calmodulin proteins, heat shock proteins and transcription 

factors such as those of the MAPK and WRKY families among others (Appendix: Tables A2-A4) were 

observed in AR23.1, P40/1 and 98/0581 genotypes. ETI is also implicated, from other transcriptome 

studies, in herbivore infestation and pathogen infection (Artico et al., 2014; Bricchi et al., 2012; Coppola 

et al., 2013; Reymond et al., 2000; Tao et al., 2003; Venu et al., 2010; Zagrobelny et al., 2009) as well as 

in other abiotic stress-related studies such as drought, cold stress and heat treatments (An et al., 2012; 

Johnson et al., 2014). Collectively, this and other studies suggest that the response to insect feeding or 

damage in plants could be highly conserved across different plant hosts and different insect species, and 

that commonalities in molecular responses with other abiotic stresses also occurs. 

 

Cassava gene interaction networks were further generated to identify functional associations between the 

proteins that jointly contribute to the same functional process in the 3 genotypes, using the STRING web 

resource. In this study, we focused on the defence response genes (Figure 4.12 and 4.13; Appendix: Figure 

A24-27). Defence response genes (highlighted in red) showed satisfactory network interactions in terms of 

co-expression in all the genotypes (Figure 4.12 and 4.13; Appendix: Figure A24-27). The co-expression 

network distinguishes genes that display an interrelated expression pattern across a variety of samples 

(Jensen et al., 2009; van Dam et al., 2017). Furthermore, the interactions demonstrated the shortest path 

between genes, however, these genes have been well documented to function in plant defence in response 

to herbivorous insects (Artico et al., 2014; Bricchi et al., 2012; Coppola et al., 2013; De Vos et al., 2005; 

Timm & Reineke, 2014; Zhang et al., 2015a). Other interactions including co-occurrence across the 

genome were also observed, however, not common in all the genotypes. Interacting networks were further 

observed between defence response genes and genes from other biological and molecular function 

categories. The gene network representation (Chapter 4.2.8) was in agreement with the KEGG and GO 

analysis, and also showed a clear representation of defence gene associations within each genotype. 

 

In conclusion, transcript profiling of AR23.1, P40/1 and 98/0581 during the interaction with P. manihoti in 

the present study revealed that mealybug feeding induces transcriptome reprogramming associated with 

basal defence and abiotic stress hallmarks in cassava at a very early stage of infestation and feeding. 

However, the link between these early hormone signalling responses and downstream biochemical 

responses to tolerance/resistance to feeding needs to be established. In cassava, fewer studies have been 

published on transcriptomics (Allie et al., 2014; Ballén-Taborda et al., 2013; Bohorquez et al., 2012; 
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Fregene et al., 2004; Lopez et al., 2005b; Owiti et al., 2011; Utsumi et al., 2016; Utsumi et al., 2012; Wang 

et al., 2014), and only one in response to herbivore attack (Bohorquez et al., 2012). Reports demonstrating 

the involvement of secondary metabolites in deterring insect feeding (Duffey & Stout, 1996; Steppuhn & 

Baldwin, 2007) will require a metabolomics study to resolve this theory. The preliminary results provide 

strong evidence for the induction of plant disease resistance genes, hormonal signal transduction and plant-

pathogen interaction pathways suggesting a role for these genes and pathways in response to mealybug 

feeding. These results form the basis for more detailed future studies on the specific role of some of the 

differentially expressed genes identified. The transcripts generated from this study will also contribute 

further to the cassava genome annotation.  

 

The molecular mechanisms involved in response to the cassava-mealybug interaction of the 3 genotypes 

were characterised in this study. Although there has been extensive progress in understanding the plant-

herbivore interactions in some plants, more research still needs to be undertaken in cassava in order to 

validate candidate genes for use in the development of mealybug resistant varieties. Further research to 

facilitate the development of new pest-resistant cassava cultivars would then be possible either through 

genomic selection strategies in breeding programs, or alternatively using gene-editing methods such as 

CRISPR/Cas9 to manipulate the function of genes including those identified in this study. The development 

of cassava genotypes with resistance to mealybug will be important in achieving sustainable cassava 

production. 
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Tertaliano, M., S., Dossou-Gbete, S., & Le RÜ, B. (1993). Antexenosis and antibiotic components of 

resistance to cassava mealybug Phenacoccus manihoti (Hom. Pseudococcidae) in various plants. 

Insect Science and Its Application. 5-6, 657-665. 

The Tomato Genome Sequencing Consortium. (2012).The tomato genome sequence provides insights 

into fleshy fruit evolution. Nature, 485, 635–641. 

Thresh, J., & Cooter, R. (2005). Strategies for controlling cassava mosaic virus disease in Africa. Plant 

Pathology, 54, 587-614. 

Timm, A. E., & Reineke, A. (2014). First insights into grapevine transcriptional responses as a result of 

vine mealybug Planococcus ficus feeding. Arthropod-Plant Interactions, 8, 495-505. 

Tomkins, J., Fregene, M., Main, D., Kim, H., Wing, R., & Tohme, J. (2004). Bacterial artificial 

chromosome (BAC) library resource for positional cloning of pest and disease resistance genes in 

cassava (Manihot esculenta Crantz). Plant Molecular Biology, 56, 555-561. 

Tonukari, N. J. (2004). Cassava and the future of starch. Electronic Journal of Biotechnology, 7, 5-8. 

Torii, K. U. (2004). Leucine-rich repeat receptor kinases in plants: structure, function, and signal 

transduction pathways. International Review of Cytology, 234, 1-46. 

Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., Pimentel, H., Salzberg, S. L., Rinn, 

J. L., & Pachter, L. (2012). Differential gene and transcript expression analysis of RNA-seq 

experiments with TopHat and Cufflinks. Nature Protocols, 7, 562-578. 

Trung, N. T., Berg, J., Cuong, V. C., & Kjos, N. P. (2014). Influence of varying levels of supplemental 

cassava root meal without or with groundnut cake on performance of growing Laisind cattle. 

Tropical Animal Health and Production, 46, 925-930. 

Tuskan, G. A., Difazio, S., Jansson, S., Bohlmann, J., Grigoriev, I., Hellsten, U., Putnam, N., Ralph, S., 

Rombauts, S., & Salamov, A. (2006). The genome of black cottonwood, Populus trichocarpa (Torr. 

& Gray). Science, 313, 1596-1604. 

Upadhyay, P., Rai, A., Kumar, R., Singh, M., & Sinha, B. (2014). Differential expression of pathogenesis 

related protein genes in tomato during inoculation with A. solani. Journal of Plant Pathology & 

Microbiology, 5, 217-223. 

Utsumi, Y., Tanaka, M., Kurotani, A., Yoshida, T., Mochida, K., Matsui, A., Ishitani, M., Sraphet, S., 

Whankaew, S., & Asvarak, T. (2016). Cassava (Manihot esculenta) transcriptome analysis in 

response to infection by the fungus Colletotrichum gloeosporioides using an oligonucleotide-DNA 

microarray. Journal of Plant Research, 129, 711-726. 

Utsumi, Y., Tanaka, M., Morosawa, T., Kurotani, A., Yoshida, T., Mochida, K., Matsui, A., Umemura, Y., 

Ishitani, M., & Shinozaki, K. (2012). Transcriptome analysis using a high-density oligomicroarray 

under drought stress in various genotypes of cassava: an important tropical crop. DNA Research, 

19, 335-345. 

Valentini, A., Pompanon, F., & Taberlet, P. (2009). DNA barcoding for ecologists. Trends in Ecology & 

Evolution, 24, 110-117. 

Van Dam, N. M., Hadwich, K., & Baldwin, I. T. (2000). Induced responses in Nicotiana attenuata affect 

behavior and growth of the specialist herbivore Manduca sexta. Oecologia, 122, 371-379. 

van Dam, S., Võsa, U., van der Graaf, A., Franke, L., & de Magalhães, J. P. (2017). Gene co-expression 

analysis for functional classification and gene–disease predictions. Briefings in Bioinformatics, 139, 

1-18. 

Van Poecke, R. M. (2007). Arabidopsis-insect interactions. The Arabidopsis Book/American Society of 

Plant Biologists, 5, 107-140. 

Varshney, R. K., Chen, W., Li, Y., Bharti, A. K., Saxena, R. K., Schlueter, J. A., Donoghue, M. T., Azam, 

S., Fan, G., & Whaley, A. M. (2012). Draft genome sequence of pigeonpea (Cajanus cajan), an 

orphan legume crop of resource-poor farmers. Nature Biotechnology, 30, 83-89. 



 96 

Varshney, R. K., Nayak, S. N., May, G. D., & Jackson, S. A. (2009). Next-generation sequencing 

technologies and their implications for crop genetics and breeding. Trends in Biotechnology, 27, 

522-530. 

Venu, R., Madhav, M. S., Sreerekha, M., Nobuta, K., Zhang, Y., Carswell, P., Boehm, M. J., Meyers, B. 

C., Korth, K. L., & Wang, G.-L. (2010). Deep and comparative transcriptome analysis of rice plants 

infested by the beet armyworm (Spodoptera exigua) and water weevil (Lissorhoptrus oryzophilus). 

Rice, 3, 22-35. 

Verhage, A., van Wees, S. C., & Pieterse, C. M. (2010). Plant immunity: it’s the hormones talking, but 

what do they say? Plant Physiology, 154, 536-540. 

Vieira, L. d. J., Soares, T. L., Rossi, M. L., Alves, A. A. C., Santos, F. d. A. R. d., & Souza, F. V. D. (2012). 

Viability, production and morphology of pollen grains for different species in the genus Manihot 

(Euphorbiaceae). Acta Botanica Brasilica, 26, 350-356. 

Von Dahl, C. C., & Baldwin, I. T. (2007). Deciphering the role of ethylene in plant–herbivore interactions. 

Journal of Plant Growth Regulation, 26, 201-209. 

von Dohlen, C. D., & Moran, N. A. (1995). Molecular phylogeny of the Homoptera: a paraphyletic taxon. 

Journal of Molecular Evolution, 41, 211-223. 

Wall, P. K., Leebens-Mack, J., Chanderbali, A. S., Barakat, A., Wolcott, E., Liang, H., Landherr, L., 

Tomsho, L. P., Hu, Y., & Carlson, J. E. (2009). Comparison of next generation sequencing 

technologies for transcriptome characterization. BMC Genomics, 10, 347-365. 

Walton, V. M., Kruger, K., Saccaggi, D. L., & Millar, I. M. (2009). A survey of scale insects(Sternorryncha: 

Coccoidea) occurring on table grapes in South Africa. Journal of Insect Science, 9, 1-6. 

Wang, W., Feng, B., Xiao, J., Xia, Z., Zhou, X., Li, P., Zhang, W., Wang, Y., Møller, B. L., & Zhang, P. 

(2014). Cassava genome from a wild ancestor to cultivated varieties. Nature Communications, 5, 1-

9. 

Wang, Y., & Wu, W.-H. (2013). Potassium transport and signaling in higher plants. Annual Review of Plant 

Biology, 64, 451-476. 

Wang, Y., Zhou, L., & Yu, X. (2016). Transcriptome profiling of Huanglongbing (HLB) tolerant and 

susceptible citrus plants reveals the role of basal resistance in HLB tolerance. Frontiers in Plant 

Science, 7, 1-13. 

War, A. R., Paulraj, M. G., Ahmad, T., Buhroo, A. A., Hussain, B., Ignacimuthu, S., & Sharma, H. C. 

(2012). Mechanisms of plant defense against insect herbivores. Plant Signaling & Behavior, 7, 

1306-1320. 

Wasswa, P., Alicai, A., & Mukasa, S. (2010). Optimisation of in vitro techniques for Cassava brown streak 

virus elimination from infected cassava clones. African Crop Science Journal, 18, 235-241. 

Watson, G., & Kubiriba, J. (2005). Identification of mealybugs (Hemiptera: Pseudococcidae) on banana 

and plantain in Africa. African Entomology, 13, 35-47. 

Weeto, M., Koekemoer, L., Kamau, L., Hunt, R., & Coetzee, M. (2004). Evaluation of a species-specific 

PCR assay for the Anopheles funestus group from eleven African countries and Madagascar. 

Transactions of the Royal Society of Tropical Medicine and Hygiene, 98, 142-147. 

Wei, J., Wang, L., Zhu, J., Zhang, S., Nandi, O. I., & Kang, L. (2007). Plants attract parasitic wasps to 

defend themselves against insect pests by releasing hexenol. PLoS One, 2, 852-852. 

Wei, X., Zhang, X., Shen, D., Wang, H., Wu, Q., Lu, P., Qiu, Y., Song, J., Zhang, Y., & Li, X. (2013). 

Transcriptome analysis of Barbarea vulgaris infested with diamondback moth (Plutella xylostella) 

larvae. PLoS One, 8, 64481-64499. 

Wetten, A., Campbell, C., & Allainguillaume, J. (2016). High‐resolution melt and morphological analyses 

of mealybugs (Hemiptera: Pseudococcidae) from cacao: tools for the control of Cacao swollen shoot 

virus spread. Pest Management Science, 72, 527-533. 

Whiting, M. F., Carpenter, J. C., Wheeler, Q. D., & Wheeler, W. C. (1997). The Strepsiptera problem: 

phylogeny of the holometabolous insect orders inferred from 18S and 28S ribosomal DNA 

sequences and morphology. Systematic Biology, 46, 1-68. 

Wicker, T., Taudien, S., Houben, A., Keller, B., Graner, A., Platzer, M., & Stein, N. (2009). A whole‐
genome snapshot of 454 sequences exposes the composition of the barley genome and provides 

evidence for parallel evolution of genome size in wheat and barley. The Plant Journal, 59, 712-722. 



 97 

Williams, D. J., & de Willink, M. C. G. (1992). Mealybugs of central and South America: CAB 

International, Wallingford, UK. pp 635. 

Williamson, C. E. (1950). Ethylene, a metabolic product of diseased and injured plants. Phytopathology, 

40, 205-208. 

Wilson, W. (2002). Soils utilized for gardens by Tukanoans in northwestern Amazonia and their impact on 

cassava (Manihot esculenta Crantz) cultivar selection. Culture & Agriculture, 24, 20-30. 

Winz, R. A., & Baldwin, I. T. (2001). Molecular interactions between the specialist herbivore Manduca 

sexta (Lepidoptera, Sphingidae) and its natural host Nicotiana attenuata. IV. Insect-induced 

ethylene reduces jasmonate-induced nicotine accumulation by regulating putrescine N-

methyltransferase transcripts. Plant Physiology, 125, 2189-2202. 

Wise, R. P., Moscou, M. J., Bogdanove, A. J., & Whitham, S. A. (2007). Transcript Profiling in Host-

Pathogen Interactions. Annual Reviews of Phytopathology, 45, 329-369. 

Worthey, E. A., Mayer, A. N., Syverson, G. D., Helbling, D., Bonacci, B. B., Decker, B., Serpe, J. M., 

Dasu, T., Tschannen, M. R., & Veith, R. L. (2011). Making a definitive diagnosis: successful 

clinical application of whole exome sequencing in a child with intractable inflammatory bowel 

disease. Genetics in Medicine, 13, 255-262. 

Wu, J., & Baldwin, I. T. (2010). New insights into plant responses to the attack from insect herbivores. 

Annual Review of Genetics, 44, 1-24. 

Wu, Q., Xu, L., Guo, J., Su, Y., & Que, Y. (2013). Transcriptome profile analysis of sugarcane responses 

to Sporisorium scitaminea infection using Solexa sequencing technology. BioMed Research 

International, 2013, 1-9.  

Wydra, K., & Verdier, V. (2002). Occurrence of cassava diseases in relation to environmental, agronomic 

and plant characteristics. Agriculture, Ecosystems & Environment, 93, 211-226. 

Xie, D.-X., Feys, B. F., James, S., Nieto-Rostro, M., & Turner, J. G. (1998). COI1: an Arabidopsis gene 

required for jasmonate-regulated defense and fertility. Science, 280, 1091-1094. 

Xu, L., Liu, F., Lechner, E., Genschik, P., Crosby, W. L., Ma, H., Peng, W., Huang, D., & Xie, D. (2002). 

The SCFCOI1 ubiquitin-ligase complexes are required for jasmonate response in Arabidopsis. The 

Plant Cell, 14, 1919-1935. 

Yan, J., Zhang, C., Gu, M., Bai, Z., Zhang, W., Qi, T., Cheng, Z., Peng, W., Luo, H., & Nan, F. (2009). 

The Arabidopsis CORONATINE INSENSITIVE1 protein is a jasmonate receptor. The Plant Cell, 

21, 2220-2236. 

Yang, F., Zhang, Y., Huang, Q., Yin, G., Pennerman, K. K., Yu, J., Liu, Z., Li, D., & Guo, A. (2015). 

Analysis of key genes of jasmonic acid mediated signal pathway for defense against insect damages 

by comparative transcriptome sequencing. Scientific Reports, 5,16500; doi:10.1038/srep16500 

Yang, T., Bao, S.-y., Ford, R., Jia, T.-j., Guan, J.-p., He, Y.-h., Sun, X.-l., Jiang, J.-y., Hao, J.-j., & Zhang, 

X.-y. (2012). High-throughput novel microsatellite marker of faba bean via next generation 

sequencing. BMC Genomics, 13, 602-612. 

Yaninek, S., & Hanna, R. (2003). Cassava Green Mite in Africa–A unique example of successful classical 

biological control of a mite pest on a continental scale. In: Neuenschwander, C.B. and Langewald, 

J. (eds). Biological control in IPM systems in Africa. Oxon, UK, pp  61-76. 

Ye, J., Fang, L., Zheng, H., Zhang, Y., Chen, J., Zhang, Z., Wang, J., Li, S., Li, R., & Bolund, L. (2006). 

WEGO: a web tool for plotting GO annotations. Nucleic Acids Research, 34, 293-297. 

Zagrobelny, M., Scheibye-Alsing, K., Jensen, N. B., Møller, B. L., Gorodkin, J., & Bak, S. (2009). 454 

pyrosequencing based transcriptome analysis of Zygaena filipendulae with focus on genes involved 

in biosynthesis of cyanogenic glucosides. BMC Genomics, 10, 574. 

Zhang, G., Gu, C., & Wang, D. (2009). Molecular mapping of soybean aphid resistance genes in PI 

567541B. Theoretical and Applied Genetics, 118, 473-482. 

Zhang, J., Chiodini, R., Badr, A., & Zhang, G. (2011a). The impact of next-generation sequencing on 

genomics. Journal of Genetics and Genomics, 38, 95-109. 

Zhang, M., Xie, L., Yin, Z., Khanal, S. K., & Zhou, Q. (2016). Biorefinery approach for cassava-based 

industrial wastes: current status and opportunities. Bioresource Technology, 215, 50-62. 

Zhang, P., Vanderschuren, H., Fütterer, J., & Gruissem, W. (2005). Resistance to cassava mosaic disease 

in transgenic cassava expressing antisense RNAs targeting virus replication genes. Plant 

Biotechnology Journal, 3, 385-397. 



 98 

Zhang, P., Zhu, X., Huang, F., Liu, Y., Zhang, J., Lu, Y., & Ruan, Y. (2011b). Suppression of jasmonic 

acid-dependent defense in cotton plant by the mealybug Phenacoccus solenopsis. PLoS One, 6, 

e22378. 

Zhang, P. J., Huang, F., Zhang, J. M., Wei, J. N., & Lu, Y. B. (2015a). The mealybug Phenacoccus 

solenopsis suppresses plant defense responses by manipulating JA-SA crosstalk. Scientific Reports, 

5, 9354-9360. 

Zhang, P. J., Broekgaarden, C., Zheng, S. J., Snoeren, T. A., Loon, J. J., Gols, R., & Dicke, M. (2013). 

Jasmonate and ethylene signaling mediate whitefly‐induced interference with indirect plant defense 

in Arabidopsis thaliana. New Phytologist, 197, 1291-1299. 

Zhang, X., Liu, T., Wei, X., Qiu, Y., Song, J., Wang, H., Shen, D., Agerbirk, N., & Li, X. (2015b). 

Expression patterns, molecular markers and genetic diversity of insect-susceptible and resistant 

Barbarea genotypes by comparative transcriptome analysis. BMC Genomics, 16, 1-16. 

Zhang, P. J., Xu, C. X., Zhang, J. M., Lu, Y. B., Wei, J. N., Liu, Y. Q., David, A., Boland, W., & Turlings, 

T.C. (2013). Phloem-feeding whiteflies can fool their host plants, but not their 

parasitoids. Functional Ecology, 27, 1304-1312. 

Zhou, B., Lin, J. Z., Peng, W. S., Peng, D., Zuo, Y. H., Zhu, D. F., Huang, X. Q., Tang, D. Y., Guo, M., 

He, R. Q., Zhang, J. H., Li, X. S., Zhao, X. Y., Liu, X. M. (2012). Dwarfism in Brassica Napus L. 

induced by the over-expression of a gibberellin 2-oxidase gene from Arabidopsis thaliana. 

Molecular Breeding, 29, 115-127. 

Zhou, G., Wang, X., Yan, F., Li, R., Cheng, J., & Lou, Y. (2011). Genome‐ wide transcriptional changes 

and defence‐ related chemical profiling of rice in response to infestation by the rice striped stem 

borer Chilo suppressalis. Physiologia Plantarum, 143, 21-40. 
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APPENDIX 

Appendix A1: Reagents, solutions and kits 

Acetic acid - Sigma Aldrich, Switzerland 

Agarose - Merck, Germany 

Boric acid - Merck, Germany 

β-mercaptoethanol - Merck, Germany 

Diethyl pyrocarbonate (DEPC) - Sigma Aldrich, Switzerland 

Ethylene diaminetetraacetic acid (EDTA) - Sigma Aldrich, Switzerland 

Ethanol - Merck, Germany 

Ethidium bromide - Sigma Aldrich, Switzerland 

Hydrochloric acid (HCl) - Sigma Aldrich, Switzerland 

Murashige and Skoog medium powder - Sigma Aldrich, Switzerland 

Plant agar - Sigma Aldrich, Switzerland 

RiboRuler RNA ladder - Inqaba Biotec, SA 

RNase AWAY – Whitehead Scientific, SA 

Sodium hydroxide (NaOH) - Merck, Germany 

Sugar (white) - Makro Supermarket, SA 

Tris base - Sigma Aldrich, Switzerland 

Qubit reagents - Life technologies Inc., USA 

1kb DNA ladder - Inqaba Biotec, SA 

6x loading dye - Inqaba Biotec, SA 

 

Appendix A2: Solutions 

Acid alcohol (95% glacial acetic acid and 50% alcohol) 

Acid fuchsin (1.2% hydrochloric acid (v/v), 0.2% acid fuchsin (g/v) in 300 ml distilled water) 

Carbol xylene (carbol xylene is made by dissolving one-part phenol crystals in three parts xylene) 

Murashige and Skoog medium (4.4g MS media, 30g sugar, 7g plant agar) 

TAE buffer (40mM Tris, 20mM acetic acid, 100mM EDTA) 

TBE buffer (10.8g Tris base, 5.5 Boric acid,0.5M Na2EDTA) 

TE buffer (10mM Tris-Cl, 1mM EDTA) 

RNase free water (0.1% DEPC in deionized water) 

 

Appendix A3: Extraction kits  

DNeasy DNA extraction kit - Qiagen, Valencia, CA 
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Illumina TruSeq stranded mRNA sample preparation kit - Whitehead Scientific, SA 

KAPA SYBR FAST Universal qPCR kit - KAPA Biosystems, SA 

RNeasy Plant Mini kit - Qiagen, Valencia, CA 

RNase-Free DNase set - Qiagen, Valencia, CA 

TaKaRa PCR amplification kit (Clontech laboratories Inc, USA)  

QIAquick PCR purification kit - Qiagen, Valencia, CA 

QubitR dsRNA BR Assay kit (Invitrogen, Life Technologies, Oregon, USA) 

QubitR dsRNA HS Assay kit (Invitrogen, Life Technologies, Oregon, USA) 

QubitR ssDNA Assay kit (Invitrogen, Life Technologies, Oregon, USA) 
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Figure A1: Example of raw Sanger CMB_1.1 18S forward rRNA sequences of mealybugs (P. 

manihoti) before alignments and analysis.  
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Figure A2: Example of raw Sanger CMB_1.1 18S reverse rRNA sequences of mealybugs (P. 

manihoti) before alignments and analysis.  
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Figure A3: Sequence alignments of nine CMB 18S regions of species of mealybug from KwaZulu 

Natal and Mpumalanga in comparison with GenBank P. manihoti voucher species. The alignments 

were created using CLC Bio Genomics Workbench v9.0. 

 

 

 

 

 



 107 

  

 



 108 

 

 



 109 

 

 



 110 

 

 



 111 

 

 



 112 

 

Figure A4: Multiple sequence alignments of 18S region of species of mealybug (P. manihoti) from 

KwaZulu Natal and Mpumalanga with comparison to the GenBank databases. The alignments were 

created using CLC Bio Genomics Workbench v9.0.  
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Figure A5: Example of raw Sanger CMB_1.1 28S forward rRNA sequences of mealybugs (P. 

manihoti) before alignments and analysis. 
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Figure A6: Example of raw Sanger CMB_1.1 28S reverse rRNA sequences of mealybugs (P. 

manihoti) before alignments and analysis. 
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Figure A7: Sequence alignments of nine CMB 28S regions of species of mealybug from KwaZulu 

Natal and Mpumalanga in comparison with GenBank P. manihoti voucher species. The alignments 

were created using CLC Bio Genomics Workbench v9.0. 
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Figure A8: Multiple sequence alignments of 28S region of species of mealybug (P. manihoti) from 

KwaZulu Natal and Mpumalanga with comparison to the GenBank databases. The alignments were 

created using CLC Bio Genomics Workbench v9.0.  
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Figure A9: Log/log correlations of AR23.1 leaf samples infested with mealybugs (24 and 72 hours 

post-infestation) compared to non-infested controls. Images A-C show correlations of 3 biological 

replicates 24 h (non-infested control), D-F show correlations of 3 biological replicates at 24 hpi (infested 

at 24 h), G-I show correlations of 3 biological replicates at 72 h (non-infested control), while J-L show 

correlations of 3 biological replicates at 72 hpi (infested at 72 h). 
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Figure A10: Log/log correlations of P40/1 leaf samples infested with mealybugs (24 and 72 hours 

post-infestation) compared to non-infested controls. Images A-C show correlations of 3 biological 

replicates 24 h (non-infested control), D-F show correlations of 3 biological replicates at 24 hpi (infested 

at 24 h), G-I show correlations of 3 biological replicates at 72 h (non-infested control), while J-L show 

correlations of 3 biological replicates at 72 hpi (infested at 72 h). 
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Figure A11: Log/log correlations of 98/0581 leaf samples infested with mealybugs (24 and 72 hours 

post-infestation) compared to non-infested controls. Images A-C show correlations of 3 biological 

replicates 24 h (non-infested control), D-F show correlations of 3 biological replicates at 24 hpi (infested 

at 24 h), G-I show correlations of 3 biological replicates at 72 h (non-infested control), while J-L show 

correlations of 3 biological replicates at 72 hpi (infested at 72 h). 
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Figure A12: Localization of up-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A13: Localization of down-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A14: Localization of up-regulated phenylpropanoid biosynthesis pathway enzymes on the leaf 

tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome.  
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Figure A15: Localization of down-regulated phenylpropanoid biosynthesis pathway enzymes on the 

leaf tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes that 

are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A16: Localization of up-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome.  
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Figure A17: Localization of down-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of AR23.1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A18: Localization of up-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A19: Localization of down-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome.  
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Figure A20: Localization of up-regulated phenylpropanoid biosynthesis pathway enzymes on the leaf 

tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome.  
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Figure A21: Localization of down-regulated phenylpropanoid biosynthesis pathway enzymes on the 

leaf tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes that 

are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome. 
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Figure A22: Localization of up-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome. 
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Figure A23: Localization of down-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of P40/1 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome. 
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Figure A24: Localization of up-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome. 
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Figure A25: Localization of down-regulated plant hormone signal transduction pathway enzymes on 

the leaf tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes 

that are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while 

boxes highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes 

that are not highlighted are the genes that are not present in the castor bean genome. 
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Figure A26: Localization of up-regulated phenylpropanoid biosynthesis pathway enzymes on the leaf 

tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome. 
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Figure A27: Localization of down-regulated phenylpropanoid biosynthesis pathway enzymes on the 

leaf tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes that 

are present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome. 

 



 146 

 

Figure A28: Localization of up-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the up-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that are 

not highlighted are the genes that are not present in the castor bean genome. 
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Figure A29: Localization of down-regulated glutathione metabolism pathway enzymes on the leaf 

tissues of 98/0581 post-infestation with mealybugs. Boxes highlighted in green represents genes that are 

present in the castor bean (Ricinus communis) genome (organism used for KEGG maps), while boxes 

highlighted in pink are the down-regulated DEGs in the leaf tissues post mealybug infestation. Boxes that 

are not highlighted are the genes that are not present in the castor bean genome. 
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Figure A30: Network representation of the interactions of the up-regulated differentially expressed 

genes (DEGs) in P40/1 post-infestation with mealybugs. Arabidopsis genome was used to infer 

interactions in cassava. Different lines and colours identify types of evidence of interactions. Green line 

represents gene neighbourhood, red: gene fusion, light blue: protein homology, dark blue: gene occurance, 

black: co-expression, and pink is the experimentally determined genes. DEGs, in the leaf tissues post 

mealybug infestation (highlighted in red) represent defence response genes. 
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Figure A31: Network representation of the interactions of the down-regulated differentially 

expressed genes (DEGs) in P40/1 post-infestation with mealybugs. Arabidopsis genome was used to 

infer interactions in cassava. Different lines and colours identify types of evidence of interactions. Green 

line represents gene neighbourhood, red: gene fusion, light blue: protein homology, dark blue: gene 

occurance, black: co-expression, and pink is the experimentally determined genes. DEGs, in the leaf tissues 

post mealybug infestation (highlighted in red) represent defence response genes. 
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Figure A32: Network representation of the interactions of the up-regulated differentially expressed 

genes (DEGs) in 98/0581 post-infestation with mealybugs. Arabidopsis genome was used to infer 

interactions in cassava. Different lines and colours identify types of evidence of interactions. Green line 

represents gene neighbourhood, red: gene fusion, light blue: protein homology, dark blue: gene occurance, 

black: co-expression, and pink is the experimentally determined genes. DEGs, in the leaf tissues post 

mealybug infestation (highlighted in red) represent defence response genes. 
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Figure A33: Network representation of the interactions of the down-regulated differentially 

expressed genes (DEGs) in 98/0581 post-infestation with mealybugs. Arabidopsis genome was used to 

infer interactions in cassava. Different lines and colours identify types of evidence of interactions. Green 

line represents gene neighbourhood, red: gene fusion, light blue: protein homology, dark blue: gene 

occurance, black: co-expression, and pink is the experimentally determined genes. DEGs in the leaf tissues 

post mealybug infestation DEGs highlighted in red represents defence response genes.  
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Figure A34: Descriptive statistics of four candidate housekeeping genes (HKG) based on their 

crossing point (CP) values. BestKeeper index is computed together with the same descriptive parameters 

for four genes (UBQ10, GTPb, EF1 and Actin). Abbreviations: n: number of samples; geo Mean [CP]: the 

geometric mean of CP; ar Mean [CP]: the arithmetic mean of CP; Min [CP] and Max [CP]: the extreme 

values of CP; std dev [±CP]: the standard deviation of the CP; CV [%CP]: the coefficient of variance 

expressed as a percentage on the CP level; Min [x-fold] and Max [x-fold]: the extreme values of expression 

levels expressed as an absolute x-fold over- or under-regulation coefficient; std dev [± x-fold]: standard 

deviation of the absolute regulation coefficients. 
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Figure A35: Expression stability of the four candidate housekeeping genes (UBQ10, GTPb, EF1 and 

Actin) in cassava leaves. The figure illustrates the crossing points of each sample replicate for each gene. 
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Table A1: A list of of raw and trimmed reads generated per time point for each biological replicate 

and subsequently mapping to the cassava reference genome (Mesculenta_305_v6.1).  

 

Genotype Time Infestation 

No, of raw 

reads 

Trimmed 

reads 

% Trimmed 

reads 

Mapped 

reads 

Mapped 

reads/million 

sequence 

reads 

AR23,1 Biological replicate 3 

24 h Non-infested 21,444,473 19,110,834 89.1 16,921,128 885 420 

72 h Non-infested 29,388,325 25,197,198 85.7 22,067,654 875 797 

24 hpi Infested 42,212,956 41,500,026 98.3 30,032,612 723 538 

72 hpi Infested 45,953,442 41,507,964 90.3 36,210,712 872 379 

AR23,1 Biological replicate 2 

24 h Non-infested 29,065,379 25,218,186 86.7 23,190,120 919 579 

72 h Non-infested 25,901,916 22,107,187 85.3 19,917,821 900 965 

24 hpi Infested 40,000,000 36,490,056 91.2 32,054,329 878 440 

72 hpi Infested 39,115,704 37,114,004 94.9 33,790,451 910 450 

AR23,1 Biological replicate 3 

24 h Non-infested 37,694,984 33,107,823 87.7 29,108,912 879 215 

72 h Non-infested 29,614,889 25,108,197 85.0 21,109,432 840 738 

24 hpi Infested 38,453,272 34,989,258 90.9 32,157,979 919 081 

72 hpi Infested 31,073,358 28,957,014 93.1 23,822,215 822 675 

P40/1 Biological replicate 1 

24 h Non-infested 32,536,388 28,927,448 89.0 24,978,358 863 482 

72 h Non-infested 29,514,034 25,216,917 85.4 22,421,686 889 152 

24 hpi Infested 29,378,808 27,764,750 93.3 22,816,550 821 781 

72 hpi Infested 23,424,700 20,774,916 88.7 19,526,920 843 657 

P40/1 Biological replicate 2 

24 h Non-infested 26,937,496 23,928,218 89.0 20,684,329 864 432 

72 h Non-infested 26,726,775 24,210,721 90.5 20,463,976 845 244 

24 hpi Infested 35,954,764 34, 860,410 96.9 31,986,993 917 573 

72 hpi Infested 33,394,144 32,224,992 95.0 25,158,790 780 722 

P40/1 Biological replicate 3 

24 h Non-infested 22,016,380 20,219,012 91.0 17,989,129 889 713 

72 h Control 29,663,515 26,018,219 88.0 22,129,719 850 547 

24 hpi Infested 33,346,560 28,740,636 86.1 24,109,731 838 872 

72 hpi Infested 38,371,700 37,807,994 98.5 30,223,924 799 405 

98/0581 Biological replicate 

1 

24 h Non-infested 16,716,348 15,969,108 95.5 13,108,918 820 892 

72 h Non-infested 17,019,479 15,102,791 88.7 13,977,198 925 471 

24 hpi Infested 26,000,292 22,880,320 91.3 19,751,496 863 252 

72 hpi Infested 25,796,692 20,000,141 87.3 17,854,053 892 696 

98/0581 Biological replicate 

2 

24 h Non-infested 17,432,730 16,107,493 92.3 14,917,893 926 146 

72 h Non-infested 14,201,969 12,012,718 85.0 10,213,642 850 235 

24 hpi Infested 25,498,497 24,234,738 95.8 22,406,273 937 455 

72 hpi Infested 21,544,931 20,526,819 95.2 18,693,128 910 668 

98/0581 Biological replicate 

3 

24 h Non-infested 15,850,922 14,916,486 94.1 11,917,836 798 970 

72 h Non-infested 16,729,996 14,194,653 85.0 12,917,826 910 048 

24 hpi Infested 17,617,272 16,200,003 91.9 14,234,900 878 697 

72 hpi Infested 21,332,252 19,141,698 89.7 16,242,109 848 519 

 

 

 



 155 

Table A2: List of AR23.1 differentially expressed genes in cassava leaves in response to mealybug 

infestation at 24 and 72 hours post-infestation normalized against mock (non-infested). 

 

Gene ID 

 

GO ID Gene annotation 

Log2(fold_change) 

24 hpi 

 

P-value 

Manes.01G059800 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 86, 

subfamily A, polypeptide 8 6.07 0.00005 

Manes.02G151200 - 

Phosphate-responsive 1 family 

protein 6.01 0.00005 

Manes.01G043500 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein 5.45 0.00005 

Manes.17G058800  - Ucharacterized protein 5.33 0.00005 

Manes.17G070900 GO:0003824 Camelliol C synthase 1 5.25 0.00005 

Manes.02G189200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein 4.72 0.00005 

Manes.09G175800  - Hypothetical protein 4.54 0.0002 

Manes.01G200000 

GO:0009611,GO:0004867,GO:0

055114,GO:0020037,GO:00167

05,GO:0005506 

Cytochrome P450, family 94, 

subfamily B, polypeptide 3 4.39 0.00005 

Manes.04G050300  - RHO GTPASE Activating protein 4.2.0 0.00005 

Manes.01G020600 

GO:0030983,GO:0006298,GO:0

005524 MUTS homolog 2 4.18 0.00015 

Manes.02G086300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 21 4.17 0.00005 

Manes.01G243800 GO:0015743 

Aluminium activated malate 

transporter family protein 4.07 0.0001 

Manes.15G094100 GO:0048544 

D-mannose binding lectin protein 

with Apple-like carbohydrate-

binding domain 3.93 0.00015 

Manes.08G103300,Ma

nes.08G103400  - Hypothetical protein 3.82 0.0001 

Manes.01G147500  - Myb domain protein 4 3.79 0.00015 

Manes.07G061600 GO:0009958 

Phototropic-responsive NPH3 

family protein 3.69 0.00015 

Manes.02G124600  - 

HSP20-like chaperones superfamily 

protein 3.69 0.00005 

Manes.01G158000 

 

GO:0055085,GO:0016021 Auxin efflux carrier family protein 

 

3.54 0.0001 

Manes.01G067000 

GO:0055085,GO:0016020,GO:0

015297,GO:0015238,GO:00068

55 MATE efflux family protein 3.37 0.00005 

Manes.17G078600  - CLAVATA3/ESR-RELATED 16 3.35 0.0001 

Manes.01G076500 GO:0004575,GO:0004564 

Glycosyl hydrolases family 32 

protein 3.21 0.00005 

Manes.01G231100 GO:0055114,GO:0016491 Gibberellin 2-oxidase 6 3.06 0.00005 

Manes.02G051100 

GO:0055085,GO:0016020,GO:0

006811,GO:0005216 

Cyclic nucleotide-regulated ion 

channel family protein 2.88 0.00005 

Manes.06G136100 GO:0004857 

Plant invertase/pectin 

methylesterase inhibitor superfamily 

protein 2.59 0.00005 

Manes.06G131100 GO:0006355,GO:0003700 

Ethylene responsive element 

binding factor 1 2.41 0.0002 

Manes.09G040500  - 

Alpha/beta-Hydrolases superfamily 

protein 2.37 0.0001 

Manes.01G274500 GO:0006629 

Alpha/beta-Hydrolases superfamily 

protein 2.17 0.00005 

Manes.11G057100 GO:0005515 

Leucine-rich repeat (LRR) family 

protein 2.10 0.00005 

Manes.14G096200 GO:0005515 RNI-like superfamily protein 2.00 0.00005 

Manes.05G143800  - Expansin 11 1.89 0.00005 

Manes.03G048300 

GO:0005515,GO:0006468,GO:0

004672 

Leucine-rich repeat transmembrane 

protein kinase family protein 1.68 0.00005 

Manes.15G094300 GO:0048544 

D-mannose binding lectin protein 

with Apple-like carbohydrate-

binding domain 1.58 0.00005 

Manes.01G142200 GO:0005515 

Leucine-rich repeat receptor-like 

protein kinase family protein 1.58 0.00005 
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Manes.01G273700 

GO:0043565,GO:0006355,GO:0

003700 WRKY family transcription factor 1.58 0.00005 

Manes.05G132500 

GO:0008017,GO:0007018,GO:0

005524,GO:0003777,GO:00058

71 

ATP binding microtubule motor 

family protein 1.37 0.00005 

Manes.01G235800  - Myb domain protein 55 1.37 0.00005 

Manes.07G059300 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein 1.35 0.0001 

Manes.10G105100 

GO:0016887,GO:0005524,GO:0

016020 

White-brown complex homolog 

protein 11 1.16 0.00015 

Manes.03G079300 GO:0008270,GO:0005515 RING/U-box superfamily protein 0.71 0.00005 

Manes.13G137200 GO:0045735 

RmlC-like cupins superfamily 

protein 0.24 0.00005 

Manes.02G026300 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Peroxidase superfamily protein -0.12 0.00005 

Manes.16G045900 

  

GO:0006468,GO:0005524,GO:G

O:0004672 MAP kinase kinase 5 

 

-1.91 0.00005 

Manes.11G052600  - 

Late embryogenesis abundant 

protein (LEA) family protein -2.61 0.0001 

Manes.01G129800  - Alpha-crystallin domain 32.1 -2.74 0.0001 

Manes.S110500  - Hypothetical protein -3.11 0.00005 

Manes.14G051800 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 94, 

subfamily B, polypeptide 3 -3.25 0.00005 

Manes.02G081800 GO:0005515 Glutathione S-transferase F11 -3.34 0.00005 

Manes.02G023600  - 

Protein of unknown function 

(DUF567) -3.46 0.00005 

Manes.02G025100  - Osmotin 34 -3.53 0.00005 

Manes.14G143500  - Heat shock protein 70B -3.53 0.0001 

Manes.01G252200 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 56 -3.57 0.00005 

Manes.01G114100  - 

Gamma interferon responsive 

lysosomal thiol (GILT) reductase 

family protein -3.76 0.00005 

Manes.02G005800 GO:0016810,GO:0006807 

Carbon-nitrogen hydrolase family 

protein -4.03 0.00005 

Manes.01G187700 GO:0046983 

Basic helix-loop-helix (bHLH) 

DNA-binding family protein -4.10 0.00015 

Manes.02G008500  - Galactose-binding protein -4.15 0.00005 

Manes.02G015400 

GO:0009378,GO:0006310,GO:0

006281 

P-loop containing nucleoside 

triphosphate hydrolases superfamily 

protein -4.17 0.00005 

Manes.01G110800 

GO:0008270,GO:0005975,GO:0

004476,GO:0009298 

Mannose-6-phosphate isomerase, 

type I -4.17 0.00005 

Manes.01G178000 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450 superfamily 

protein -4.19 0.00015 

Manes.02G040000 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein -4.19 0.00005 

Manes.01G268700  - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein -4.46 0.00005 

Manes.11G034200 

 

GO:0016887,GO:0005524,GO:0

016020 

ABC-2 and Plant PDR ABC-type 

transporter family protein 

 

 

-4.47 0.00005 

Manes.03G043600 GO:0004857 

Plant invertase/pectin 

methylesterase inhibitor superfamily 

protein -4.53 0.0001 

Manes.01G020700  - TCP family transcription factor  -4.80 0.00005 

Manes.01G250800 GO:0051087 BCL-2-associated athanogene 6 -4.82 0.0003 

Manes.02G174100  - Nodulin MtN3 family protein -4.82 0.00005 

Manes.03G061200  - Tetraspanin family protein -4.90 0.00005 

Manes.01G058100  - Pectin lyase-like superfamily protein -4.95 0.00005 

Manes.01G082400 

GO:0030983,GO:0006298,GO:0

005524 MUTS-like protein 4 -5.11 0.00005 

Manes.01G013000 

GO:0006468,GO:0005524,GO:0

004672 

Wall-associated kinase family 

protein -5.34 0.00005 

Manes.01G138100 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein -5.53 0.00005 

Manes.01G161800 GO:0055085,GO:0016021 Cation exchanger 3 -5.63 0.00005 

Manes.01G235200  - Pectin lyase-like superfamily protein -5.63 0.00005 

Manes.03G018600 

GO:0016887,GO:0005524,GO:0

016020 Pleiotropic drug resistance 12 -5.65 0.00015 
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Manes.03G062400 GO:0005515 

Transducin/WD40 repeat-like 

superfamily protein -5.65 0.00025 

Manes.15G189500  - 

HSP20-like chaperones superfamily 

protein -5.73 0.00015 

Manes.02G084300  - Phy rapidly regulated 1 -5.74 0.00005 

Manes.01G087800  - Expansin-like B1 -5.74 0.00005 

Manes.02G109900  - 

Protein of unknown function 

(DUF630 and DUF632) -5.86 0.00015 

Manes.01G031800 GO:0008270 

DHHC-type zinc finger family 

protein -5.87 0.0001 

Manes.02G001500 

GO:0055114,GO:0016491,GO:0

008270 

GroES-like zinc-binding 

dehydrogenase family protein -5.91 0.00005 

Manes.01G070800 

GO:0006355,GO:0005634,GO:0

005524,GO:0032502,GO:00063

51 Growth-regulating factor 2 -5.95 0.00005 

Manes.01G254100 GO:0016757,GO:0016020 

Protein of unknown function 

(DUF604) -5.97 0.00025 

Manes.02G106500 GO:0016021,GO:0006952 

Seven transmembrane MLO family 

protein -6.03 0.00005 

Manes.03G120700 

GO:0045454,GO:0005681,GO:0

000398 

mRNA splicing factor, thioredoxin-

like U5 snRNP -6.11 0.0001 

Manes.01G070200 GO:0055114,GO:0016491 Leucoanthocyanidin dioxygenase -6.11 0.00005 

Manes.01G173300 GO:0006468,GO:0004672 Protein kinase superfamily protein -6.13 0.00005 

Manes.02G104600  - GAST1 protein homolog 1 -6.34 0.0002 

Manes.01G013100  - PLAC8 family protein -6.57 0.00005 

Manes.03G066400 

GO:0016021,GO:0015116,GO:0

008272,GO:0055085,GO:00160

20,GO:0008271,GO:1902358 Sulfate transporter 3;5 -6.58 0.0001 

Manes.02G099700 GO:0016787 purple acid phosphatase 25 -6.64 0.00005 

Manes.15G154400  - 

HSP20-like chaperones superfamily 

protein -6.80 0.00005 

Manes.S053400  - 

HSP20-like chaperones superfamily 

protein -7.27 0.00005 

Gene ID 

 

GO ID Gene annotation 

Log2(fold_change) 

72 hpi 

 

P-value 

Manes.01G200000 

GO:0009611,GO:0004867,GO:0

055114,GO:0020037,GO:00167

05,GO:0005506 

cytochrome P450, family 94, 

subfamily B, polypeptide 3 6.94 0.00005 

Manes.03G040000 - Mob1/phocein family protein 6.83 0.00005 

Manes.02G115200 GO:0055085,GO:0016021 Auxin efflux carrier family protein 5.93 0.00005 

Manes.01G043500 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein 5.88 0.00005 

Manes.02G126100 - Glutathione S-transferase tau 7 5.69 0.00005 

Manes.01G264600 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 704, 

subfamily A, polypeptide 2 5.68 0.00005 

Manes.13G043400 - Glycine-rich protein 5-like 5.51 0.00005 

Manes.02G208500 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 5.47 0.00005 

Manes.01G070800 

GO:0006355,GO:0005634,GO:0

005524,GO:0032502,GO:00063

51 Growth-regulating factor 2 5.08 0.00005 

Manes.02G032300 

GO:0055085,GO:0016020,GO:0

015297,GO:0015238,GO:00068

55 MATE efflux family protein 5.03 0.00005 

Manes.06G136300 GO:0004857 

Plant invertase/pectin 

methylesterase inhibitor superfamily 

protein 5.02 0.00005 

Manes.01G189000 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 72 5.00 0.00005 

Manes.03G056100 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 4.97 0.00005 

Manes.02G105300 - 

Pathogenesis-related thaumatin 

superfamily protein 4.80 0.00005 

Manes.02G002200 - 

Alpha/beta-Hydrolases superfamily 

protein 4.56 0.00005 

Manes.17G058800 - Uncharacterized protein 4.55 0.0001 

Manes.02G145900 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 4.54 0.00005 

Manes.10G146700 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 705, 

subfamily A, polypeptide 27 4.37 0.0001 
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Manes.02G086300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 21 4.19 0.00005 

Manes.01G231100 GO:0055114,GO:0016491 Gibberellin 2-oxidase 6 3.81 0.00005 

Manes.01G076500 GO:0004575,GO:0004564 

Glycosyl hydrolases family 32 

protein 3.79 0.00005 

Manes.02G086200 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

Terpenoid cyclases/Protein 

prenyltransferases superfamily 

protein 3.77 0.00005 

Manes.02G150900 - 

Phosphate-responsive 1 family 

protein 3.62 0.00005 

Manes.08G103300,Ma

nes.08G103400 - Hypothetical protein 3.53 0.00005 

Manes.01G129500 

GO:0005515,GO:0006468,GO:0

005524,GO:0004672 

Leucine-rich repeat protein kinase 

family protein 3.32 0.00005 

Manes.01G231200 

GO:0042545,GO:0030599,GO:0

005618 Pectin lyase-like superfamily protein 3.30 0.00005 

Manes.S053400 - 

HSP20-like chaperones superfamily 

protein 3.30 0.00005 

Manes.02G189200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein 3.01 0.00005 

Manes.06G154000 

GO:0016887,GO:0005524,GO:0

016020 

ABC-2 type transporter family 

protein 2.95 0.00005 

Manes.02G124600 - 

HSP20-like chaperones superfamily 

protein 2.83 0.00005 

Manes.01G274500 GO:0006629 

Alpha/beta-Hydrolases superfamily 

protein 2.79 0.00015 

Manes.15G130200 GO:0009607,GO:0006952 

Polyketide cyclase/dehydrase and 

lipid transport superfamily protein 2.71 0.0001 

Manes.15G015600 

GO:0045454,GO:0015035,GO:0

009055 Glutaredoxin family protein 2.58 0.00005 

Manes.01G147500 - Myb domain protein 4 2.44 0.00005 

Manes.11G080400 - dsRNA-binding protein 5 2.31 0.0001 

Manes.01G126300 GO:0004866 Kunitz trypsin inhibitor 1 2.15 0.00005 

Manes.15G130300 GO:0009607,GO:0006952 MLP-like protein 43 1.87 0.0002 

Manes.04G120100 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein 1.81 0.00005 

Manes.01G188800 - Hypothetical protein 1.39 0.00005 

Manes.15G015500 

GO:0045454,GO:0015035,GO:0

009055 Thioredoxin superfamily protein 0.86 0.00005 

Manes.03G012600 GO:0016798,GO:0016020 glucuronidase 3 0.41 0.00005 

Manes.02G040700 - 

Protein of unknown function, 

DUF547 0.39 0.00005 

Manes.10G105100 

GO:0016887,GO:0005524,GO:0

016020 

White-brown complex homolog 

protein 11 -0.30 0.00005 

Manes.07G059300 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein -0.61 0.0001 

Manes.10G106000 - homeobox protein 31 -0.84 0.00025 

Manes.01G041100 GO:0005515 

Disease resistance family protein / 

LRR family protein -0.85 0.00005 

Manes.14G096200 GO:0005515 RNI-like superfamily protein -1.22 0.00005 

Manes.05G143800 - expansin 11 -1.30 0.0001 

Manes.03G138800 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 71, 

subfamily B, polypeptide 34 -1.36 0.0001 

Manes.02G124400 - 

Protein of unknown function 

(DUF3527) -1.54 0.0001 

Manes.14G051800 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 94, 

subfamily B, polypeptide 3 -1.60 0.00005 

Manes.07G061600 GO:0009958 

Phototropic-responsive NPH3 

family protein -3.01 0.00005 

Manes.01G108600 GO:0016020 

Uncharacterized protein family 

(UPF0016) -3.23 0.00015 

Manes.15G148400 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein -3.27 0.0001 

Manes.02G040000 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein -3.31 0.00015 

Manes.02G076300 

GO:0006412,GO:0005840,GO:0

005622,GO:0003735 

Nucleic acid-binding, OB-fold-like 

protein -3.35 0.00005 

Manes.17G113800 - 

RmlC-like cupins superfamily 

protein -3.46 0.00005 

Manes.01G086900 GO:0055085,GO:0016021 Major facilitator superfamily protein -3.51 0.00005 
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Manes.02G205700 

GO:0007165,GO:0005515,GO:0

043531 

Disease resistance protein (TIR-

NBS-LRR class), putative -3.57 0.00005 

Manes.02G039500 

GO:0042545,GO:0030599,GO:0

005618 Pectin lyase-like superfamily protein -3.60 0.0001 

Manes.01G040000 GO:0005975,GO:0004553 

O-Glycosyl hydrolases family 17 

protein -3.82 0.0001 

Manes.01G202400 - 

Class I glutamine amidotransferase-

like superfamily protein -4.12 0.00005 

Manes.02G017000 GO:0005975,GO:0004553 Glycosyl hydrolase 9B15 -4.30 0.00005 

Manes.03G021100 

GO:0055085,GO:0022857,GO:0

016021 Polyol/monosaccharide transporter 5 -4.30 0.00005 

Manes.01G142200 GO:0005515 

Leucine-rich repeat receptor-like 

protein kinase family protein -4.37 0.00005 

Manes.02G170200 

GO:0005509,GO:0006468,GO:0

005524,GO:0004672 Wall associated kinase 3 -4.51 0.00005 

Manes.02G054300 GO:0016758,GO:0008152 

UDP-Glycosyltransferase 

superfamily protein -4.52 0.00005 

Manes.02G169700 GO:0016021 Nodulin MtN3 family protein -4.57 0.00045 

Manes.01G065500 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Peroxidase superfamily protein -4.68 0.0004 

Manes.16G016100,Ma

nes.16G016200,Manes

.16G016300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 14 -4.83 0.00005 

Manes.03G027900 - Oxidative stress 3 -4.85 0.0001 

Manes.03G097700 

GO:0006468,GO:0005524,GO:0

004672 MAP kinase kinase 5 

 

-4.86 0.00005 

Manes.02G044700 - Expansin-like B1 -4.9 0.00005 

Manes.02G108300 GO:0008234,GO:0006508 Senescence-associated gene 12 -4.92 0.00005 

Manes.03G061200 - Tetraspanin family protein -4.94 0.00025 

Manes.02G025800 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Peroxidase superfamily protein -4.94 0.00005 

Manes.01G002800 GO:0005975,GO:0004553 Cellulase 2 -4.96 0.0002 

Manes.03G032500 GO:0055114,GO:0016491 ACC oxidase 1 -5 0.00005 

Manes.01G203500 - Calmodulin-like 11 -5.11 0.00005 

Manes.01G047000 - 

Alpha/beta-Hydrolases superfamily 

protein -5.17 0.00005 

Manes.02G071200 GO:0008152,GO:0003824 

Cytochrome P450, family 77, 

subfamily A, polypeptide 5 

pseudogene -5.17 0.00005 

Manes.18G024300 - RAD-like 6 -5.41 0.00005 

Manes.03G062400 GO:0005515 

Transducin/WD40 repeat-like 

superfamily protein -5.46 0.00005 

Manes.02G067700 - 

Regulator of Vps4 activity in the 

MVB pathway protein -5.47 0.00005 

Manes.01G067400 GO:0006355,GO:0003700 C-repeat-binding factor 4 -5.89 0.00005 

Manes.01G002600 - 

Alpha/beta-Hydrolases superfamily 

protein -5.92 0.00005 

Manes.01G078200 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein -6.41 0.0001 

Manes.02G151300 - 

Phosphate-responsive 1 family 

protein -6.70 0.00025 

Manes.03G063600 

GO:0006355,GO:0005634,GO:0

003677 S1FA-like DNA-binding protein -6.76 0.00025 

Manes.02G089000 GO:0006355,GO:0003677 NAC domain containing protein 42 -6.79 0.0001 

Manes.01G070200 GO:0055114,GO:0016491 Leucoanthocyanidin dioxygenase -6.82 0.00025 

Manes.02G025400 - 

Uncharacterised protein family 

(UPF0497) -6.92 0.00005 

Manes.01G087800 - Expansin-like B1 -6.95 0.00005 

Manes.02G099700 GO:0016787 purple acid phosphatase 25 -6.96 0.0002 

Manes.01G067500 GO:0006355,GO:0003700 C-repeat-binding factor 4 -6.96 0.00005 

Manes.01G178000 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450 superfamily 

protein -6.99 0.00005 

Manes.02G148300 GO:0016021,GO:0005215 purine permease 3 -7.09 0.0001 

Manes.02G025100 - osmotin 34 -7.51 0.00005 

Manes.02G015400 

GO:0009378,GO:0006310,GO:0

006281 

P-loop containing nucleoside 

triphosphate hydrolases superfamily 

protein -7.94 0.0001 

Gene ID 

 

GO ID Gene annotation 

Log2(fold_change) 

24 hpi vs 72 hpi 

 

Manes.01G178000 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450 superfamily 

protein 6.81 0.00005 
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Manes.02G099700 GO:0016787 Purple acid phosphatase 25 6.69 0.00005 

Manes.02G151000 - 

Phosphate-responsive 1 family 

protein 6.54 0.00005 

Manes.01G236500 - Germin-like protein 10 5.79 0.00005 

Manes.02G150900 - 

Phosphate-responsive 1 family 

protein 5.75 0.00005 

Manes.02G170600 GO:0006468,GO:0004672 Wall associated kinase 3 5.75 0.00005 

Manes.01G121300 GO:0016567,GO:0004842 ARM repeat superfamily protein 5.70 0.00005 

Manes.01G235200 - Pectin lyase-like superfamily protein 5.60 0.0001 

Manes.03G044100 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 5.26 0.00005 

Manes.01G047200 

GO:0043565,GO:0006355,GO:0

003700 WRKY family transcription factor 4.86 0.00005 

Manes.02G075400 - Calmodulin like 23 4.64 0.00005 

Manes.02G150200 

GO:0006468,GO:0005524,GO:0

004672,GO:0005515 

Leucine-rich repeat receptor-like 

protein kinase family protein 4.57 0.00005 

Manes.02G130000 GO:0008270,GO:0005515 

Zinc finger (C3HC4-type RING 

finger) family protein 4.51 0.00005 

Manes.01G085400 GO:0006355,GO:0003700 

Ethylene responsive element 

binding factor 1 4.14 0.00005 

Manes.01G260700 GO:0005515 BON association protein 2 4.08 0.0001 

Manes.S053400 GO:0006529,GO:0004066 

HSP20-like chaperones superfamily 

protein 4.01 0.0001 

Manes.02G146000 - Dicarboxylate carrier 2 3.92 0.0001 

Manes.12G152600 - MAP kinase substrate 1 3.67 0.00005 

Manes.14G006300 GO:0005515 CCT motif family protein 3.22 0.00005 

Manes.16G132600 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 2.95 0.0001 

Manes.15G121600 GO:0055114,GO:0016491 Gibberellin 2-oxidase 2.95 0.00005 

Manes.02G110100 GO:0008270,GO:0005515 RING/U-box superfamily protein 2.87 0.00005 

Manes.15G122400 - 

Nine-cis-epoxycarotenoid 

dioxygenase 5 2.81 0.00005 

Manes.15G035200 GO:0007165 CBL-interacting protein kinase 7 2.72 0.00005 

Manes.13G112500 

GO:0008270,GO:0006355,GO:0

005634,GO:0004402,GO:00037

12,GO:0005515 BTB and TAZ domain protein 4 2.48 0.00005 

Manes.01G192100 

GO:0045454,GO:0015035,GO:0

006662 Thioredoxin H-type 7 2.47 0.00005 

Manes.01G267100 - Vegetative cell wall protein gp1-like 2.41 0.00005 

Manes.02G039000 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 2.38 0.00005 

Manes.05G061300 GO:0006950 

Late embryogenesis abundant 3 

(LEA3) family protein 2.28 0.00005 

Manes.01G138500,Ma

nes.01G138600 GO:0008168 

S-adenosyl-L-methionine-dependent 

methyltransferases superfamily 

protein 2.18 0.00005 

Manes.02G092000 GO:0008270,GO:0005634 

DWNN domain, a CCHC-type zinc 

finger 1.77 0.00005 

Manes.01G123500 GO:0046872 

Regulator of chromosome 

condensation (RCC1) family with 

FYVE zinc finger domain 1.23 0.0001 

Manes.01G241000 

GO:0016747,GO:0008610,GO:0

016020,GO:0006633 3-ketoacyl-CoA synthase 1 -1.61 0.0001 

Manes.04G140500 - 

Glycosyl hydrolases family 32 

protein 0.23 0.00005 

Manes.06G004300 

GO:0016887,GO:0005524,GO:0

016020 

ABC-2 type transporter family 

protein 

 

-0.41 0.00005 

Manes.15G149600 - Myb domain protein 24 -1.15 0.00005 

Manes.15G060200 - 

Putative uncharacterized protein 

DDB_G0290521 -1.36 0.0001 

Manes.01G089900 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein -1.38 0.00005 

Manes.01G189000 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 72 -1.91 0.0001 

Manes.15G015600 

GO:0045454,GO:0015035,GO:0

009055 Glutaredoxin family protein -1.98 0.0001 

Manes.04G121600 - 

Galactose oxidase/kelch repeat 

superfamily protein -2.10 0.0001 

Manes.09G062300 

GO:0016020,GO:0006810,GO:0

005215 Gamma tonoplast intrinsic protein -2.10 0.00005 
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Manes.06G007600 - 

Calcium-binding EF-hand family 

protein -2.23 0.00005 

Manes.04G013300 GO:0008270,GO:0005515 

CHY-type/CTCHY-type/RING-type 

Zinc finger protein -2.29 0.00005 

Manes.01G233000 GO:0006508 tolB protein-related -2.29 0.0001 

Manes.05G096400 - PAS/LOV protein B -2.33 0.00005 

Manes.10G071700 

GO:0055114,GO:0016491,GO:0

051536,GO:0020037 Nitrite reductase 1 -2.33 0.00005 

Manes.18G036200 GO:0005509 

Calcium-binding EF-hand family 

protein -2.35 0.0001 

Manes.04G094700 

GO:0071805,GO:0016020,GO:0

015079 K+ uptake transporter 3 -2.37 0.00005 

Manes.15G085500 - 

Aluminium induced protein with 

YGL and LRDR motifs -2.40 0.00005 

Manes.08G067800 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein -2.47 0.0001 

Manes.11G067500 

GO:0003824,GO:0006470,GO:0

004722 Heat shock protein 70B -2.53 0.00005 

Manes.02G128000 

GO:0045454,GO:0015035,GO:0

009055 Highly ABA-induced PP2C gene 3 -2.54 0.00005 

Manes.15G015500 GO:0006529,GO:0004066 Thioredoxin superfamily protein -2.61 0.0001 

Manes.02G212800 GO:0008081,GO:0006629 

Glutamine-dependent asparagine 

synthase 1 -2.61 0.00005 

Manes.04G089800 - Senescence-related gene 3 -2.62 0.0001 

Manes.11G067600 - Heat shock protein 70B -2.63 0.00005 

Manes.11G068500 - 

Chaperone DnaJ-domain 

superfamily protein -2.67 0.00005 

Manes.01G119000 - 

HSP20-like chaperones superfamily 

protein -2.67 0.00005 

Manes.09G112800 - RNI-like superfamily protein -2.71 0.00005 

Manes.17G076700 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

Chaperone DnaJ-domain 

superfamily protein -2.85 0.0001 

Manes.04G052400 GO:0004866 

Late embryogenesis abundant 

(LEA) hydroxyproline-rich 

glycoprotein family -2.94 0.00005 

Manes.S099100 - 

Terpene synthase-like sequence-1,8-

cineole -2.99 0.00005 

Manes.01G126300 - Kunitz trypsin inhibitor 1 -3.04 0.00005 

Manes.07G123200 GO:0020037,GO:0017004 

HSP20-like chaperones superfamily 

protein -3.11 0.00005 

Manes.02G051000 - 

Cyclic nucleotide-regulated ion 

channel family protein -3.15 0.00005 

Manes.07G086000 - Cytochrome C assembly protein -3.16 0.0001 

Manes.10G105900 GO:0008080 

HSP20-like chaperones superfamily 

protein -3.28 0.00005 

Manes.08G103000 - GRAM domain family protein -3.30 0.00005 

Manes.03G040200 GO:0004869 

Acyl-CoA N-acyltransferases 

(NAT) superfamily protein -3.30 0.0002 

Manes.15G028300 - heat-shock protein 70T-2 -3.32 0.00015 

Manes.09G039400 

GO:0043565,GO:0006355,GO:0

003700 

Cystatin/monellin superfamily 

protein -3.42 0.00005 

Manes.16G048700 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 

HSP20-like chaperones superfamily 

protein -3.46 0.0001 

Manes.02G061900 GO:0070569,GO:0008152 Basic leucine-zipper 42 -3.48 0.00005 

Manes.08G002700 - Ascorbate peroxidase 2 -3.52 0.0001 

Manes.02G169300,Ma

nes.02G169400 

GO:0006468,GO:0005524,GO:0

004672 UDP-sugar pyrophosphorylase -3.61 0.0001 

Manes.13G028800 - enoyl-CoA hydratase/isomerase D -3.62 0.00005 

Manes.03G076800 - 

Protein serine/threonine 

kinases;protein kinases;ATP 

binding;sugar 

binding;kinases;carbohydrate 

binding -3.8 0.00005 

Manes.02G087900 - 

Predicted AT-hook DNA-binding 

family protein -4.00 0.00005 

Manes.08G019800 - Programmed cell death 4 -4.07 0.00005 

Manes.02G212800 

GO:0043565,GO:0006355,GO:0

003700,GO:0003677 

Glutamine-dependent asparagine 

synthase 1 -4.2 0.0001 

Manes.13G124700 - Uncharacterized protein -4.23 0.00005 

Manes.01G242300 - Homeobox 7 -4.25 0.0001 
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Manes.07G031300 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

HSP20-like chaperones superfamily 

protein -4.28 0.0001 

Manes.01G264600 GO:0008270,GO:0004089 

Cytochrome P450, family 704, 

subfamily A, polypeptide 2 -4.47 0.00005 

Manes.02G071200 

GO:0045156,GO:0019684,GO:0

009772 

Cytochrome P450, family 77, 

subfamily A, polypeptide 5 

pseudogene -4.64 0.00005 

Manes.17G116800 

GO:0005524,GO:0006508,GO:0

004222 Carbonic anhydrase 1 -4.65 0.00015 

Manes.S113100 GO:0016798,GO:0016020 

photosystem II reaction center 

protein A -4.73 0.00005 

Manes.02G046700 

GO:0016984,GO:0015977,GO:0

000287 FTSH protease 6 -4.83 0.00005 

Manes.03G012600 

GO:0016829,GO:0010333,GO:0

000287 Glucuronidase 3 -4.91 0.00005 

Manes.S113700 

GO:0016829,GO:0010333,GO:0

000287 Ribulose-bisphosphate carboxylases -4.94 0.00005 

Manes.02G086100 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 Terpene synthase 21 -5.08 0.00005 

Manes.08G138500,Ma

nes.08G138600 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 21 -5.18 0.00005 

Manes.01G109800 

GO:0006468,GO:0005524,GO:0

004672 

Cytochrome P450, family 735, 

subfamily A, polypeptide 1 -5.20 0.00005 

Manes.02G086300 - Terpene synthase 21 -5.24 0.00005 

Manes.02G172500 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

Protein kinase protein with adenine 

nucleotide alpha hydrolases-like 

domain -5.30 0.00005 

Manes.02G025400 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

Uncharacterised protein family 

(UPF0497) -5.36 0.00005 

Manes.12G076600 - Terpene synthase 10 -5.38 0.00005 

Manes.02G086200 

GO:0055114,GO:0016491,GO:0

006633,GO:0005506 

Terpenoid cyclases/Protein 

prenyltransferases superfamily 

protein -5.39 0.00015 

Manes.02G221500 - 

Protein of unknown function 

(DUF1442) -5.42 0.0001 

Manes.01G274900 - Fatty acid hydroxylase superfamily -5.46 0.00005 

Manes.01G002600 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 

Alpha/beta-Hydrolases superfamily 

protein -5.52 0.00005 

Manes.02G079400 - Gamete expressed protein 1 -5.57 0.0001 

Manes.02G026300 - Peroxidase superfamily protein -5.73 0.00005 

Manes.01G095400 - 

HXXXD-type acyl-transferase 

family protein -5.81 0.00005 

Manes.02G044700 

GO:0033177,GO:0015991,GO:0

015078 Expansin-like B1 -5.98 0.00005 

Manes.02G067700 - 

Regulator of Vps4 activity in the 

MVB pathway protein -6.34 0.00005 

Manes.S091000 - 

ATP synthase subunit C family 

protein -7.16 0.0001 

Manes.03G027900 - Oxidative stress 3 -7.27 0.00005 

Manes.02G124700 - 

HSP20-like chaperones superfamily 

protein -7.45 0.00005 

 

Table A3: List of P40/1 differentially expressed genes in cassava leaves in response to mealybug 

infestation at 24 and 72 hours post-infestation normalized against mock (non-infested) 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

24 hpi 

 

P-value 

Manes.01G138100 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein 5.53 0.00005 

Manes.02G131900 - Expansin A4 5.31 0.00005 

Manes.03G048300 

GO:0005515,GO:0006468,GO:0

004672 

Leucine-rich repeat transmembrane 

protein kinase family protein 4.92 0.00005 

Manes.01G264600 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 704, 

subfamily A, polypeptide 2 4.82 0.0001 

Manes.03G043600 GO:0004857 

Plant invertase/pectin methylesterase 

inhibitor superfamily protein 4.53 0.00005 

Manes.01G212600 GO:0007165 

Rho GTPase activating protein with 

PAK-box/P21-Rho-binding domain 4.38 0.00005 
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Manes.01G014700 

GO:0008017,GO:0007018,GO:0

005524,GO:0003777,GO:00058

71 

ATP binding microtubule motor 

family protein 4.30 0.00005 

Manes.03G059300 

GO:0006468,GO:0005524,GO:0

004672,GO:0005515 

Leucine-rich receptor-like protein 

kinase family protein 4.26 0.00005 

Manes.05G012900 GO:0016746,GO:0008152 

Glycerol-3-phosphate acyltransferase 

3 3.88 0.00005 

Manes.15G148400 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein 3.77 0.00005 

Manes.01G189100 - 

Cystathionine beta-synthase (CBS) 

protein 3.61 0.00015 

Manes.15G130000 GO:0009607,GO:0006952 MLP-like protein 28 3.29 0.00005 

Manes.02G174100 - Nodulin MtN3 family protein 3.21 0.00005 

Manes.02G104600 - GAST1 protein homolog 1 3.11 0.0001 

Manes.01G241000 

GO:0016747,GO:0008610,GO:0

016020,GO:0006633 3-ketoacyl-CoA synthase 1 2.85 0.00005 

Manes.02G145900 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 2.80 0.00005 

Manes.17G070900 GO:0003824 Camelliol C synthase 1 2.70 0.00015 

Manes.05G143800 - Expansin 11 2.17 0.00005 

Manes.13G143700 GO:0046872 

Zinc finger C-x8-C-x5-C-x3-H type 

family protein 2.16 0.00005 

Manes.04G155800 GO:0008270,GO:0005515 RING/U-box superfamily protein 2.14 0.00005 

Manes.07G059300 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein 1.91 0.0002 

Manes.12G031700 GO:0006355,GO:0003700 Ethylene response factor 1 1.62 0.00015 

Manes.12G103400 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein 1.57 0.00005 

Manes.10G105100 

GO:0016887,GO:0005524,GO:0

016020 

White-brown complex homolog 

protein 11 1.55 0.00005 

Manes.06G121800 - hydroxysteroid dehydrogenase 6 1.43 0.0001 

Manes.12G137800 

GO:0008654,GO:0006021,GO:0

004512 Myo-inositol-1-phosphate synthase 3 1.36 0.00005 

Manes.02G017100 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 27 1.35 0.00005 

Manes.02G189200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein 1.30 0.00005 

Manes.03G181100 - 

probable membrane-associated kinase 

regulator 1 1.10 0.00005 

Manes.06G121800 - Hydroxysteroid dehydrogenase 6 1.07 0.0001 

Manes.16G011800 - 

Homeodomain-like superfamily 

protein 0.84 0.00005 

Manes.01G018900 GO:0006468,GO:0004672 

BAK1-interacting receptor-like kinase 

1 -0.29 0.00005 

Manes.05G167500 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 82, 

subfamily C, polypeptide 2 -0.66 0.0002 

Manes.02G203800 - Hypothetical protein -1.02 0.00005 

Manes.02G040000 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein -1.12 0.00005 

Manes.06G149700 - Uncharacterized protein At3g49055 -1.14 0.00005 

Manes.01G196500 GO:0016758,GO:0008152 UDP-glucosyl transferase 74B1 -1.2 0.0001 

Manes.12G109400 - RING/U-box superfamily protein -1.61 0.00015 

Manes.17G079800 GO:0009607,GO:0006952 MLP-like protein 28 -1.72 0.00005 

Manes.06G156700 

GO:0055085,GO:0022857,GO:0

016021 Phosphate transporter 1;3 -1.88 0.00005 

Manes.18G115900,

Manes.18G116000 GO:0045017,GO:0004144 

O-acyltransferase (WSD1-like) family 

protein -2.19 0.00005 

Manes.03G165000 - Early nodulin-75-like -2.31 0.0001 

Manes.03G061200 - Tetraspanin family protein -2.32 0.00005 

Manes.01G231100 GO:0055114,GO:0016491 Gibberellin 2-oxidase 6 -2.68 0.00005 

Manes.08G154900 GO:0046983,GO:0008171 O-methyltransferase 1 -2.89 0.00005 

Manes.10G105900 - 

HSP20-like chaperones superfamily 

protein -3.41 0.00005 

Manes.02G099700 GO:0016787 Purple acid phosphatase 25 -3.49 0.00005 

Manes.12G028900 GO:0003677 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein -3.63 0.00005 

Manes.02G025100 - Osmotin 34 -3.93 0.00035 

Manes.07G040100 - 

Hydroxyproline-rich glycoprotein 

family protein -3.97 0.00015 

Manes.01G212700 - Uncharacterized protein -4.36 0.00005 
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Manes.11G105200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -4.52 0.00005 

Manes.02G166800 GO:0005634 Cyclin A1;1 -4.56 0.00005 

Manes.18G052600 - SPX domain gene 2 -4.78 0.00005 

Manes.01G274500 GO:0006629 

Alpha/beta-Hydrolases superfamily 

protein -5.15 0.00005 

Manes.14G173500 GO:0016787 Purple acid phosphatase 17 -5.16 0.00005 

Manes.02G002300 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding family protein -5.23 0.00005 

Manes.01G147400 - 

Tetratricopeptide repeat (TPR)-like 

superfamily protein -5.58 0.00025 

Manes.02G039500 

GO:0042545,GO:0030599,GO:0

005618 Pectin lyase-like superfamily protein -5.60 0.00015 

Manes.02G164500 GO:0016787,GO:0008152 

IAA-leucine resistant (ILR)-like gene 

6 -5.65 0.00005 

Manes.03G047200 GO:0016791,GO:0008152 

Pyridoxal phosphate phosphatase-

related protein -5.66 0.00005 

Manes.03G031600 - Uncharacterized protein -5.91 0.0001 

Manes.02G189200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -6.00 0.00005 

Manes.S095100 - Lipid transfer protein 3 -6.02 0.00005 

Manes.01G148900 GO:0046872,GO:0030001 

Heavy metal transport/detoxification 

superfamily protein  -6.16 0.0003 

Manes.02G086200 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

Terpenoid cyclases/Protein 

prenyltransferases superfamily protein -6.86 0.0004 

Manes.S021300,Man

es.S021400 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrix metalloproteinase -6.91 0.00005 

Manes.02G124600 - 

HSP20-like chaperones superfamily 

protein -7.65 0.00005 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

72 hpi 

 

Manes.15G148400 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein 3.89 0.00005 

Manes.01G087800 - Expansin-like B1 3.73 0.00005 

Manes.05G063900 GO:0016021 

TSPO(outer membrane tryptophan-

rich sensory protein)-related 3.72 0.00005 

Manes.15G130200 GO:0009607,GO:0006952 

Polyketide cyclase/dehydrase and 

lipid transport superfamily protein 3.68 0.00005 

Manes.01G129500 

GO:0005515,GO:0006468,GO:0

005524,GO:0004672 

Leucine-rich repeat protein kinase 

family protein 3.32 0.00005 

Manes.18G101700,

Manes.18G101800,

Manes.18G101900 - 

Terpenoid cyclases/Protein 

prenyltransferases superfamily protein 3.09 0.0001 

Manes.13G143700 GO:0046872 

Zinc finger C-x8-C-x5-C-x3-H type 

family protein 2.71 0.00005 

Manes.02G115200 GO:0055085,GO:0016021 Auxin efflux carrier family protein 2.61 0.00005 

Manes.11G137300 GO:0005975,GO:0004553 Chitinase 2.53 0.00005 

Manes.05G143800  Expansin 11 2.42 0.00005 

Manes.18G032200 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 82, 

subfamily C, polypeptide 4 2.30 0.00005 

Manes.12G103400 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein 2.14 0.00005 

Manes.02G039500 

GO:0042545,GO:0030599,GO:0

005618 Pectin lyase-like superfamily protein 2.09 0.00005 

Manes.02G151200 - Phosphate-responsive 1 family protein 2.05 0.00015 

Manes.01G196200 GO:0016787,GO:0008152 

IAA-leucine resistant (ILR)-like gene 

2 1.88 0.00005 

Manes.13G101600 

GO:0008152,GO:0003824,GO:0

016114,GO:0008661 Deoxyxylulose-5-phosphate synthase 1.85 0.00005 

Manes.06G030200 - 

Ribonuclease H-like superfamily 

protein 1.78 0.00005 

Manes.13G056600 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein 1.77 0.0001 

Manes.13G141100 GO:0016021,GO:0006952 

Seven transmembrane MLO family 

protein 1.70 0.00005 

Manes.S043400,Man

es.S043500 GO:0005975,GO:0004553 Beta glucosidase 40 1.47 0.00005 

Manes.04G159500 

GO:0055085,GO:0016021,GO:0

016020,GO:0006810,GO:00052

15 Major facilitator superfamily protein 1.28 0.00015 

Manes.05G029900 GO:0030170,GO:0009058 ACC synthase 1 1.25 0.00005 
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Manes.01G189000 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 72 1.03 0.00005 

Manes.07G077900 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 707, 

subfamily A, polypeptide 4 0.92 0.00005 

Manes.12G076900 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 02 0.59 0.00005 

Manes.06G108300  Raffinose synthase family protein 0.09 0.0001 

Manes.02G040000 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein -0.69 0.00005 

Manes.17G017700 - 

Tetratricopeptide repeat (TPR)-like 

superfamily protein -0.76 0.00005 

Manes.12G109400 - RING/U-box superfamily protein -1.22 0.0004 

Manes.02G105300 - 

Pathogenesis-related thaumatin 

superfamily protein -1.52 0.00005 

Manes.18G040300 GO:0003677 WUSCHEL related homeobox 4 -1.57 0.00005 

Manes.06G026500 

GO:0048544,GO:0006468,GO:0

004672 

S-locus lectin protein kinase family 

protein -1.63 0.00005 

Manes.06G066800 

GO:0006308,GO:0004519,GO:0

003676 Endonuclease 2 -1.71 0.00005 

Manes.14G118700 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein -1.79 0.00015 

Manes.01G220700 - 

Protein of unknown function, 

DUF538 -1.81 0.00015 

Manes.02G065400 

GO:0055114,GO:0016616,GO:0

006694,GO:0003854 

NAD(P)-binding Rossmann-fold 

superfamily protein -1.96 0.0001 

Manes.01G196500 GO:0016758,GO:0008152 UDP-glucosyl transferase 74B1 -2.23 0.0002 

Manes.03G061200  Tetraspanin family protein -2.54 0.00015 

Manes.08G154900 GO:0046983,GO:0008171 O-methyltransferase 1 -2.56 0.00005 

Manes.01G041100 GO:0005515 

Disease resistance family protein / 

LRR family protein -2.85 0.0002 

Manes.16G039100 - Hypothetical protein -2.85 0.00005 

Manes.17G075600 - Myb domain protein 4 -2.95 0.00015 

Manes.01G204500 GO:0047746,GO:0015996 Chlorophyllase 1 -3.02 0.0001 

Manes.07G064200 GO:0005525 

ADP-ribosylation factor family 

protein -3.12 0.00005 

Manes.07G050700 - 

CAP (Cysteine-rich secretory 

proteins, Antigen 5, and 

Pathogenesis-related 1 protein) 

superfamily protein -3.26 0.0001 

Manes.02G164500 GO:0016787,GO:0008152 

IAA-leucine resistant (ILR)-like gene 

6 -3.31 0.0001 

Manes.13G127800 

GO:0055085,GO:0016020,GO:0

015297,GO:0015238,GO:00068

55 MATE efflux family protein -3.35 0.0002 

Manes.02G099700 GO:0016787 Purple acid phosphatase 25 -3.4 0.0002 

Manes.01G250800 GO:0051087 BCL-2-associated athanogene 6 -3.46 0.00015 

Manes.02G205700 

GO:0007165,GO:0005515,GO:0

043531 

Disease resistance protein (TIR-NBS-

LRR class), putative -3.57 0.00005 

Manes.02G035800 

GO:0055114,GO:0016491,GO:0

005507 Cupredoxin superfamily protein -3.88 0.0002 

Manes.02G086100,

Manes.02G086200,

Manes.02G086300 

GO:0016829,GO:0010333,GO:0

000287 Terpene synthase 21 -3.98 0.00005 

Manes.07G070800 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein -4.02 0.0001 

Manes.01G241000 

GO:0016747,GO:0008610,GO:0

016020,GO:0006633 3-ketoacyl-CoA synthase 1 -4.07 0.00015 

Manes.11G105200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -4.15 0.0001 

Manes.12G028900 GO:0003677 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein -4.26 0.00005 

Manes.02G025100 - Osmotin 34 -4.31 0.00005 

Manes.02G086300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 21 -4.52 0.0001 

Manes.02G028300 - Osmotin 34 -4.86 0.00035 

Manes.13G125100 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein -5.10 0.00005 

Manes.01G203500 - Calmodulin-like 11 -5.11 0.00005 

Manes.01G274500 GO:0006629 

Alpha/beta-Hydrolases superfamily 

protein -5.17 0.00005 
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Manes.S021200 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrixin family protein -5.35 0.0001 

Manes.01G076500 GO:0004575,GO:0004564 Glycosyl hydrolases family 32 protein -5.58 0.00005 

Manes.14G173500 GO:0016787 Purple acid phosphatase 17 -5.81 0.00005 

Manes.02G189200 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -6.01 0.00005 

Manes.01G142100 GO:0005515 

Leucine-rich repeat (LRR) family 

protein -6.16 0.0001 

Manes.04G089800 GO:0008081,GO:0006629 Senescence-related gene 3 -6.17 0.00005 

Manes.08G055600 - Hypothetical protein -6.17 0.00005 

Manes.02G124700 - 

HSP20-like chaperones superfamily 

protein -7.07 0.0003 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

24 hpi vs 72 hpi 

 

Manes.02G151000 - Phosphate-responsive 1 family protein 5.48 0.00005 

Manes.04G029500 GO:0055114,GO:0016491 

Exocyst subunit exo70 family protein 

H7 5.42 0.00005 

Manes.05G195300 

GO:0016021,GO:0015012,GO:0

006024 

Transmembrane amino acid 

transporter family protein 5.38 0.0001 

Manes.03G044100 

GO:0043565,GO:0006355,GO:0

005634,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 5.31 0.00005 

Manes.01G121300 GO:0016758,GO:0008152 ARM repeat superfamily protein 5.13 0.0004 

Manes.07G072600 GO:0050832,GO:0042742 Matrixin family protein 5.04 0.00005 

Manes.13G125100 - 

Integrase-type DNA-binding 

superfamily protein 4.98 0.00055 

Manes.S055900 - Xyloglucan endotransglycosylase 6 4.64 0.00005 

Manes.S002300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 

C2H2 and C2HC zinc fingers 

superfamily protein 4.63 0.00005 

Manes.02G124700,

Manes.02G124800 - 

HSP20-like chaperones superfamily 

protein 4.51 0.00005 

Manes.18G136400 - Protein phosphatase 2C family protein 4.19 0.00005 

Manes.05G113200 - Calmodulin like 37 4.15 0.0005 

Manes.02G146000 - Dicarboxylate carrier 2 3.98 0.00035 

Manes.02G130000 - 

Zinc finger (C3HC4-type RING 

finger) family protein 3.69 0.00005 

Manes.06G020900 

GO:0016747,GO:0008610,GO:0

016020,GO:0006633 Glycosyltransferase family protein 47 3.58 0.0001 

Manes.16G116900 - Arabinogalactan protein 22 3.55 0.00005 

Manes.18G034400 - 

Protein of unknown function 

(DUF1645) 3.52 0.0001 

Manes.11G135900 GO:0043531 

Exocyst subunit exo70 family protein 

H7 3.35 0.00005 

Manes.02G017100 - WRKY DNA-binding protein 27 3.32 0.00005 

Manes.03G118300 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Calcium-binding EF-hand family 

protein 3.27 0.00005 

Manes.09G046000 - plant U-box 23 3.26 0.00005 

Manes.02G125200 

GO:0003824,GO:0006470,GO:0

004722 

HSP20-like chaperones superfamily 

protein 3.17 0.00005 

Manes.17G071600 - Jasmonate-zim-domain protein 8 3.10 0.00015 

Manes.18G065800 GO:0006355,GO:0003700 Phosphate-responsive 1 family protein 2.85 0.00005 

Manes.02G110100 - RING/U-box superfamily protein 2.84 0.0003 

Manes.09G112700 - WRKY DNA-binding protein 33 2.82 0.00005 

Manes.03G106300 - 

Ethylene responsive element binding 

factor 4 2.47 0.00005 

Manes.05G030900 GO:0005515 WRKY family transcription factor 2.37 0.00005 

Manes.05G165900 - 

Uncharacterised protein family 

(UPF0114) 2.36 0.00005 

Manes.07G063300 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Protein phosphatase 2C family protein 2.33 0.00015 

Manes.15G189500 - 

HSP20-like chaperones superfamily 

protein 1.78 0.00005 

Manes.05G038800 - BON association protein 2 1.73 0.00005 

Manes.13G141100 - 

Seven transmembrane MLO family 

protein 1.49 0.00005 

Manes.09G113500 GO:0006887,GO:0000145 Hypothetical protein 1.45 0.00005 

Manes.18G118900 

GO:0003824,GO:0006470,GO:0

004722 

Integrase-type DNA-binding 

superfamily protein 1.35 0.00005 

Manes.06G051100 - 3-ketoacyl-CoA synthase 11 0.82 0.0003 

Manes.04G005600 GO:0006887,GO:0000145 

Cytochrome P450, family 94, 

subfamily C, polypeptide 1 0.54 0.00005 

Manes.13G152300 - Wound-responsive family protein 0.23 0.00025 
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Manes.S051300 

GO:0048046,GO:0016762,GO:0

006073,GO:0005618,GO:00059

75,GO:0004553 

Terpenoid cyclases/Protein 

prenyltransferases superfamily protein -0.32 0.00005 

Manes.13G056600 

GO:0043565,GO:0006355,GO:0

005634,GO:0003700 

UDP-Glycosyltransferase superfamily 

protein -0.59 0.00005 

Manes.04G109700 - 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein -0.75 0.00035 

Manes.14G143500 GO:0043531 Heat shock protein 70B -0.96 0.00005 

Manes.03G040200 GO:0006355,GO:0003700 

Acyl-CoA N-acyltransferases (NAT) 

superfamily protein -0.99 0.00005 

Manes.S067700 - 

Tetratricopeptide repeat (TPR)-like 

superfamily protein -1.03 0.00005 

Manes.08G135300 GO:0016567,GO:0004842 Pathogenesis-related 4 -1.09 0.00025 

Manes.11G156500 - 

Disease resistance protein (TIR-NBS-

LRR class) family -1.11 0.00005 

Manes.12G024900 - 

Alpha/beta-Hydrolases superfamily 

protein -1.13 0.00005 

Manes.09G051500 

GO:0043565,GO:0006355,GO:0

003700 

TRICHOME BIREFRINGENCE-

LIKE 8 -1.29 0.00025 

Manes.16G025700 - 

Aluminium induced protein with 

YGL and LRDR motifs -1.36 0.00005 

Manes.02G044700 

GO:0016829,GO:0010333,GO:0

000287 Expansin-like B1 -1.40 0.00025 

Manes.18G023000 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

uncharacterized protein 

LOC110606054 -1.42 0.00005 

Manes.14G165100 - 

Disease resistance protein (TIR-NBS-

LRR class) family -1.45 0.00005 

Manes.13G139000 GO:0016021,GO:0006952 

Late embryogenesis abundant 

domain-containing protein / LEA 

domain-containing protein -1.47 0.00005 

Manes.02G221500 GO:0008080 

Protein of unknown function 

(DUF1442) -1.61 0.00005 

Manes.04G156300 

GO:0043565,GO:0006355,GO:0

003700 Protein LNK3-like -1.68 0.00005 

Manes.18G032200 - 

Cytochrome P450, family 82, 

subfamily C, polypeptide 4 -2.04 0.00015 

Manes.02G128000 GO:0008270,GO:0005515 Highly ABA-induced PP2C gene 3 -2.47 0.00005 

Manes.01G119000 GO:0016567,GO:0004842 

HSP20-like chaperones superfamily 

protein -3.02 0.00005 

Manes.01G117900 - Senescence-associated family protein -3.12 0.00015 

Manes.02G086100,

Manes.02G086200,

Manes.02G086300 GO:0008270,GO:0005515 Terpene synthase 21 

 

 

-3.61 0.0002 

Manes.13G124500 GO:0006355,GO:0003700 Heat shock factor 4 -3.73 0.00005 

Manes.06G091300 

GO:0051082,GO:0006950,GO:0

006457,GO:0005524 Expansin A1 

 

-3.89 0.00005 

Manes.01G196500 

GO:0043565,GO:0006355,GO:0

003700 UDP-glucosyl transferase 74B1 

 

-4.21 0.00015 

Manes.08G135200 

GO:0008061,GO:0050832,GO:0

042742 Pathogenesis-related 4 -4.39 0.0001 

Manes.02G124600 - 

HSP20-like chaperones superfamily 

protein -4.71 0.00005 

Manes.01G116700 - Calmodulin like 23 -4.71 0.0001 

Manes.03G049500 GO:0006355,GO:0003700 Heat shock transcription factor A2 -4.91 0.0002 

Manes.06G152800 

GO:0003824,GO:0006470,GO:0

004722 Heat shock protein 90.1 -5.21 0.00005 

Manes.13G013400 GO:0016758,GO:0008152 Heat shock protein 21 -5.31 0.00005 

 

Table A4: List of 98/0581 differentially expressed genes in cassava leaves in response to mealybug 

infestation at 24 and 72 hours post-infestation normalized against mock (non-infested). 

 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

24 hpi 

 

P-value 

Manes.11G029700 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein 5.74 0.0001 
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Manes.06G046800 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein 5.36 0.00005 

Manes.S016300 GO:0005975,GO:0004559 Syntaxin of plants 51 5.32 0.00005 

Manes.15G148400 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein 4.43 0.0001 

Manes.12G137800 

GO:0008654,GO:0006021,GO:0

004512 Myo-inositol-1-phosphate synthase 3 4.31 0.0001 

Manes.15G094200 GO:0048544 

D-mannose binding lectin protein 

with Apple-like carbohydrate-binding 

domain 4.17 0.00005 

Manes.05G155300 

GO:0016773,GO:0016020,GO:0

005524 Mitogen-activated protein kinase 1 4.01 0.00005 

Manes.18G053300 - Amino acid permease 6 3.43 0.0001 

Manes.16G117300 

GO:0055114,GO:0016491,GO:0

008152 Aldehyde dehydrogenase 2C4 2.97 0.00005 

Manes.15G130000 GO:0009607,GO:0006952 MLP-like protein 28 2.89 0.00005 

Manes.01G004300 - Arabinogalactan protein 14 2.85 0.00005 

Manes.09G040500 - 

Alpha/beta-Hydrolases superfamily 

protein 2.36 0.00005 

Manes.10G050800 GO:0016747 

HXXXD-type acyl-transferase family 

protein 2.25 0.00005 

Manes.08G109900 - 

Protein of unknown function, 

DUF538 2.09 0.0008 

Manes.11G112600 

GO:0005507,GO:0055114,GO:0

016491 Plant L-ascorbate oxidase 2.03 0.0008 

Manes.13G130400 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein 1.88 0.0006 

Manes.14G039700 GO:0055114,GO:0016491 KAR-UP oxidoreductase 1 1.67 0.00005 

Manes.15G130300 GO:0009607,GO:0006952 MLP-like protein 43 1.63 0.0003 

Manes.02G174900 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 87, 

subfamily A, polypeptide 2 1.48 0.00005 

Manes.05G020400 GO:0016567,GO:0004842 Plant U-box 23 1.31 0.00005 

Manes.13G076400 - 

Hypothetical protein 

MANES_13G076400 1.23 0.00005 

Manes.01G059800 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 86, 

subfamily A, polypeptide 8 1.18 0.0001 

Manes.10G129500 GO:0005515 

Disease resistance family protein / 

LRR family protein 1.11 0.00005 

Manes.17G079900 GO:0016868,GO:0005975 

Phosphoglucomutase, putative / 

glucose phosphomutase, putative 1.04 0.00045 

Manes.04G140800 - Myb domain protein 26 0.98 0.00005 

Manes.05G153700 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 0.89 0.0002 

Manes.10G024100 GO:0005515 Receptor like protein 6 0.89 0.00015 

Manes.12G142700 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 78, 

subfamily A, polypeptide 7 0.65 0.0001 

Manes.S040700 GO:0005515 Receptor like protein 14 0.59 0.0001 

Manes.02G124600 - 

HSP20-like chaperones superfamily 

protein 0.58 0.0002 

Manes.12G115900 GO:0016021 Heptahelical protein 4 0.35 0.00005 

Manes.10G149400 GO:0005975,GO:0004553 Heta glucosidase 12 0.18 0.0003 

Manes.01G163600 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 86, 

subfamily A, polypeptide 1 0.13 0.00015 

Manes.09G112400 

GO:0003824,GO:0006470,GO:0

004722 Protein phosphatase 2C family protein 0.06 0.00005 

Manes.07G048600 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein -0.07 0.00005 

Manes.08G000100 

GO:0016887,GO:0005524,GO:0

016020 ABC-2 type transporter family protein -0.08 0.0002 

Manes.07G035000 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein -0.70 0.00005 

Manes.05G167500 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 82, 

subfamily C, polypeptide 2 -0.71 0.00005 

Manes.03G165400 GO:0008270,GO:0005515 RING/U-box superfamily protein -1.11 0.00035 

Manes.06G177200 - 

Uncharacterized protein 

LOC110617606 -1.25 0.00005 

Manes.17G051400 GO:0007264,GO:0005525 RAC-like 2 -1.29 0.00005 

Manes.16G072800 - Ankyrin repeat family protein -1.38 0.00045 

Manes.13G074200 GO:0009055 Uclacyanin 1 -1.48 0.00005 
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Manes.06G091800 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -1.5 0.00005 

Manes.06G012500 

GO:0005515,GO:0006468,GO:0

005524,GO:0004672 

Leucine-rich repeat receptor-like 

protein kinase family protein -1.59 0.00005 

Manes.07G102200 - LOB domain-containing protein 1 -1.62 0.0001 

Manes.15G189500 - 

HSP20-like chaperones superfamily 

protein -1.74 0.00025 

Manes.10G097000 GO:0016758,GO:0008152 UDP-glucosyl transferase 78D2 -1.81 0.00005 

Manes.07G036100 - 

Hydroxyproline-rich glycoprotein 

family protein -2.67 0.0001 

Manes.14G147100 - Barwin-related endoglucanase -2.74 0.0008 

Manes.05G020800 - Myb domain protein 3 -2.75 0.0008 

Manes.07G048700 

GO:0016021,GO:0015914,GO:0

005524,GO:0004012,GO:00002

87 

ATPase E1-E2 type family protein / 

haloacid dehalogenase-like hydrolase 

family protein -2.79 0.00005 

Manes.06G009100 

GO:0034968,GO:0018024,GO:0

008270,GO:0005634,GO:00055

15 SU(VAR)3-9 homolog 4 -2.88 0.0001 

Manes.12G028900 GO:0003677 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein -2.96 0.00005 

Manes.08G155100,

Manes.08G155200 GO:0046983,GO:0008171 O-methyltransferase 1 -3.15 0.00005 

Manes.07G064200 GO:0005525 

ADP-ribosylation factor family 

protein -3.26 0.00005 

Manes.06G152800 

GO:0051082,GO:0006950,GO:0

006457,GO:0005524 Heat shock protein 90.1 -3.59 0.00005 

Manes.15G071000 - Geranylgeranyl reductase -3.62 0.00005 

Manes.07G040700 - 

Hydroxyproline-rich glycoprotein 

family protein -3.65 0.00005 

Manes.07G040100 - 

Hydroxyproline-rich glycoprotein 

family protein -3.69 0.00005 

Manes.14G118100 GO:0016758 

Monogalactosyldiacylglycerol 

synthase 2 -3.76 0.0001 

Manes.02G200000 

GO:0019205,GO:0006139,GO:0

005524 

P-loop containing nucleoside 

triphosphate hydrolases superfamily 

protein -3.83 0.00005 

Manes.16G089000 

GO:0004857,GO:0042545,GO:0

030599,GO:0005618 Pectin methylesterase 3 -4.01 0.00005 

Manes.13G041600 - 

Proteinase inhibitor I25, cystatin, 

conserved region -4.06 0.00005 

Manes.08G170600 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 70 -4.08 0.0008 

Manes.18G052600  SPX domain gene 2 -4.09 0.00005 

Manes.09G183900,

Manes.09G184000 GO:0005525,GO:0003924 Dynamin related protein 4C -4.13 0.0008 

Manes.09G086300 - Glutathione S-transferase TAU 28 -4.14 0.00005 

Manes.S021300,Man

es.S021400 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrix metalloproteinase -4.22 0.00005 

Manes.05G121500,

Manes.05G121600 

GO:0055114,GO:0016491,GO:0

008270 Alkenal reductase -4.30 0.0001 

Manes.06G058200 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein -4.40 0.0008 

Manes.16G016400 GO:0050662,GO:0003824 

NAD(P)-binding Rossmann-fold 

superfamily protein -4.40 0.00025 

Manes.14G147000 - Plant natriuretic peptide A -4.46 0.00005 

Manes.04G089800 GO:0008081,GO:0006629 Senescence-related gene 3 -4.70 0.00005 

Manes.06G024100 - 

Hypothetical protein 

MANES_06G024100 -4.71 0.0004 

Manes.11G008300 - 

Alpha/beta-Hydrolases superfamily 

protein -4.72 0.0004 

Manes.05G198600 GO:0006457 rotamase FKBP 1 -4.76 0.00005 

Manes.06G085500 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 Cytochrome P450 superfamily protein -4.94 0.00005 

Manes.14G173500 GO:0016787 Purple acid phosphatase 17 -5.05 0.00005 

Manes.S021200 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrixin family protein -5.21 0.00005 

Manes.03G019200 GO:0043565 multiprotein bridging factor 1C -5.21 0.00005 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

72 hpi 

 

Manes.11G029700 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein 5.13 0.00005 

Manes.02G174100  Nodulin MtN3 family protein 4.33 0.00005 
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Manes.05G066700 

GO:0045454,GO:0015035,GO:0

009055 Thioredoxin superfamily protein 4.07 0.0001 

Manes.13G045400 - 

PPPDE putative thiol peptidase 

family protein 3.95 0.00005 

Manes.02G119600 GO:0055085,GO:0016021 Cation exchanger 3 3.91 0.00005 

Manes.07G081100 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 707, 

subfamily A, polypeptide 1 3.90 0.00005 

Manes.18G022300 GO:0050662,GO:0003824 Dihydroflavonol 4-reductase 3.87 0.0001 

Manes.18G056800 - Cox19-like CHCH family protein 3.34 0.00005 

Manes.11G139700 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Ascorbate peroxidase 1 3.13 0.00005 

Manes.08G102900 - 

Uncharacterized proline-rich protein-

like isoform X3 3.00 0.00005 

Manes.12G137800 

GO:0008654,GO:0006021,GO:0

004512 Myo-inositol-1-phosphate synthase 3 2.89 0.00005 

Manes.01G167000 - 

HSP20-like chaperones superfamily 

protein 2.82 0.00005 

Manes.07G095400 - 

Transmembrane amino acid 

transporter family protein 2.70 0.00005 

Manes.03G084300 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Peroxidase superfamily protein 2.64 0.00005 

Manes.02G125200 - 

HSP20-like chaperones superfamily 

protein 2.58 0.00005 

Manes.14G147100 - Barwin-related endoglucanase 2.43 0.00005 

Manes.16G043300 

GO:0003824,GO:0042127,GO:0

018343,GO:0005965 Prenyltransferase family protein 2.37 0.00005 

Manes.07G048700 

GO:0016021,GO:0015914,GO:0

005524,GO:0004012,GO:00002

87 

ATPase E1-E2 type family protein / 

haloacid dehalogenase-like hydrolase 

family protein 2.36 0.00005 

Manes.05G078200 - Seed maturation protein 2.35 0.00005 

Manes.09G040200 GO:0003676 SC35-like splicing factor 30A 2.33 0.00005 

Manes.09G020300 

GO:0043565,GO:0006355,GO:0

005634,GO:0003700 Heat shock transcription factor B3 2.33 0.00005 

Manes.05G031200 

GO:0006468,GO:0005524,GO:0

004672 MAP kinase 4 2.33 0.00005 

Manes.05G020800 - Myb domain protein 3 2.09 0.00005 

Manes.01G002000 - 

Hypothetical protein 

MANES_01G002000 1.76 0.00005 

Manes.07G114100,

Manes.07G114200 - Heat shock cognate protein 70-1 1.64 0.00005 

Manes.11G101000 GO:0005515 CCT motif family protein 1.64 0.00015 

Manes.06G021700 

GO:0005515,GO:0055114,GO:0

046872,GO:0016702 Lipoxygenase 1 1.27 0.00005 

Manes.02G124600 - 

HSP20-like chaperones superfamily 

protein 0.97 0.00005 

Manes.10G020600 - 

HSP20-like chaperones superfamily 

protein 0.80 0.00005 

Manes.14G148600,

Manes.14G148700 - 

HSP20-like chaperones superfamily 

protein 0.60 0.00005 

Manes.07G042900.1 GO:0005515 

Disease resistance family protein / 

LRR family protein 0.50 0.00005 

Manes.02G174900 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 87, 

subfamily A, polypeptide 2 0.39 0.00005 

Manes.S104500 

GO:0006412,GO:0005840,GO:0

005622,GO:0003735 R-protein L3 B 0.37 0.00005 

Manes.16G018000 GO:0006468,GO:0004672 

Cysteine-rich RLK (RECEPTOR-like 

protein kinase) 29 0.34 0.00015 

Manes.16G012100 - 

Protein of unknown function 

(DUF594) 0.22 0.00015 

Manes.02G040000 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein 0.20 0.00005 

Manes.10G104200 GO:0005515 Phytosulfokin receptor 1 0.12 0.00005 

Manes.14G158100 GO:0005543 

ENTH/ANTH/VHS superfamily 

protein -0.14 0.00005 

Manes.06G168400 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein -0.24 0.0001 

Manes.16G096700,

Manes.16G096800 - Myb domain protein 3 -0.53 0.0002 

Manes.11G118000 

GO:0005515,GO:0006468,GO:0

005524,GO:0004672 

Leucine-rich repeat receptor-like 

protein kinase family protein -0.58 0.00005 

Manes.09G173300 GO:0016787 Nudix hydrolase homolog 13 -0.67 0.00005 
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Manes.S092200 

GO:0016020,GO:0006810,GO:0

005215 NRAMP metal ion transporter 6 -0.82 0.00005 

Manes.06G086200 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein -0.89 0.00015 

Manes.07G048600 GO:0046983 

Basic helix-loop-helix (bHLH) DNA-

binding superfamily protein -0.95 0.0002 

Manes.13G121400 GO:0016747 

HXXXD-type acyl-transferase family 

protein -1.05 0.00005 

Manes.17G017700 - 

Tetratricopeptide repeat (TPR)-like 

superfamily protein -1.50 0.0008 

Manes.02G124700,

Manes.02G124800 - 

HSP20-like chaperones superfamily 

protein -1.51 0.0004 

Manes.04G118800 - 

Bromo-adjacent homology (BAH) 

domain-containing protein -1.54 0.00015 

Manes.09G108600 - 

PEBP (phosphatidylethanolamine-

binding protein) family protein -1.55 0.00005 

Manes.12G058100 - 

Uncharacterized protein 

LOC110628434 -1.62 0.00005 

Manes.11G140200 - 

Cysteine proteinases superfamily 

protein -1.71 0.00005 

Manes.10G097000 GO:0016758,GO:0008152 UDP-glucosyl transferase 78D2 -1.84 0.00005 

Manes.09G160400 

GO:0055114,GO:0046872,GO:0

006801 Copper/zinc superoxide dismutase 1 -2.41 0.00005 

Manes.05G081000 - chlorophyllase 1 -2.44 0.00005 

Manes.13G084000 - 

DNAJ heat shock N-terminal domain-

containing protein -2.49 0.00005 

Manes.13G094200 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 79, 

subfamily B, polypeptide 2 -2.54 0.00015 

Manes.17G080500 - ARM repeat superfamily protein -2.57 0.00005 

Manes.12G045600 - Uncharacterised protein family SERF -2.66 0.00005 

Manes.03G116500 

GO:0055114,GO:0017004,GO:0

016020 

Cytochrome c biogenesis protein 

family -2.72 0.00015 

Manes.08G094300 - 

DNAJ heat shock N-terminal domain-

containing protein -2.74 0.00005 

Manes.17G079900 GO:0016868,GO:0005975 

Phosphoglucomutase, putative / 

glucose phosphomutase, putative -2.77 0.00005 

Manes.12G067800 GO:0006508,GO:0004252 

Subtilisin-like serine endopeptidase 

family protein -2.91 0.00005 

Manes.01G192700 GO:0005515 

Glutathione S-transferase family 

protein -2.98 0.00005 

Manes.06G052400 - 

Protein of unknown function 

(DUF3511) -3.24 0.00005 

Manes.04G063000 GO:0051082,GO:0031072 DNAJ homologue 2 -3.30 0.00005 

Manes.15G154400 - 

HSP20-like chaperones superfamily 

protein -3.34 0.0001 

Manes.12G132900 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 71, 

subfamily B, polypeptide 10 -3.38 0.00005 

Manes.08G133300,

Manes.08G133400,

Manes.08G133500,

Manes.08G133700,

Manes.08G133800 - 

NAD(P)-linked oxidoreductase 

superfamily protein -3.39 0.00005 

Manes.11G067600 - heat shock protein 70B -3.43 0.0002 

Manes.08G082800 - 

HSP20-like chaperones superfamily 

protein -3.64 0.00005 

Manes.01G202400,

Manes.01G202500,

Manes.01G202600 - 

Class I glutamine amidotransferase-

like superfamily protein -3.69 0.00005 

Manes.08G155100,

Manes.08G155200 GO:0046983,GO:0008171 O-methyltransferase 1 -3.87 0.0001 

Manes.05G121500,

Manes.05G121600 

GO:0055114,GO:0016491,GO:0

008270 Alkenal reductase -4.00 0.00005 

Manes.17G070300  SGS domain-containing protein -4.07 0.00005 

Manes.07G064200 GO:0005525 

ADP-ribosylation factor family 

protein -4.09 0.0002 

Manes.06G085600 

GO:0019538,GO:0016887,GO:0

005524 Heat shock protein 101 -4.32 0.00005 

Manes.13G041600 - 

Proteinase inhibitor I25, cystatin, 

conserved region -4.48 0.00005 

Manes.02G028600 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 76, 

subfamily C, polypeptide 3 -4.49 0.00005 
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Manes.03G049500 

GO:0043565,GO:0006355,GO:0

005634,GO:0003700 Heat shock transcription factor A2 -4.49 0.00005 

Manes.11G099500 GO:0051082,GO:0031072 DNAJ homologue 2 -4.61 0.00005 

Manes.14G121300 GO:0005509 

calcium-binding EF hand family 

protein -4.7 0.00005 

Manes.01G250800 GO:0051087 BCL-2-associated athanogene 6 -4.71 0.0006 

Manes.15G189500  

HSP20-like chaperones superfamily 

protein -5.15 0.00025 

Manes.14G022300 

GO:0051082,GO:0006950,GO:0

006457,GO:0005524 Heat shock protein 90.1 -5.44 0.00005 

Manes.08G080400,

Manes.08G080500 - 

Regulator of chromosome 

condensation (RCC1) family protein -5.59 0.0008 

Manes.14G036000 - 

HSP20-like chaperones superfamily 

protein -5.76 0.00005 

Manes.03G051500 - 17.6 kDa class II heat shock protein -5.77 0.00005 

Manes.06G134700 - 

Mitochondrion-localized small heat 

shock protein 23.6 -6.02 0.00005 

Manes.06G152800 

GO:0051082,GO:0006950,GO:0

006457,GO:0005524 Heat shock protein 90.1 -6.11 0.00005 

Gene ID 

  

GO ID Gene annotation 

Log2(fold_change) 

24 hpi vs 72 hpi 

 

Manes.18G007900 

GO:0008236,GO:0006508,GO:0

070008,GO:0004252 Prolyl oligopeptidase family protein 6.26 0.00005 

Manes.03G051500 - 17.6 kDa class II heat shock protein 5.65 0.0001 

Manes.02G124500 - 

HSP20-like chaperones superfamily 

protein 4.69 0.00015 

Manes.08G054400 GO:0005975,GO:0004553 Beta-1,3-glucanase 3 4.35 0.00005 

Manes.04G086000 - Purple acid phosphatase 10 4.29 0.00005 

Manes.14G118100 GO:0016758 

Monogalactosyldiacylglycerol 

synthase 2 4.24 0.00015 

Manes.07G050300 - Basic pathogenesis-related protein 1 4.2 0.00025 

Manes.09G146400 GO:0048544 

Curculin-like (mannose-binding) 

lectin family protein 4.18 0.00005 

Manes.09G131200 GO:0016747 

HXXXD-type acyl-transferase family 

protein 4.15 0.00025 

Manes.S111300 - 

Alpha/beta-Hydrolases superfamily 

protein 4.07 0.00015 

Manes.08G135900 GO:0005515 

LisH dimerisation 

motif;WD40/YVTN repeat-like-

containing domain 4.05 0.00005 

Manes.08G171800 - Lipid transfer protein 3 3.97 0.00005 

Manes.17G101600 - RAD-like 1 3.89 0.00025 

Manes.18G020900 

GO:0016773,GO:0016020,GO:0

005524 Mitogen-activated protein kinase 1 3.85 0.0001 

Manes.13G007700 GO:0005515,GO:0051087 BCL-2-associated athanogene 5 3.82 0.00005 

Manes.08G063100 

GO:0016021,GO:0016020,GO:0

022857 

Nodulin MtN21 /EamA-like 

transporter family protein 3.81 0.00005 

Manes.15G077200 

GO:0045454,GO:0015035,GO:0

006662 

C-terminal cysteine residue is 

changed to a serine 1 3.8 0.00005 

Manes.02G107700 GO:0016788 

SGNH hydrolase-type esterase 

superfamily protein 3.73 0.00005 

Manes.06G046800 - 

Bifunctional inhibitor/lipid-transfer 

protein/seed storage 2S albumin 

superfamily protein 3.72 0.00005 

Manes.06G091300 - Expansin A1 3.61 0.0002 

Manes.11G008300 - 

Alpha/beta-Hydrolases superfamily 

protein 3.38 0.00005 

Manes.02G107900 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein 3.36 0.00005 

Manes.S053400 - 

HSP20-like chaperones superfamily 

protein 3.11 0.00015 

Manes.08G130700 GO:0045735 Germin-like protein 6 2.99 0.00005 

Manes.11G130700 

GO:0016998,GO:0006032,GO:0

004568 Homolog of carrot EP3-3 chitinase 2.78 0.00005 

Manes.08G130900 GO:0045735 RmlC-like cupins superfamily protein 1.99 0.00005 

Manes.02G115700 

GO:0055085,GO:0016021,GO:0

022857 

Tonoplast monosaccharide 

transporter3 1.77 0.00005 

Manes.02G143800  SNARE-like superfamily protein 1.52 0.00005 

Manes.14G039700 GO:0055114,GO:0016491 KAR-UP oxidoreductase 1 1.39 0.00005 

Manes.06G108600 GO:0016021,GO:0012511 Oleosin family protein 1.12 0.00005 

Manes.06G131000 GO:0016021,GO:0012511 Oleosin 1 0.96 0.0005 
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Manes.05G153700 GO:0006355,GO:0003700 

Integrase-type DNA-binding 

superfamily protein 0.91 0.00005 

Manes.05G020400 GO:0016567,GO:0004842 Plant U-box 23 0.79 0.00005 

Manes.07G072600 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrixin family protein -0.19 0.00005 

Manes.18G104400 - 

Late embryogenesis abundant 

domain-containing protein / LEA 

domain-containing protein -0.48 0.00005 

Manes.07G059300 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein -0.67 0.00015 

Manes.12G123800 

GO:0006468,GO:0005524,GO:0

004672,GO:0030246 

Concanavalin A-like lectin protein 

kinase family protein -1.03 0.00005 

Manes.06G156700 

GO:0055085,GO:0022857,GO:0

016021 Phosphate transporter 1;3 -1.09 0.00005 

Manes.02G054300 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein -1.10 0.00005 

Manes.01G236100 - 

Haloacid dehalogenase-like hydrolase 

(HAD) superfamily protein -1.38 0.00005 

Manes.12G004900 GO:0006508,GO:0004185 Serine carboxypeptidase-like 20 -2.07 0.00005 

Manes.S095100 - Lipid transfer protein 3 -2.30 0.00005 

Manes.05G156900 GO:0005975,GO:0004553 

Glycosyl hydrolase superfamily 

protein -2.36 0.00005 

Manes.08G044800 

GO:0055114,GO:0016717,GO:0

006629 Fatty acid desaturase 2 -2.39 0.00005 

Manes.09G040500 - 

Alpha/beta-Hydrolases superfamily 

protein -2.39 0.00005 

Manes.01G074200 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 706, 

subfamily A, polypeptide 6 -2.39 0.00005 

Manes.08G170600 

GO:0043565,GO:0006355,GO:0

003700 WRKY DNA-binding protein 70 -2.48 0.00005 

Manes.06G085500 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 Cytochrome P450 superfamily protein -2.49 0.00005 

Manes.11G112600 

GO:0005507,GO:0055114,GO:0

016491 Plant L-ascorbate oxidase -2.54 0.00005 

Manes.09G172000 - Nodulin MtN3 family protein -2.56 0.00005 

Manes.16G040500 GO:0008234,GO:0006508 

Granulin repeat cysteine protease 

family protein -2.57 0.00005 

Manes.16G089000 

GO:0004857,GO:0042545,GO:0

030599,GO:0005618 Pectin methylesterase 3 -2.60 0.00005 

Manes.04G011700 GO:0008236,GO:0006508 

Serine carboxypeptidase S28 family 

protein -2.60 0.00005 

Manes.17G081100 

GO:0004857,GO:0042545,GO:0

030599,GO:0005618 

Plant invertase/pectin methylesterase 

inhibitor superfamily -2.68 0.00005 

Manes.06G147200 - CAP160 protein -2.68 0.0006 

Manes.04G094200 GO:0016747,GO:0008610 

Chalcone and stilbene synthase family 

protein -2.70 0.0006 

Manes.08G155100,

Manes.08G155200 GO:0046983,GO:0008171 O-methyltransferase 1 -2.73 0.0004 

Manes.05G033900 

GO:0016567,GO:0004842,GO:0

006468,GO:0005524,GO:00046

72 

U-box domain-containing protein 

kinase family protein -2.79 0.00005 

Manes.16G036500 GO:0016788 

GDSL-like Lipase/Acylhydrolase 

superfamily protein -2.83 0.00005 

Manes.08G109900 - 

Protein of unknown function, 

DUF538 -2.85 0.00015 

Manes.15G052000 GO:0005975,GO:0004553 Beta glucosidase 46 -2.87 0.00035 

Manes.09G103000  Sulfoquinovosyldiacylglycerol 2 -2.88 0.00005 

Manes.09G148300 GO:0030170,GO:0009058 Threonine aldolase 1 -2.9 0.00005 

Manes.02G099700 GO:0016787 Purple acid phosphatase 25 -2.96 0.00005 

Manes.18G088500,

Manes.18G088600 - Pathogenesis-related family protein -2.99 0.00005 

Manes.01G043500 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily 

protein -3.01 0.00025 

Manes.10G101300 - 

Hypothetical protein 

MANES_10G101300 -3.04 0.00005 

Manes.14G132600 - SPX domain gene 2 -3.09 0.00005 

Manes.02G095500 GO:0016853,GO:0005975 

Galactose mutarotase-like 

superfamily protein -3.10 0.00005 

Manes.06G028100 

GO:0008152,GO:0003824,GO:0

016114,GO:0008661 Deoxyxylulose-5-phosphate synthase -3.16 0.00005 
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Manes.10G060000 

GO:0006412,GO:0005840,GO:0

005622,GO:0003735 

Nucleic acid-binding, OB-fold-like 

protein -3.18 0.00005 

Manes.18G039200 GO:0006508,GO:0004252 

Subtilisin-like serine endopeptidase 

family protein -3.21 0.00005 

Manes.16G098200 - Phenylalanine ammonia-lyase 4 -3.27 0.00005 

Manes.15G171200 GO:0016161,GO:0000272 Chloroplast beta-amylase -3.29 0.0002 

Manes.S053300 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 94, 

subfamily B, polypeptide 3 -3.31 0.00005 

Manes.04G089500 - F-box family protein -3.32 0.00005 

Manes.14G125300 

GO:0055114,GO:0050660,GO:0

016491 

FAD-binding Berberine family 

protein -3.32 0.00005 

Manes.13G125300 

GO:0055114,GO:0020037,GO:0

006979,GO:0004601 Peroxidase superfamily protein -3.35 0.00005 

Manes.16G102300,

Manes.16G102400 

GO:0030246,GO:0005975,GO:0

004553 Beta galactosidase 1 -3.35 0.00005 

Manes.02G044700 - Expansin-like B1 -3.39 0.00005 

Manes.12G115900 GO:0016021 Heptahelical protein 4 -3.41 0.00005 

Manes.05G081100 GO:0047746,GO:0015996 Chlorophyllase 1 -3.51 0.00005 

Manes.14G147000 - Plant natriuretic peptide A -3.59 0.00005 

Manes.02G096900 GO:0008168 

S-adenosyl-L-methionine-dependent 

methyltransferases superfamily 

protein -4.51 0.00015 

Manes.07G018100 

GO:0055114,GO:0020037,GO:0

016705,GO:0005506 

Cytochrome P450, family 96, 

subfamily A, polypeptide 1 -4.70 0.00005 

Manes.06G155500 GO:0005975,GO:0004553 Chitinase A -4.76 0.00005 

Manes.07G129600 - 

Protein of unknown function 

(DUF1313) -5.26 0.0004 

Manes.04G089800 GO:0008081,GO:0006629 Senescence-related gene 3 -5.48 0.0008 

Manes.08G114700 GO:0003824 phospholipase D P1 -5.53 0.0001 

Manes.15G129200,

Manes.15G129300 GO:0003677 WUSCHEL related homeobox 1 -5.81 0.00005 

Manes.16G016100,

Manes.16G016200,

Manes.16G016300 

GO:0016829,GO:0010333,GO:0

008152,GO:0000287 Terpene synthase 14 -6.01 0.00005 

Manes.16G038400 GO:0008234,GO:0006508 Senescence-associated gene 12 -6.06 0.0008 

Manes.17G119800 

GO:0031012,GO:0008270,GO:0

006508,GO:0004222 Matrix metalloproteinase -6.39 0.0008 

Manes.05G102500 GO:0033897,GO:0003723 Ribonuclease 1 -6.69 0.00005 

Manes.05G144100 

GO:0016020,GO:0006810,GO:0

005215 Plasma membrane intrinsic protein 3 -6.82 0.00035 

Manes.10G149500 GO:0005975,GO:0004553 Beta glucosidase 32 -7.04 0.00035 

Manes.11G028100 GO:0016791,GO:0008152 

Pyridoxal phosphate phosphatase-

related protein -7.65 0.0008 

Manes.05G089900 GO:0009607,GO:0006952 MLP-like protein 423 -9.06 0.0008 

 

Table A5: Gene Ontologies (GO) for AR23.1, P40/1 and 98/0581 cassava genotypes following 

mealybug infestation categorized in Biological process, Molecular function and Cellular component. 

 
GO term Gene ID GO ID Gene annotation 

Biological process  

1. Metabolic process Manes.02G054300 GO:0016758,GO:0008152 

UDP-Glycosyltransferase superfamily 

protein 

 Manes.02G071200 GO:0008152,GO:0003824 

Cytochrome P450, family 77, subfamily 

A, polypeptide 5 pseudogene 

 Manes.02G086200 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 

Terpenoid cyclases/Protein 

prenyltransferases superfamily protein 

 Manes.12G076600 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 10 

 Manes.16G016100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 14 

 Manes.S099100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 

Terpene synthase-like sequence-1,8-

cineole 
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 Manes.01G231100 GO:0055114,GO:0016491 Tibberellin 2-oxidase 6 

 Manes.01G274900 

GO:0055114,GO:0016491,GO:0006

633,GO:0005506 Fatty acid hydroxylase superfamily 

 Manes.03G032500 GO:0055114,GO:0016491 ACC oxidase 1 

 Manes.04G120100 GO:0055114,GO:0016491 

2-oxoglutarate (2OG) and Fe(II)-

dependent oxygenase superfamily protein 

 Manes.08G002700 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Tscorbate peroxidase 2 

 Manes.10G071700 

GO:0055114,GO:0016491,GO:0051

536,GO:0020037 Titrite reductase 1 

 Manes.10G146700 

GO:0055114,GO:0020037,GO:0016

705,GO:0005506 

Tytochrome P450, family 705, subfamily 

A, polypeptide 27 

 Manes.14G051800 

GO:0055114,GO:0020037,GO:0016

705,GO:0005506 

Tytochrome P450, family 94, subfamily 

B, polypeptide 3 

 Manes.15G121600 GO:0055114,GO:0016491 Tibberellin 2-oxidase 

 Manes.S113100 

GO:0045156,GO:0019684,GO:0009

772 Thotosystem II reaction center protein A 

 Manes.01G110800 

GO:0008270,GO:0005975,GO:0004

476,GO:0009298 Mannose-6-phosphate isomerase, type I 

 Manes.S113700 

GO:0016984,GO:0015977,GO:0000

287 Tibulose-bisphosphate carboxylases 

 Manes.01G192100 

GO:0045454,GO:0015035,GO:0006

662 Thioredoxin H-type 7 

 Manes.02G212800 GO:0006529,GO:0004066 

Glutamine-dependent asparagine synthase 

1 

 Manes.01G242300 

GO:0043565,GO:0006355,GO:0003

700,GO:0003677 Homeobox 7 

 Manes.03G044100 GO:0006355,GO:0003700 

Integrase-type DNA-binding superfamily 

protein 

 Manes.06G131100 GO:0006355,GO:0003700 

Ethylene responsive element binding 

factor 1 

 Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 

 Manes.03G120700 

GO:0045454,GO:0005681,GO:0000

398 

mRNA splicing factor, thioredoxin-like 

U5 snRNP 

2. Cellular process Manes.01G067400 GO:0006355,GO:0003700 C-repeat-binding factor 4 

 Manes.01G085400 GO:0006355,GO:0003700 

Ethylene responsive element binding 

factor 1 

 Manes.02G089000 GO:0006355,GO:0003677 NAC domain containing protein 42 

 Manes.03G056100 GO:0006355,GO:0003700 

Integrase-type DNA-binding superfamily 

protein 

 Manes.06G131100 GO:0006355,GO:0003700 

Ethylene responsive element binding 

factor 1 

 Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 
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 Manes.03G044100 GO:0006355,GO:0003700 

Integrase-type DNA-binding superfamily 

protein 

 Manes.15G015600 

GO:0045454,GO:0015035,GO:0009

055 Glutaredoxin family protein 

 Manes.15G094100 GO:0048544 

D-mannose binding lectin protein with 

Apple-like carbohydrate-binding domain 

 Manes.07G086000 GO:0020037,GO:0017004 Cytochrome C assembly protein 

 Manes.05G132500 

GO:0008017,GO:0007018,GO:0005

524,GO:0003777,GO:0005871 

ATP binding microtubule motor family 

protein 

3. Response to stress Manes.05G061300 GO:0006950 

Late embryogenesis abundant 3 (LEA3) 

family protein 

 Manes.01G065500 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Peroxidase superfamily protein 

 Manes.02G025800 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Peroxidase superfamily protein 

 Manes.02G026300 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Peroxidase superfamily protein 

 Manes.08G002700 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Escorbate peroxidase 2 

 Manes.02G015400 

GO:0009378,GO:0006310,GO:0006

281 

P-loop containing nucleoside triphosphate 

hydrolases superfamily protein 

 Manes.01G020600 

GO:0030983,GO:0006298,GO:0005

524 MUTS homolog 2 

 Manes.01G082400 

GO:0030983,GO:0006298,GO:0005

524 MUTS-like protein 4 

 Manes.02G106500 GO:0016021,GO:0006952 

Seven transmembrane MLO family 

protein 

 Manes.15G130200 GO:0009607,GO:0006952 

Polyketide cyclase/dehydrase and lipid 

transport superfamily protein 

 Manes.15G130300 GO:0009607,GO:0006952 MLP-like protein 43 

 Manes.13G141100 GO:0016021,GO:0006952 

Seven transmembrane MLO family 

protein 

 Manes.15G130000 GO:0009607,GO:0006952 MLP-like protein 28 

 Manes.17G079800 GO:0009607,GO:0006952 MLP-like protein 28 

 Manes.08G135200 GO:0050832,GO:0042742 Pathogenesis-related 4 

 Manes.08G135300 

GO:0008061,GO:0050832,GO:0042

742 Pathogenesis-related 4 

Molecular function 

1. Catalytic activity Manes.02G071200 GO:0008152,GO:0003824 

Pytochrome P450, family 77, subfamily 

A, polypeptide 5 pseudogene 

 Manes.02G128000 

GO:0003824,GO:0006470,GO:0004

722 Highly ABA-induced PP2C gene 3 

 Manes.17G070900 GO:0003824 Camelliol C synthase 1 

 Manes.08G138500 

GO:0016829,GO:0010333,GO:0000

287 Terpene synthase 21 

 Manes.12G076600 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 10 

 Manes.16G016100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 14 
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 Manes.S113700 

GO:0016984,GO:0015977,GO:0000

287 Ribulose-bisphosphate carboxylases 

 Manes.17G116800 GO:0008270,GO:0004089 Carbonic anhydrase 1 

 Manes.S099100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 

terpene synthase-like sequence-1,8-

cineole 

 Manes.03G018600 

GO:0016887,GO:0005524,GO:0016

020 Pleiotropic drug resistance 12 

 Manes.02G039000 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 

 Manes.02G145900 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 

 Manes.16G132600 GO:0006508,GO:0004190 

Eukaryotic aspartyl protease family 

protein 

 Manes.07G059300 GO:0005975,GO:0004553 Glycosyl hydrolase superfamily protein 

 Manes.01G076500 GO:0004575,GO:0004564 Glycosyl hydrolases family 32 protein 

2. Binding Manes.01G231200 

GO:0042545,GO:0030599,GO:0005

618 Pectin lyase-like superfamily protein 

 Manes.01G110800 

GO:0008270,GO:0005975,GO:0004

476,GO:0009298 Mannose-6-phosphate isomerase, type I 

 Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 

 Manes.01G013000 

GO:0006468,GO:0005524,GO:0004

672 Wall-associated kinase family protein 

 Manes.01G020600 

GO:0030983,GO:0006298,GO:0005

524 MUTS homolog 2 

 Manes.01G070800 

GO:0006355,GO:0005634,GO:0005

524,GO:0032502,GO:0006351 Growth-regulating factor 2 

 Manes.02G170200 

GO:0005509,GO:0006468,GO:0005

524,GO:0004672 Wall associated kinase 3 

 Manes.02G172500 

GO:0006468,GO:0005524,GO:0004

672 

Protein kinase protein with adenine 

nucleotide alpha hydrolases-like domain 

 Manes.03G018600 

GO:0016887,GO:0005524,GO:0016

020 Pleiotropic drug resistance 12 

 Manes.03G076800 

GO:0006468,GO:0005524,GO:0004

672 

protein serine/threonine kinases;protein 

Kinases;ATP binding;sugar 

binding;kinases;carbohydrate binding 

 Manes.05G132500 

GO:0008017,GO:0007018,GO:0005

524,GO:0003777,GO:0005871 

ATP binding microtubule motor family 

protein 

 Manes.06G154000 

GO:0016887,GO:0005524,GO:0016

020 ABC-2 type transporter family protein 

 Manes.10G105100 

GO:0016887,GO:0005524,GO:0016

020 

White-brown complex homolog protein 

11 

 Manes.03G056100 GO:0006355,GO:0003700 

Integrase-type DNA-binding superfamily 

protein 

 Manes.06G131100 GO:0006355,GO:0003700 

Ethylene responsive element binding 

factor 1 
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 Manes.08G138500 

GO:0016829,GO:0010333,GO:0000

287 Terpene synthase 21 

 Manes.12G076600 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 10 

 Manes.16G016100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 Terpene synthase 14 

 Manes.S099100 

GO:0016829,GO:0010333,GO:0008

152,GO:0000287 

Terpene synthase-like sequence-1,8-

cineole 

 Manes.S113700 

GO:0016984,GO:0015977,GO:0000

287 Ribulose-bisphosphate carboxylases 

 Manes.10G146700 

GO:0055114,GO:0020037,GO:0016

705,GO:0005506 

Cytochrome P450, family 705, subfamily 

A, polypeptide 27 

 Manes.14G051800 

GO:0055114,GO:0020037,GO:0016

705,GO:0005506 

Cytochrome P450, family 94, subfamily 

B, polypeptide 3 

 Manes.08G002700 

GO:0055114,GO:0020037,GO:0006

979,GO:0004601 Ascorbate peroxidase 2 

 Manes.17G098200 GO:0020037,GO:0019825 Hemoglobin 1 

Cellular component 

1. Cell Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 

 Manes.14G006300 GO:0005515 CCT motif family protein 

 Manes.14G096200 GO:0005515 RNI-like superfamily protein 

 Manes.03G066400 

GO:0016021,GO:0015116,GO:0008

272,GO:0055085,GO:0016020,GO:0

008271,GO:1902358 Sulfate transporter 3;5 

 Manes.04G094700 

GO:0071805,GO:0016020,GO:0015

079 K+ uptake transporter 3 

 Manes.06G154000 

GO:0016887,GO:0005524,GO:0016

020 ABC-2 type transporter family protein 

 Manes.09G062300 

GO:0016020,GO:0006810,GO:0005

215 Gamma tonoplast intrinsic protein 

 Manes.10G105100 

GO:0016887,GO:0005524,GO:0016

020 white-brown complex homolog protein 11 

 Manes.01G086900 GO:0055085,GO:0016021 Major facilitator superfamily protein 

 Manes.01G161800 GO:0055085,GO:0016021 Cation exchanger 3 

 Manes.02G040000 

GO:0016021,GO:0016020,GO:0022

857 

Nodulin MtN21 /EamA-like transporter 

family protein 

 Manes.02G106500 GO:0016021,GO:0006952 

Seven transmembrane MLO family 

protein 

 Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 

2. Cell part Manes.05G132500 

GO:0008017,GO:0007018,GO:0005

524,GO:0003777,GO:0005871 

ATP binding microtubule motor family 

protein 

 Manes.03G120700 

GO:0045454,GO:0005681,GO:0000

398 

mRNA splicing factor, thioredoxin-like 

U5 snRNP 

 Manes.02G039500 

GO:0042545,GO:0030599,GO:0005

618 Pectin lyase-like superfamily protein 
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 Manes.01G067000 

GO:0055085,GO:0016020,GO:0015

297,GO:0015238,GO:0006855 MATE efflux family protein 

 Manes.01G108600 GO:0016020 

Uncharacterized protein family 

(UPF0016) 

 Manes.01G254100 GO:0016757,GO:0016020 Protein of unknown function (DUF604) 

 Manes.02G032300 

GO:0055085,GO:0016020,GO:0015

297,GO:0015238,GO:0006855 MATE efflux family protein 

 Manes.02G040000 

GO:0016021,GO:0016020,GO:0022

857 

Nodulin MtN21 /EamA-like transporter 

family protein 

 Manes.02G051000 

GO:0055085,GO:0016020,GO:0006

811,GO:0005216 

Cyclic nucleotide-regulated ion channel 

family protein 

 Manes.S091000 

GO:0033177,GO:0015991,GO:0015

078 ATP synthase subunit C family protein 

 Manes.02G051100 

GO:0055085,GO:0016020,GO:0006

811,GO:0005216 

Cyclic nucleotide-regulated ion channel 

family protein 

 Manes.13G112500 

GO:0008270,GO:0006355,GO:0005

634,GO:0004402,GO:0003712,GO:0

005515 BTB and TAZ domain protein 4 

 Manes.03G120700 

GO:0045454,GO:0005681,GO:0000

398 

mRNA splicing factor, thioredoxin-like 

U5 snRNP 

 Manes.05G132500 

GO:0008017,GO:0007018,GO:0005

524,GO:0003777,GO:0005871 

ATP binding microtubule motor family 

protein 

 Manes.02G039500 

GO:0042545,GO:0030599,GO:0005

618 Pectin lyase-like superfamily protein 

 

 

Table A6: An example sample RT-qPCR data for analysis. In this data set, housekeeping genes (UBQ10 

and GTPb) and genes of interest are represented by three replicates at 24 and 72 hpi compared to mock 

infested. The Ct values of the housekeeping genes UBQ10 and GTPb were consistent across the treatments. 

 

Sample name Cq value Cq mean Cq error Slope 

Control UBQ10 

32.15 31.99 0.537 0.015 

32.13 31.99 0.537 0.1641 

31.69 31.99 0.537 0.0162 

Control  GTPB 

24.46 24.53 0.070 0.8978 

24.54 24.53 0.070 0.9802 

24.60 24.53 0.070 0.5962 

Control  CYP 

28.58 28.523 0.051 0.1193 

28.48 28.523 0.051 0.5187 

28.51 28.523 0.051 0.5726 

Control  MYB 

33.10 33.466 0.318 0.6058 

33.67 33.466 0.318 0.3682 

33.63 33.466 0.318 0.5441 

Control  2OG 

24.85 24.846 0.185 0.5448 

24.66 24.846 0.185 0.8927 

25.03 24.846 0.185 0.9892 

24HR UBQ10 

31.82 28.523 6.125 0.172 

32.05 28.523 6.125 0.4189 

32.05 28.523 6.125 0.0923 
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24HR GTPB 

24.12 24.84 0.687 0.7839 

25.49 24.84 0.687 0.6003 

24.91 24.84 0.687 0.5863 

24HR CYP 

28.56 28.91 0.325 0.6435 

28.98 28.91 0.325 0.527 

29.2 28.91 0.325 0.546 

24HR MYB 

34.64 34.39 0.390 0.2773 

34.59 34.39 0.390 0.3198 

33.94 34.39 0.390 0.3724 

24HR 2OG 

25.24 25.02 1.011 0.5642 

25.01 25.02 1.011 0.0093 

24.81 25.02 1.011 1.178 

72HR UBQ10 

31.13 31.00 4.558 0.2899 

30.60 31.00 4.558 0.2171 

31.29 31.00 4.558 0.192 

72HR GTPB 

24.59 24.36 0.268 0.8129 

24.25 24.36 0.268 0.8366 

24.26 24.36 0.268 0.8279 

72HR CYP 

33.43 33.67 11.77 0.6291 

33.4 33.67 11.77 0.5579 

34.22 33.67 11.77 0.5063 

72HR MYB 

33.6 33.99 1.320 0.5069 

34.2 33.99 1.320 0.006 

33.91 33.99 1.320 0.006 

72HR 2OG 

34.05 33.73 2.623 0.2736 

33.82 33.73 2.623 0.0057 

33.34 33.73 2.623 0.4296 

 


