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1. INTRODICTION

Manihot esculenta Crantz , commonly known as cassava, is a tropical root

crop and perennial shrub in the family Euphorbiaceae, which is indigenous to

South America. For its edible starchy tuberous root, a major source of

carbohydrates, cassava is extensively grown as an annual crop in tropical and

subtropical regions. After rice and maize, cassava is the third largest source of

food carbohydrates in the tropics, providing the staple food of around 800 million

individuals globally (Save and Grow: Cassava. 2013).Globally Nigeria ranks first

in terms of cassava production, 20.6% global production of Cassava production is

from them and as per FAO 2017 their net production was about 59.58 million

tonnes. As per FAO 2018 the worldwide cassava production was about 277.1

million tonnes. In South Asia, cassava plays a role in food security in India,

particularly in the major growing states of Kerala (consumption of fre.sh roots)

and Tamil Nadu (starch for food manufacturing). Combined, the two states

account for 98 percent of national output (FAO 2017).

Cassava is susceptible to pests and diseases that can cause heavy yield

losses. Cassava Mosaic Disease (CMD), and Cassava Brown Streak Disease

(CBSD) are the major diseases affecting cassava. The Cassava Mosaic Disease

(CMD) is caused by several distinct Begomovirus species and the strains are

transmitted by whitefly {Bemisia tabaci) (Brown et ai, 1995). Cassava brown

streak disease (CBSD), the most serious threat to cassava cultivation and is caused

by two virus species. Cassava Brown Streak Virus (CBSV) and Ugandan Cassava

Brown Streak Virus (UCBSV) (Winter et al, 2010).

The most significant economic trails in plants, including disease resistance

are classified into complex traits whose features are determined by both genetic

and environmental factors and such traits are regulated by QTLs (Wu et ai,

2016). A Quantitative Trait Loci (QTL) is a specific chromosome fragment that

correlates with the variability of certain phenotypes.

(6
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Several QTLs for disease resistance in cassava have been recognized and

reported by QTL analysis. The molecular markers associated with these QTLs can

be used for marker assisted selection (MAS) to develop disease-resistant varieties.

Selection based on molecular markers that define a quantitative trait locus (QTL)

can efficiently improve the heritability of the associated trait by negating

environmental influence (Masumba ei ai, 2017).

The successful use of QTL in marker-assisted selection relies on their

impacts and consistency across different genetic backgrounds and environments.

Identification of major and stable QTLs from a single study is so difficult because

it is very time-consuming, laborious, and costly to build large mapping

populations, collect the phenotypic data and genotyping the mapping population

to construct a high-density genetic map, and evaluate QTLs in multiple

environments or different years (Swami et ai, 2011). Additionally, the QTL

identified from one genetic background may not be transferrable to other

backgrounds because of unfavourable epistatic interactions resulting in reduced or

even no effects in a new genetic background (Collins et ai, 2008), so it is difficult

to predict the usefulness of QTL for MAS based only on their performance in an

individual genetic background in any particular study.

A more efficient way to select QTL for MAS is to compare the identified

QTLs studies for their consistency of location and effect across genetic

backgrounds and environments. Consistently identified QTLs at the same

chromosomal location, explaining high phenotypic variance and having a major

effect on a trait, can be effectively used in MAS. Integration of results from

multiple QTL studies will enhance our knowledge of the genetic basis for

dissection of complex traits (Veyrieras et ai, 2007).

Meta-analysis is a statistical powerful tool that can be used for QTL

detection and precise estimation of their genetic effects by integrating information

from multiple QTL studies (Wu et ai, 2016).The meta-analysis method is

stronger than those of individual studies and can give greater insight into the

IT



genetic architecture of complex traits and this metliod is simple, labour-saving,

and also saves money (Wu and Hu 2012). In QTL meta-analysis, infonnation

about previously reported QTLs is required. Meta-QTL (MQTL) with the smallest

Confidence Interval (CI) and having a consistent and large effect on a trait

identified by meta-analysis can be used for MAS. In plants, the concept of meta-

analysis has been applied to the analysis of QTL/genes for rice panicle related

traits (Wu et ai, 2016), seed iron and zinc concentration and content in common

bean (Izquierdo et at, 2018), seedling-stage salt tolerance in rice (Islam et at,

2019).

QTL regions consist of many genes; among them, a few key genes could

be more important in the regulation of a complex trait. MQTLs with precise and

narrow physical intervals obtained from the meta-analysis are useful in mining

and listing the genes underlying the QTLs i.e. the candidate genes. The digital

candidate gene approach i.e., based on the computer is primarily applied to

identify potential candidate genes which may be associated with the traits. By

meta -analysis method the genes in the MQTL region which may contribute to the

trait under study can be identified.

The present study conducted with an objective to construct a consensus

map from different QTL mapping studies associated with cassava mosaic disease

resistance by meta-analysis, to identify Meta-QTLs regions and to identify the

candidate genes present in these MQTL regions and then it is followed by

validation of these QTLs using real time-PCR.

/«r
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2. REVIEW OF LITERATURE

2.1 CASSAVA

Cassava {Manihot esculenta Crantz) is a perennial tropical crop cultivated

for its starch containing tuberous roots. It is an outbreeding species possessing 2fi

= 36 chromosomes. Cassava is commonly cultivated in tropical Africa, Asia, and

Latin America and is an important food security crop for many tropical and

subtropical nations. It is primarily growTi by small-scale farmers and consumed by

an approximately 500 million individuals every day. The starchy roots are

primarily used as human food, fresh when low in cyanogens, or in many

processed forms and products, mostly starch, flour, and for animal feed (Balyejusa

Kizito. 2006.). Cassava ranks fourth as a food crop in developing nations, after

rice, com, and wheat, according to the Food and Agriculture Organization of the

United Nations (FAG). Approximately 70 million people in Africa are dependent

on cassava as a main food source (FAQ, 2019). In South Asia (India) and

Southeast Asia (Indonesia and the Philippines), cassava is widely consumed as

food (FAQ, 2017). Cassava is the basis of various products, including food, flour,

animal feed, alcohol, starches for sizing paper and textiles, sweeteners, prepared

foods and bio-degradable products. Cassava can grow and generate high yields in

areas where maize and other crops will not grow or perform well. It can tolerate

drought and can be cultivated on low nutrient soils, but it responds well to

irrigation or greater rainfall regions and to the use of fertilizers. Cassava is highly

flexible in its requirements for management and has the potential to produce high-

energy per unit area of land. The crop has long been used as a hunger reserve and

food safety crop. Because cassava has no definite maturation point, harvesting can

be postponed until market, processing or other conditions are more favourable,

this flexibility implies that cassava can be field stored for several months,

therefore Cassava is highly acceptable in rural areas.

ao



2.2 PESTS AND DISEASES IN CASSAVA

Like other crops, cassava is vulnerable to pests and diseases that can cause

heavy yield losses. It includes viral, bacterial and fungal diseases. The major pests

of cassava are the cassava green mite, thrips, mealybugs and white flies. The main

diseases affecting cassava are Cassava Mosaic Disease (CMD), Cassava Brown

Streak Disease (CBSD), cassava bacterial blight, cassava anthracnose disease, and

root rot.

2.2.1. Cassava bacterial blight

Cassava Bacterial Blight (CBB) is caused by a Gram-negative bacteria

Xanthomonas axonopodis phaseoli v. manihotis (Xam). It is one of the most

severe diseases of cassava in several countries where the crop plays an important

dietary and economic role. It causes various symptoms like canker with exudates

on stems, wilting of leaves etc. Under favourable ecological conditions, wilting of

leaves and leaf fall due to CBB can be high. This disease also causes losses of

fresh roots and also of planting material. Epidemics occur during the rainy season

when high humidity and warm temperature favour the movement of bacteria and

symptoms development. As CBB affects systemically cassava stems, this leads to

shortages in the supply of healthy (bacteria-free) planting materials. (Fanou et a/.,

2018).

2.2.2. Cassava anthracnose disease

Cassava anthracnose (Colletotrichum spp.) is an important stem disease-

causing canker, die-back, and defoliation. It especially damages the grassland

Savanna regions of Central Africa, where soils are in fertile and acidic and

populations of the insect Pseudo theraptus devastans, which is associated with

infection of the disease, are high.(Hahn et a/., 1985).
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2.23. Cassava Mosaic Disease

Cassava Mosaic Disease (CMD) is caused by Cassava Mosaic Virus of the

genus Begomovirus in the family Geminiviridae that are transmitted by the

whitefly Bemisia tabaci (Pita et ai, 2001). They can cause yield reductions of up

to 90 percent, CMD is prevalent and causes severe losses in all the important

cassava growing areas of Sub Saharan Africa. It is widespread throughout Africa

and India. CMD produces a variety of foliar symptoms that include mosaic,

mottling, misshapen and twisted leaflets, and an overall reduction in size of leaves

and plants (Alabi et ai, 201 l).Addilional begomovirus species identified includes

East African Cassava Mosaic Cameroon Virus (EACMCV), East Africa Cassava

Mosaic Malawi Virus (EACMMV) and East African Cassava Mosaic Zanzibar

Virus (EACMZV) (Bull et ai, 2006). Two Cassava Mosaic Gemimvirus (CMG)

reported from Indian sub-continents are Indian Cassava Mosaic Virus (ICMV)

and Sri Lankan Cassava Mosaic Virus (SLCMV). (Saunders et ai, 2002).

2.2.4 Cassava Brown Streak Disease

Cassava Brown Streak Disease (CBSD) is a devastating viral disease that

causes severe damage to cassava roots causing significant crop losses to cassava

production in affected areas. CBSD is caused by Cassava Brown Streak Virus

(CBSV), a mono partite single-stranded RNA encapsulated into flexuous

filamentous particles and has been placed in the genus Ipomovirus, family

Potyrividae (Monger et ai, 2001). CBSD was first described and recorded by

Storey at the Amani research institute at the foot of the Usambara mountains of

Tanzania in the 1930s (Storey et ai, 1936). Due to brown, dry necrolic rot in the

storage roots, that renders the roots useless, it is considered as the major threat to

food security in the worst affected areas of coastal, easlem and southem Africa.

Because of the associated symptoms of root necrosis, the disease has a direct

impact on both yield and root. (Kulembeka et a/., 2010). Work on pathological

studies by Storey (1939) led to suspicions that whitefly {Bemisia spp) was the



vector of the virus in the field. Vector transmission of CBSV by whitefly {Bemisia

tabaci Gennadius) was confirmed by (Maruthi et al, 2005).

22,5 PESTS

Cassava pests represent a wide range of arthropods; approximately 200

species have been recorded. Although many are minor pests, causing little or no

economic losses, several are classified as major pests. These include miles, thrips,

mealybug, and whiteflies (Bellotti et al., 1978). The pests that co-evolved with the

crop cause more economic damage or yield loss.

2.2.5.1. Whiteflies

In Africa, the whitefly Bemisia tabaci is presently considered to be the

major pest of cassava because it is the vector of Cassava Mosaic Disease (CMD).

Whiteflies feed on phloem of cassava leaves and can cause direct damage to

cassava inducing leaf curling, chlorosis and defoliation.

2.2.5.2. Mealybugs

They feed on cassava and inject a toxin that causes leaf withering. The

origin of mealybug is probably in northern South America, where it was found in

cassava growing regions of Colombia and Venezuela, It was first reported in

northeast Brazil during the mid-1970s, where high populations caused

considerable yield losses. Due to this pest cassava production decreased in Brazil

during the 1980s. In Africa, yield losses due to Mealybugs were around 80 %.

(Bellotti, A.C., 2008).

2.2.5.3. Cassava mites

They are major pest in all cassava-producing regions. The introduction of

green mites from Latin America devastated African cassava production in the

early 1970s. They were brought under control by a predatory mite introduced

from Brazil, which reduced substantially the damage caused by the pest. Cassava

a3
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mites can also be controlled using resivStant or tolerant varieties, and by fertilizing

the crop to improve plant vigour (FAO2016).

2.2,5,4 Thrips

The most important thrips species is Frankliniella mlliamsi Thrips larvae

and adults feed on the growing points and young leaves of cassava and inhibiting

their development. Leaflets affected by pests are deformed and show irregular

chlorotic spots. Yield reductions induced by F, williamsi range from 5-28%,

depending on varietal susceptibility. The average reduction for eight varieties in

Colombia was 17.2%. (Bellotti. 2008).

2.3. MOLECULAR GENETICS IN CASSAVA

The introduction of molecular DNA markers, and plant genetic

transformation promises to provide methods for overcoming breeding obstacles of

plants with long growth cycle because selection can be made earlier in the growth

cycle, even at the seedling stage. The identification of naturally occurring DNA

sequence polymorphisms in different individuals within a species or group forms

the basis for an applic^ion of DNA markers. In contrast to traditional breeding

methods that depend on the direct selection by phenotypic effect only, DNA

markers use indirect selection by identification of desirable genotypes for

quantitative traits faster and earlier than the time such traits may be assessed

phenotypically. Genetic markers have become basic tools for understanding the

inheritance and diversity of natural variation. The genetic markers like

morphological and biochemical markers, such as isozymes have been used in

cassava. Over the last decade, a number of DNA markers have been developed

and used in the study of genes, the cassava genome and genetic diversity in

cassava. Marker systems such as Restriction Fragment Length Polymorphisms

(RFLPs), Random Amplified Polymorphic DNAs (RAPDs), Sequence Tagged

Sites (STS), Expressed Sequence Tags (EST), Amplified Fragment Length

Polymorphism (AFLPs), Single nucleolide polymorphisms (SNPs) and Simple
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Sequence Repeats (SSRs) have been developed and applied for breeding

(Balyejusa Kizito. 2007). RFLP, AFLP, and SSR markers stand out as most

effective in detecting polymorphism in cassava (Weising et al, 2005). However,

given a large amount of DNA required for RFLP detection and the difficulties in

automating RFLP analysis and the dominance of AFLP markers and their

requirement of high-quality DNA to ensure complete restriction (Weising et al,

2005) makes SSRs the markers of choice. DNA markers have greatly contributed

to cassava breeding and genetics in the understanding of the phylogenetic

relationships in the genus (Fregene et al, 1994) , assessment of genetic diversity

(Mkumbira et al, 2003) and development of genetic maps and identification of

quantitative trait loci (QTL) for some traits of importance (Okogbenin and

Fregene 2002).

2.4. CASSAVA DISEASE RESISTANCE BREEDING THROUGH MARKER

ASSISTED SELECTION (MAS)

The potential benefits of using markers linked to genes of interest in

breeding programmes, thus moving from phenotype based towards genotype-

based selection, have been obvious for many decades. MAS is a method whereby

a phenotype was selected based on the genotype of a marker (Collard et al.^

2005). Identifying resistance genes using molecular markers was the basic pre

requisite for performing MAS in resistance breeding programmes (Miah et «/.,

2013). The two main strategies used to identify molecular markers associated with

traits of interest were QTL mapping and Bulk Segregant Analysis (Giovannoni et

al, 1991). Genes of agronomic and scientific importance can be isolated

especially on the basis of their position on the genetic map by using molecular

marker technologies. Identified tightly linked markers for resistance genes helps

in detecting plants carrying these genes simultaneously without subjecting them to

the pathogen or insect attack in early generations. Little amount of DNA is

required from each of the individual plants to be tested without destroying the

plant. Marker-assisted selection can be used to pyramid the major resistance

genes, to produce varieties with more desirable characters and it also help
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breeders to conduct many rounds of selection in a year (Mohan et al, 1997).

Using MAS resistance for CMD and Cassava Green Mite (COM) was developed

by International Centre for Tropical Agriculture (CIAT) and National breeding

programs. MAS has helped in the breeding of CAfD2-meditaled resistance in

Latin America and in Africa, where the disease is most prevalent (Blair et al,

2007). The markers RMEI and NS15H was identifies as an excellent predictors of

CMD resistance (Okogbenin et al, 2007). CMD resistance was introgressed into

improved elite CIAT lines using these markers. These are now referred to as tlie

CRseries (CR families). Two markers (NS1009 and NS346) associated with COM

resistance have been used in MAS (Okogbenin et al. 2007) Combining CMD and

CGM resistance, the markers are being used to transfer CMD resistance into

desirable genetic backgrounds of East African farmer preferred varieties with

CBSD tolerance in order to combine resistance to both viral diseases. Results

from MAS-bred CGM genotypes indicate variation in response to the pest.

Progenies selected with the markers for CGM resistance tended to show good

resistance to the pest in East Africa in contrast to the moderate tolerance observed

for CGM in West Africa (Tcrguson et al, 2012).

2.5 CASSAVA DISEASE RESISTANCE BREEDING THROUGH QTL

MAPPING

Many valuable agricultural features such as yield, quality and some sort of

resistance to disease are regulated by many genes (polygenes) and are defined as

quantitative traits. A QTL is a map position on the chromosome localized relative

to the locus of the genetic marker and is identified by significant correlations

between segregation at a specific locus of the genetic marker and variation in the

value of quantitative (trait) resistance (Pandey et al, 2006). A basic principle of

QTL mapping is to identify the genomic region comprising few or more genes

regulating these complex traits. Through marker-assisted selection and molecular

breeding, the information obtained on the QTL analysis can be used to improve

crops. The markers are used to divide the mapping population into distinct

genotypic groups at the marker locus based on genotypes and perform correlative

d£>
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statistics to determine whether the individual of one genotype varies considerably

from the individuals of another genotype in relation to the trait being studied. Due

to recombination a significant p-value obtained for the differences between the

marker and QTL. The lesser the distance between marker and QTL, the lower the

chance of recombination occurring between them, therefore, the QTL and marker

will be usually be inherited together in the progeny, and the mean of the group

with the tightly-linked marker will be significantly different (/?<0.05) to the mean

of the group without the marker. Unlinked markers are located far apart or on

different chromosomes to the QTL and they are randomly inherited with the QTL;

therefore, no significant differences between means of the genotype groups will

be detected. QTL mapping includes the construction of genetic linkage maps. The

simplest method for QTL mapping is an analysis of variance (ANOVA) at the

marker loci, sometimes called marker regression or single-marker analysis. Other

methods are interval mapping (Lander and Botstein, 1989), composite interval

mapping (Jansen et al., 1993, Zeng et ai, 1993, 1994) and multiple interval

mapping. The first step in a QTL mapping experiment is usually to construct a

mapping population (often at the Ft level) that originates from parents that

differentiate as far as possible for the specific trait of interest. The second step is

to look for associations between genotypes and phenotypes in the (F2) mapping

population. If the parents carry different alleles for the QTL controlling a given

trait the trait values in the segregating mapping population will be associated with

the alleles of the markers that are closely linked to the QTL. By scanning the

markers on a linkage map for association with trait values, likely map positions

for QTL can be detected, which is an important step towards understanding the

inheritance and genetic basis of the traits (Kizito et al, 2007).

2.5.1. Disease resistance QTLs in Cassava

Lokko et al in 2005 identified molecular markers associated with

resistance to CMD using Fi progenies derived from a cross between the CMD

resistant landrace TME7 and the susceptible line TMS30555, their QTI^ analysis

further established associations between resistance to CMD and three markers.

ST
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SSRY28-180, SSRY106-270, and E-ACC/M-CTC-225. The three markers found

to be donated by the resistant parent. TME7, SSRY28-180 accounted for 57.41%

of total phenotypic variation for resistance. CMDl is a quantitative soizrce of

resistance identified in the Amani derived inter specific variety IMS 30572 by

Fregene et al., 2000.

Akano et ai in 2002 identified a gene, designated as CMD2, which

contributes to CMD resistance in an F1 progeny from a cross between a resistant

variety TME 3 (Nigerian landrace) and a susceptible improved line (IMS

30555). CMD2 was flanked by the SSR and RFLP markers. The marker,

SSRY28, associated with CMD2 is found to located on linkage group R of the

male-parent-derived molecular genetic map.

A study was conducted by Okogbenin et al (2012) using two Nigerian

cassava cultivars (TMS 97/2205 and TMS 98/0505) and found that the CMDl

gene was associated with CMD resistance in TMS 97/2205.They also identified a

novel marker linked to the QTL (CMD3) for CMD resistance located at NS198

marker loci explainingl 1% of the phenotypic variance. This SSR marker was

located on the same linkage group as the CMDl gene but was 36 cM away from

the CMDl marker loci (SSRY28, SSRY158, and NS169). They concluded that the

combined effect of this QTL and CMDl may account for the high level of

resistance of TMS 97/2205.

Lo'-pez et al. (2007) found two QTLs associated with resistance to

Cassava Bacterial Blight pathogen Xanthomonas axonopodis phaseoli v.

manihotis (Xam) in F1 progenies developed from a cross between TMS 30572

(female parent) and CM2177-2 (male parent). One QTL was associated with

marker rGY75 and accounted for 21.4% of the phenotypic variance of resistance

to Xam strain CI0121, the other QTL was inherited from the male parent and

accounted for 61 % of resistance to strain CIO 151.

A total of three QTL regions associated with Cassava Anthracnose Disease

(CAD) infection were detected by a study, conducted by Boonchanawiwat et al



13

(2016) on three linkage groups. In 2010, two QTLs, CAD IORI, and CAD_10R2

were detected and it was located on linkage group 2 and 3, respectively. QTL,

CAD_11R3 located on linkage group 9 was identified in 2011.

Mohan et al. (2013) identified four markers associated with CMD

resistance NS136, SSRY44 SSRY235, SSRY28 using mapping population

generated from C02/MNga-l. They found that SSRY28 and SSRY235 are

strongly associated with QTL contributing resistance to CMD.

SU.E et al, in 2016 identified a single locus for CMD resistance with a

strong peak LOD and explaining 60% of the phenotypic variation identified on

LG 15 of the linkage map using F1 progenies derived from a cross between the

CMD resistant landrace TMS961089A and the susceptible line TMEBl 17.

Solo et al. (2016) identified two novel QTL associated with CBB

resistance. One QTL was located in linkage groups 4 and named as QLB-4 with

LOD 2.5 and explains the 12.6% the field resistance to CBB. The interval

flanking markers of QLB-4 were MB_21980 and MB_2536. The second QTL was

located on the linkage group 8, explained 10.9 % of CBB resistance and was

named as QLB-8. whit a peak marker matching to the SNP MB_8500 7.

Genetic mapping of quantitative trail loci (QTL) for resistance to cassava

brown streak disease (CBSD), cassava mosaic disease (CMD), and cassava green

mite (CGM) was performed using an F1 cross developed between the Tanzanian

landrace, Kiroba, and a breeding line, AR37-80 by Nzuki et al in 2017. Fifteen

significant QTLs were identified; three QTL associated with CBSD root necrosis,

namely qCBSDRNcSK, qCBSDRNFcl lK,and qCBSDRNcl2K, detected on

chromosomes V, XL and XII, with maximum LOD-values of 6.20, 13.45, and

11.05, respectively, explaining up to 10.1% of the phenotypic variation (PVE%).

Seven QTL associated with CBSD foliar symptoms only, namely qCBSDFc4KL,

qCBSDFc4R,qCBSDFc6KRa and b, qCBSOFcHIC, qCBSDFcl8Ka, and b, was

detected on chromosomes IV, VI, XVII and XVIII, respectively. They have

maximum LODs of 2.78, 60.67, 54.75, 20.92, 27.01, 23.72 and 23.08,
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respectively, and explain up to 8.45% of the variation. Two QTL, namely

qCMDcl2Ar and qCMDcMAr, associated wth CMD resistance was detected on

chromosomes XII and XIV with maximum LODs of 13.20. They found candidate

genes within QTLs which encodes several protein domains that have been

reported to be involved in disease resistance in plants. The F-box protein domains

found on chromosome XVIII are said to contain Leucine-Rich Repeat (LRR)

domains associated with pathogen responses.

A study was conducted by Masumba et al in 2017 for the identification

and characterization of QTL associated with CBSD and CMD resistance in the

Tanzanian landraces Namikonga and Albert. They identified two QTL with

consistent flanking markers across seasons on chromosomes XI and II,

qCBSDRNcl INm and qCBSDRNFc2Nm, respectively and a third putative QTL

associated with CBSD root necrosis resistance. In addition, for the first time, two

QTL which co-locates with the earlier identified CMD2 locus, namely

qCMDcl2.1A and qCMDc]2.2A, have been identified. The QTL

qCBSDRNcl INm was found to be associated with resistance to CBSD root

necrosis. The QTL qCBSDRNcl 1.2Nm on chromosome 11 associated with

resistance to CBSD root necrosis had the highest LOD score of 7.50, explaining

17.3% of phenot>T3ic variance. A number of candidate resistance genes were

identified within these QTL regions, including two LRR genes and a gene

encoding a signal recognition protein.

In a study conducted by Tappiban el al in 2018, 12 quantitative trait loci

(QTL) associated with CBB infection were identified in the F1 progenies of a

cross between the BHuay Bong 60 and BHanatee cassava cultivars. Among all

identified QTL, CBB14_10dai_l, CBB14_10dai_2, and CBB14_12dai showed

the most significant (p< 0.0001) associations with CBB infection, and explained

21.3, 13.8, and 26.5% of phenotypic variation, respectively. Candidate genes

underlying QTLs were identified and they were found to exhibit significant

differences in expression between resi.stant and susceptible lines. Genes including

Brassinosteroid-1 associated receptor kinase (Manes.04G059100), cyclic

30
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nucleolidc-gated ion channel 2 (Manes.02G051100). and aulophagy-related

protein 8a-related (Manes. 17G026600). and regulator of nonsense transcripts 1

homolog (Manes. 17G021900) was identified. The expression pattern of all genes

showed higher levels in resistant (B82, B32, B20, and B70) as compared to

susceptible (HB60, BIGG, B95, and B47) plants. Their results showed that the

resistant plants expressed genes involved with signalling, ion channels induce ion

influx, mRNA control, and protein degradation process at higher levels than

susceptible plants.

2.6. META-ANALYSIS OF QTLs

Mela-analysis is a method of integrating information from several studies

and analyzing it as a single one. QTL meta-analysis involves combining results of

individual QTL studies and detecting major and constant QTLs, The pooling of

results from several studies allows greater statistical power for QTL detection and

a more precise estimation of their genetic effects. The QTXs identified by a meta-

analysis from a stack of QTLs at a confidence interval of 95% are called meta-

QTLs (MQTLs), which further require validation using a set of germplasm or

breeding lines. The MQTLs, with small CI, consistency, and large effect on a trait

are useful for marker-assisted selection (Islam ef al.^ 2019), in addition, a meta-

analysis can assess the amount of variability between studies, identify study

characteristics associated with particular QTLs (Baird et ai, 2GG8). Goffinet and

Gerber proposed a meta-analysis strategy to resolve the number of QTL and their

locations based on model selection. Their method provides a modified Akaike

criterion that can be used to decide how many QTL are actually represented by the

QTL detected in different experiments. This criterion is computed to choose

between models with one, two, three, etc., QTLs. QTL meta-analysis reduces the

confidence interval of QTL location and only actual or real QTL will be present.

Comparative analysis of QTL between species reveals the existence of

homologous QTL for plant height and maturity within the Poaceae (sorghum,

maize, rice, wheat, and barley; Lin et ai, 1995). Comparing species is also a

means to find new QTLs. increasing their potential for plant breeding as in the

31
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tomato (Fulton et aL, 1997). Moreover, the existence of small common(QTL) on

linkage maps between taxa that diverged a long time ago may provide the

opportunity to extend results obtained in one species and permit the cross-

utilization of resources that have been developed for a given species (Kowalski ei

ai, 1994).

In meta-analysis, only previously reported QTL information is required;

candidate genes can be mined from the MQl'Ls (Meta - QTL) with small genetic

and physical intervals. Integrated QTL analysis can facilitate the identification of

real QTL and has attracted a great deal of attention. In a given species, the

locations of QTl.,s for the same trait identified in one population generally

correspond to those in another (Wang et ai, 2006). Thus, meta-analyses can be

quite useful and beneficial for QTL analysis and candidate gene mining.

However, the reliability of these results is not clear. The premise to gain reliable

results are quality controls of data and a large enough total samples. For QTL

meta-analysis, collecting data as much as possible is necessary as well as building

a QTL mapping population, which may be useful for candidate gene identification

in the follow-up study. Meta-analyses are performed to validate and refme

confidence intervals of QTLs from those QTLs projected onto the reference map.

The major, consistent MQTL detected can be used further for Marker assisted

selection, to develop improved varieties.

Candidate gene identification through meta-analysis method is DigiCGA,

(Digital Candidate Gene Approach) which also named in silico candidate gene

approach or computer facilitated candidate gene approach, it is a novel web

resource-based candidate gene identification approach. DigiCGA is as an

approach that objectively extract, filter, (re)assemb!e, or (re)analyze all possible

resources available derived from the public web databases mainly in accordance

with the principles of biological ontology (e.g., anatomy ontology, cell & tissue

ontology, developmental ontology, gene ontology, and phenotype & trait

ontology) and complex statistical methods to make computational identification of

3^^
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the potenlia! candidate genes of specific interest, which is generally followed a

subsequent validation of actual association analysis.

The meta-analysis approach was used to identify QTL in several plant

species. Mela- analysis has been successfully done for QTLs associated with

Fusarium Head Blight Resistance in Wheat (Liu et ai. 2009), Disease resistance

traits of Theobroma cacao (Lanaud et al., 2009), Silage quality of maize

(Truntzler et al.y 2010), Grain yield in grass (Swamy et ai, 2011), Abiotic stresses

in barley (Li et al.y 2013), Low-phosphorus tolerance in maize (Zhang et aL^

2014). A meta- QTL analysis of the 37 QTL was conducted for partial resistance

to white mold common bean using the genetic linkage map of Stampede x Red

Hawk population as the reference map by Vasconcellos et al, in 2017. Nine meta-

QTL with confidence intervals ranging from 0.65 to 9.41 Mb obtained by Meta-

analysis. Candidate genes were shown to express under Sclerotenia sclerotiorum

infection. Genes including cell wall receptor kinase, COIJ, elhylene responsive

transcription factor, peroxidases, and transcription factor, were found within the

confidence interval for five of the meta-QTL.

Meta-analyses of QTL associated with protein and oil composition of seed

in soybean by Van et al, in 2017 yielded 55 MQTLs. Sixty nine functional

candidates including, transcription factors and genes related to metabolic activities

that may influence seed protein and oil biosynthesis and accumulation were

identified within these identified 55 MQTLs.

The Meta-QTL analysis was conducted for a few salt tolerance-related

traits in rice by Islam et al, in 2018. 11 meta-QTLs on chromosomes 1 and 2

were identified. Candidates genes like cytochrome P450, expressed protein,

hypothetical protein, zinc finger protein, protein kinase, protein phosphatase 2C,

receptor-like protein kinase precursor, transcription factor-like protein,

phylosulfokine receptor, transporter-like protein, transferases like protein, F-box,

hydrolase-like protein, leucine zipper protein, and DNA domain containing

protein was detected within this MQTL.

33
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Meta-QTL analysis of seed iron and zinc concentration and content in

common bean by Izquierdo et al, 2018 resulted in twelve meta-QTL for seed Fe

and Zn concentration. This MQTL was obtained from 87 QTLs originating from

seven population grown in 16 field trials. This meta-QTL included 2 specific to

iron, 2 specific to zinc and 8 that co-localize for iron and zinc concentrations and

within five of the meta-QTL, candidate genes were identified from six gene

families that have been associated with the transport of iron and zinc in plants.

2J. SOFTWARE USED FOR META-ANALYSIS OF QTL

QTL meta-analysis is made easy by developing automated software.

Biomercator is the major software used for meta-analysis. Several studies have

been done using this software including Meta-Analysis of 100-Seed Weight QTLs

in Soybean (Qi et ai, 2011), Meta-analysis of QTL associated with tolerance to

abiotic stresses in barley (Li ei ai, 2013), Meta-QTL analysis of disease

resistance traits of Theobroma cacao (Lanaud et ai, 2009) etc.

2.7.1.Biomcrcator

(http://moulon.inra.fr/index.php/fr/seminairedoc/doc_download/64-

biomercator-v4)

BioMercator is an automated map compilation and visualization tool that

has been used for QTL meta-analysis to integrate information from multiple QTL

studies, detect MQTLs and estimate their genetic efiects precisely (Arcade et ai,

2004; Sosnowski et ai 2012). A number of studies have reported on QTL meta-

analysis using BioMercator software (Delourme et ai, 2013 ). It has several

versions like V2, V3, V4. BioMercator V4 is a genetic map compilation and QTL

meta-analysis software providing tools to integrate the data with genome

structural and functional annotation. It offers wizards to run analyses and display

input and output maps through a user-friendly graphical user interface (GUI). It is

a unique software and database to mine, integrate, display and query QTLs and

meta-QTLs altogether with genome structural and functional annotation (Arcade

et ai, 2004).

3^
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2.8. FUNCTIONAL ANNOTATION DATABASE

2.8,1. Phytozome (http://www.phytozome.net)

Phytozome is a comparative hub for plant genome and gene family data

and analysis. Currently, it provides information on about 25 plant families.

BLAST and BLAT searches of organism genomes and BLAST searches of

proteomes and gene family consensus sequences can be used to find the genomic

regions, gene transcripts, peptides and gene families most similar to a given query

sequence. All gene and gene family attributes such as names, symbols, synonyms,

external database identifiers, and functional annotation IDs are searchable

(Goodstein etal., 20II).

3^
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3. MATERIALS AND METHODS

The study entitled "Meta-analysis of QTLs associated with pest and

disease resistance genes in cassava" was conducted at the Central Tuber Crop

Research Institute during 2018-2019. In this chapter, details regarding the

experimental materials used and methodology adopted are disclosed.

3.1 DATA COLLECTION AND INPUT FILE PREPARATION

3.1.1. QTLs and Map files

Six published QTL mapping studies from 2004 to 2017 for disease

resistance in cassava were selected (Table 1), in which detailed information of the

genetic maps, including parents, types of mapping population, population size,

number and type of marker and genetic distances in the linkage groups was

available. A total of 61 QTLs were used in this study (Lokko et a/.,2004, Rabbi et

a/.,2014, Vidhya et i//.,2017, Mohan et «/.,2013, Masumba et a/.,2017,

Kulembeka et £i/.,2010) in which 39 QTLs were associated with resistance to

Cassava Mosaic Disease (CMD) and 22 QTLs were associated with resistance to

Cassava Brown Streak Disease (CBSD). For each QTL, name, trait, experiment

location, year of experiment, names of chromosome and linkage group, LOD

score, R2 value (proportion of phenotypic variance explained), most likely

position of QTL (in cM) and confidence interval (CI, in cM) was collected. Input

data files in XML format were prepared from each study according to the

instruction niannal of BioMercator V.4.2. The input files consists information

about QTLs and their linkage maps. The genetic linkage map files consist the

information about the map name, mapping cross type, cross size, genus name,

species name, mapping unit, chromosome, linkage group, marker name and

marker location. The QTL files consists the details about QTL name, trait name,

Position in cM, Confidence Interval (cM), phenotypic variance and LOD score.

3^
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3.1.2. Reference Map

A composite genetic linkage map for cassava harbouring 22,403 markers

with map length of2,412cM from International Cassava Genetic Map Consortium

(ICGMC) (2014) developed by International Institute of Tropical Agriculture

(IITA) was used as reference map for anchoring all individual genetic linkage

maps used in this study. This composite map consists of 18 LGs with a marker

density of 1.95 non-redundant markers per cM. The composite map was

constructed by merging 10 maps (one SI and nine F1 populations) derived from

diverse parents from African cassava breeding projects. Markers were generated

via Genotyping by Sequencing (GBS) and a map was constructed from each of

the ten crosses ivith JomMap and these maps were merged with LP merge to

generate a integrated genetic linkage map of Cassava. About 71.9% of the genome

assembly of cassava was anchored to this genetic map. The mapping populations

used for constructing composite map were associated with traits such as resistance

to Cassava Brown Streak Disease (CBSD) and green mite. Cassava Mosaic

Disease (CMD) resistance. Traits related to Starch, dry matter content and Root

carotenoid content.

3.2. DATA SUBMISSION TO BIOMERCATOR V.4.2

BioMercator V4.2 is a genetic map compilation and QTL meta-analysis

software. It is used to integrate information from multiple QTL studies, it detects

MQTLs and estimate their genetic effects precisely. BioMercator enables

compilation and visualization of a large number of genetic maps, from different

sources (literature, database, own experiment, etc.). Meta-analysis is run at the

chromosome level and QTLs from related traits can be jointly subjected to a

single meta-analysis by grouping corresponding traits into meta-traits.

Biomercator V.4.2. was downloaded from URGI platform and is installed. A new

project named "Cassava' was created in this software and the input files including

.3^
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genetic map file, QTL file and reference map file were loaded to this project for

meta-analysis. The workflow is given in Figure 1.

3.3. PROJECTION OF INDIVIDUAL MAPS TO REFERENCE MAP AND

CONSTRUCTION OF CONSENSUS MAP USING CONSMAP TOOL

The ICGMC map was used as reference map and linkage maps from 6

studies were projected to this reference map .The consensus map construction is

based on the markers shared by QTL maps and this reference map, this analysis

was done in single one step.

33.1 Method:

1. On the "Analysis" option in menu "Map compilation" was selected

2. Within this map compilation "ConsMap" option was selected.

3. On the dialogue box appeared the input maps i.e. all the individual maps

from the project "Cassava" were selected and the ICGMC map was given

as reference map.

4. Then the analysis on the name " CONSENSUS MAP " was launched.

5. After the analysis the resulting consensus map is visualized on the drawing

panel.

3.4 QTL PROJECTION TO CONSENSUS MAP USING 'QTL PROJ'

The 61 QTLs identified QTLs from the 6 studies were projected onto the

consensus map for meta-analysis based on the position, LOD score. Confidence

Interval CI and Phenotypic Variance (R2) explained by each of the QTL. This

computation is based only on loci position data. QTLs are projected based on map

projection algorithm of Bioraercator V.4.2. The algorithm is such that for each pair
of homologous chromosomes, common loci are listed. A specific distance ratio is

then computed for each interval between two common loci.

IfO
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QTL data Linkage map details

c

Reference map

Primary data :)
1  Processing of Data- Input file preparation |

1  Data submission to Biomercator V.4.2 |

1  Projection of Individual maps to reference map |

1  Consensus map creation- ConsMap 1

< f

1  QTL projection to consensus map- QTL Proj |

1  QTL Mcta-analysis (Goffinet & Gerber method) |

Candidate gene identification -Using Pbytozome

Functional annotation using Pbytozome V.12.1 1  Primer designing using Primer3plus 1

1  Validation using Real -time PCR |

-Jfigurel. The workflow for Meta-analysis of QTLs associated with Pest and Disease resistance genes in Cassava



25 ki-

Inverted pairs of loci can be automatically discarded from the list of common loci.

Finally, QTL and/or remaining loci positions on the target map are computed by

application of the appropriate distance ratio through a homothetic projection

process.

3.4. Method:

1. From the "Analysis" option "Map compilations" was selected.

2. Within map compilation "QTLProj" option was selected.

3. In the appearing next window, in the left explorer, all maps from the

"Cassava" project were selected.

4. In the right explorer, the "CONSENSUS MAP" from the "Cassava"

project was selected. Default parameters for ratio and p-va!ue was given

5. 0.25 was applied as the minimum value of the ratio of the flanking marker

interval distance.

6. 0.5 was applied as the minimum p-value threshold for testing homogeneity

of the flanking marker interval distances between original and consensus

maps.

7. The resulting map name was set as "QTL PROJ" and the analysis was

launched.

3.5. META-ANALYSIS OF QTLS

Meta-analyses were performed to validate and refine confidence intervals

of QTLs from those QTLs projected onto the reference map. Meta-analysis

computing is based on the position of the QTL and on the variance of this

position, which is assessed through confidence interval values [deduced from

LOD curves, or from population size and proportion of variance explained by the

QTL] . QTL meta-analysis using Goffinet and Gerber (2000) method was done

here.This meta-analysis is a two steps analysis; the first one calculates and

estimates the best models (i.e. number of Meta QTLs), so we can choose the one
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to show in the second. This meta-analysis algorithm developed by Goffinet and

Gerber can help to determine if N QTLs linked to a same trait or related ones,

detected in independent experiments and located in a same region, are consistent

with 1-, 2-, 3-, 4- or N- QTL models (N-QTLs model being the case where there

are as much "real" QTLs as input QTLs). For each of those five models, the most

likely QTL arrangement, assuming a Gaussian distribution, is determined by

means of the maximum likelihood method. Then, an Akaike-lype statistical

criterion indicates the best model among the five ones. For each model, consensus

QTL positions are determined as the mean of QTL distribution maximizing the

likelihood. The lowest AlC value was used to select the best QTL model for each

chromosome, which was considered significant to identify a number of meta-

QTLs. QTL presented by the optimum model are regarded as the Meta-QTL

(MQTLs).

3.5.1. Method:

1. From the "Analyses" option "QTL Meta-analysis" was selected.

2. From QTL Meta-analysis, Meta-analysis (Gerber & Goffinet) was

selected.

3. In the appearing next window, the Meta-analysis name was given, Project

"Cassava" selected. Map "QTL PROJ" was selected.

4. From the "QTL PROJ" map Chromosomes and linkage groups were

selected.

5. Meta-analysis was done vrith QTLs related to CMD and CBSD resistance

separately.

6. From the 'QTL choice' option QTLs associated with CMD/CBSD were

selected and Meta-analysis was done.

7. From the Meta-analysis results the model with lowest AIC criterion was

selected for visualization.

8. From the MQTLs obtained their position. Flanking markers and

Confidence Interval (Cl) were identified.

1^3
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3.6. IDENTIFICATION OF CANDIDATE GENES

The search for candidate genes was performed based on the physical

positions of the Mela-QTL regions. The MQl Ls with less confidence interval

were selected. In order to identify the positional candidate genes (CO; i.e., closely

linked genes localized within QTL regions), genetic and physical map integration

was performed based on the positions of markers defining the boundaries of QTL

confidence intervals (or the closest to them) in the genome. The most recent

annotated version of the Manihot escidenta (Cassava) reference genome V.6.I in

Phytozome was used to identify the physical position of the meta-QTL and genes

contained in these regions. The physical position (in bp) of flanking markers were

used to identify the genomic region of MQTL. From Phytozome database the

nucleotide sequence on Cassava genome V.6.1. assembly (Whole genome

shortgun sequence) present in between these flanking markers was obtained. From

the Phytozome Cassava genome V.6.1.assembly, the candidate genes present in

between the base pair regions were identified.

3.7 FUNCTIONAL ANNOrATION OF CANDIDATE GENES USING

PHYTOMINE

Functional annotation of the retrieved candidate genes was done using

PHYTOMINE. Phytomine is an intermine interface to data fi-om phytozome.

From phytomine detailed functional informations of genes including descriptions

for PFAM, KEGG, Gene Ontology, PANTHER, and KOG classifications

assigned to this gene will be obtained. Gene ID of each candidate genes were used

to search against Phjlomine and the detailed functional annotations of genes were

obtained.
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3.8 EXPERIMENTAL VALIDATION

The experimental validations of MQTLs identified were conducted by

randomly choosing two QTLs associated with CMD resistance. Primer sequences

specific to candidate genes associated with these QTLs were synthesized. RT-

qPCR were performed as described below using total RNA isolated from cassava

leaves samples of resistant and susceptible varieties of cassava available at

ICAR-CTCRI.

3.8.1 Selected Cassava varieties

• MNga-1 : CMD Resistant variety

•  H-165 : CMD Susceptible variety

3.8.2 Primer designing using Primer3plus

Primer3plus is a widely used program for designing Polymerase Chain

Reaction (PCR) primers. Primer3 can also design hybridization probes and

sequencing primers. Primer3 picks primers for PCR reactions, Considering certain

criteria such as oligonucleotide melting temperature, size, GC content. Primer

dimer possibilities, PCR product size. Positional constraints within the source

(template) sequence, possibilities for ectopic priming (amplifying the wrong
sequence) and many other constraints. The parameters considered in primer

designing are:

Primer Length:

It is generally accepted that the optimal length of PCR primers is 18-22bp.
This length is long enough for adequate specificity and short enough to

bind easily to the template at the Euinealing temperature.

Primer Melting Temperature:

Primer Melting Temperature (Tm) by definition is the temperature at which

one half of the DNA duplex will dissociate to become single stranded and

indicates the duplex stability. Primers with melting temperatures in the

range of 52-58^C generally produce the best results.
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GC Content;

The GC content (1 he number of G's and C's in the primer as a percentage

of total bases) of primer should be 40-60%.

GC Clamp:

The presence of G or C bases within the last five bases from the 3* end of

the primers (GC clamp) helps promote specific binding at the 3'end due to

the stronger bonding of G and C bases. More than 3 G's or C's should be

avoided in the last 5 bases at the 3'end of the primer.

3.83. RNA isolation

RNA was extracted from young leaves of resistant variety (MNga) and

susceptible variety (H-165) of Cassava available at ICAR-CTCRI using RNeasy

plant mini kit in accordance with manufacturer's protocol, TRI reagent method

and Lithium chloride method.

LiC!2 method: 100 mg leaf grinded with liquid nitrogen and ImL of CTAB buffer

(pre-warmed at 65°C for 10 minutes) was added to it. The extract is transferred to

a fresh centrifuge tube and is centrifuged at 15000 rpm for 15 minutes. The

supernatant was transferred to fresh tube and equal volume of chloroform:

isoamyl (24:1) alcohol was added and centrifuged at 20,000g for 10 minutes at

4 C. The Chroroform:Isoamyl step was repeated . The upper layer was transferred

to fresh tube and 0.25 V of ice cold lOM lithium chloride was added, mixed well

and incubated overnight at 20°C. On the next day it was centrifuged at 30,000g
for 30 minutes at 4 C. The pellet was washed with 75% ethanol by centrifuging at
10,000 rpm at 4°C for 10 minutes. The washing step was repeated. RNA pellet

was then dried at 37°C for 30 minutes and dissolved in 20pL RNase free water.

The isolated RNA was stored at -80°C.

3.8.4. RNA quantification

The concentration of RNA was determined by using a Nano-drop (using 1

OD260=40pg RNA). A 260/ A280 ratios were also calculated for each sample.
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3.8.5. cDNA synthesis

cDNA from the isolated RNA was prepared using RevertAid First Strand

cDNA Synthesis Kit of Thermofisher scientific in accordance with manufacturer's

protocol.

3.8.6. RT- qPCR

Real-time quantitative polymerase chain reaction (RT-qPCR) is a sensitive

technique for gene expression studies. The qPCR reaction was performed with

forward and reverse primer (specific to annotated candidate genes associated with

QTLs) using cDNA samples from the young leaves of resistant and susceptible

variety of cassava collected from ICAR-CTCRI.

Table 2. RT-qPCR reaction profile

Components Volume (pi)

Diluted cDNA 1.5 pi

Forward primer (F) 1^1

Reverse primer (R) 1^1

2X H-eff qPCR master mix, Rox (GCC Biotech) 5 Hi

Double distilled water 1.5 jil

3.8.6.1. Thermal profile

Initial denaturation - 95®C

Denaturation - 95°C

Annealing - 55°C
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Extension - 72°C

Number of cycles - 35-45 cycles, step 2-4

After the completion of the real time PCR reactions, the threshold cycle (Ct) was

recorded and gene expression level was calculated using comparative Ct method

or delta-delta Ct method.

The relative gene expression level of resistant and susceptible varieties is

represented as 2*"^^ method.

ACt= Ct (target gene) - Ct (reference gene)

AACt= ACt (sample) - A Ct (Control)

IfS-



Iff
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4. RKSLILTS

Tlie results of the study "META-ANALYSIS OF QTLS ASSOCIATED

WITH PEST AND DISEASE RESISTANCE GENES IN CASSAVA" carried out

at the Section of Extension and Social Sciences, ICAR-Central Tuber Crops

Research Institute, Sreekariyam, Thiruvananthapuram during 2018-2019 are

presented in this chapter.

4.1. DATA COLLECTION AND INPUT FILE PREPARATION

4.1.1 QTL and Map data

A total of six QTL mapping studies for disease resistance in cassava were

used in this study which reported a total of 61 QTLs (Table 3), in which 39 QTLs

was associated with resistance to Cassava Mosaic Disease (CMD), 22 QTLs was

associated with resistance to Cassava Brown Streak Disease (CBSD). The

mapping population size ranged from 60 to 300 lines. The markers used these

studies includes SSR, EST-SSR and SNPs. These QTL studies have been

conducted from different locations including African countries like Nigeria,

Tanzania and at Indian institutes including Tamil Nadu Agricultural University

(TNAU) and ICAR-Central Tuber Crops Research Institute, Thiruvanathapuram.

These QTLs were distributed on 13 chromosomes with a range of 1-13% QTLs

per chromosomes (Figure 2). Chromosomes 8 had the lowest number of QTLs

and chromosome 12 had the highest number of QTLs. The distribution of QTLs

showed that QTLs for CMD and CBSD resistance were located on 8

chromosomes i.e. on chromosomes 1, 2,5,11,12,16,17 and 18. Chromosomes 3, 7

and 10 had QTLs for CMD resistance, and chromosomes 4 and 8 had QTLs for

CBSD resistance. The phenotypic variance explained by the initial QTLs varied

from 0.031% to 50.37% and the confidence interval (CI) of markers varied from

1.5 to 60.4 cM. These QTLs has an average CI of about 9.56 cM .These QTLs had

LOD scores between 1.76 and 45.59.
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Quantitative Trait Locus (QTL) distribution on the 18 chromosomes
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Figure 2. Distribution of QTLs associated with disease resistance genes in cassava on 18 chromosomes

CBSD- Cassava Brown Streak Disease, CMD- Cassava Mosaic Disease

4.1.2 Reference Map

International Cassava Genetic Map Consortium (ICGMC) (2014) with

22,403 SNP markers was used as reference map for anchoring all individual

genetic linkage maps used in this study (Figure 3). This map consists of 18 LGs

with map length of 2,412cM and marker density of 1.95 non-redundant markers

per cM.
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Figure 3. Reference Map used for this study- Integrated Cassava Genetic Map Consortium
(ICGMC_2015)
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Figure 3. Reference Map used for this study- Integrated Cassava Genetic Map Consortium
aCGMC 2015)
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Figure 3. Reference Map used for this study- Integrated Cassava Genetic Map Consortium ^CT
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4.2. DATA SUBMISSION TO BIOMERCATOR V.4.2

Biomercator V.4.2 was installed from URGI platform

(hltps://urgi.versailles.inra.fr/Tools/BioMercator-V4). A new project in the name

of 'CASSAVA' was created within the software. All the six QTL data. Map data

and Reference map were loaded into this software.

4.3 PROJECTION OF INDIVIDUAL MAPS TO REFERENCE MAP AND

CONSTRUCTION OF CONSENSUS MAP USING CONSMAP TOOL

A consensus map in the name of 'CMAP' was constructed using ICGMC

map as reference map. The consensus map created consists of 18 LG with 22,621

markers (Figure 4). The length of Consensus map was 2,412.35cM. Markers from

genetic linkage map of individual QTL studies were incorporated with reference

map. In the consensus map chromosome 1 harbours more no. of markers i.e about

2,387 markers and Chromosome 7 has lesser no of markers i.e. about 310

markers. Map length of chromosome 1 was highest among all (164.78 cM) and

chromosome 18 has the lowest map length (90.99 cM). The summary of

consensus map is given on Table 4.

S/
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Table 4. Summary of integrated consensus map

Chromosome no. No. of markers Length (cM)

1 2387 164.78

2 1450 164.22

3 1368 155.60

4 1470 148.73

5 1392 146.87

6 1468 144.73

7 310 141.96

8 1217 137.48

9 1252 137.35

10 1221 133.31

11 1362 132.16

12 845 128.85

13 892 125.09

14 1362 120.26

15 1597 117.89

16 1127 117.13

17 837 104.95

18 1064 90.99

Total 22,621 2,41235
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Figure 4. Consensus map created using Cons Map tool
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Figure 4. Consensus map created using Cons_Map tool
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Figure 4. Consensus map created using Cons Map tool

Marker name on the right of the chromosomes along with their distance in Centi Morgan
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4.4 QTI. PROJECTION TO CONSENSUS MAP USING 'QTL PROT

To the constructed consensus map 58 QTLs from 61 initial QTLs were

projected (Figure 5). QTLs associated with CVtD and CBSD were projected to 13

chromosomes in the consensus map. Chromosome 12 consists of more number of

projected QTLs i.e. 13 QTLs and only 1 QTLs were projected on chromosome 4, 7

and 8. All initial QTLs within the chromosomes 1, 2, 3,5,8,10,11,12,16,17 and 18

were projected after QTL Proj analysis. In chromosome 4 only 1 QTL out of 3

initial QTI.S was projected, and in chromosome 7, 1 QTL out of 2 initial QTLs was

projected. The failure of projection of these QTLs was because of their confidence

interval. The QTLs which consist of large confidence interval were not projected to

the consensus map. The QTLs which are not projected on chromosome 4 are cbsd-

m-S4a-chz07 and cbsd-m-S4b-chz07 and their Confidence interval was about 58.2

and 60.2 respectively. The QTL which is not projected on chromosome 7 was

QTLl and it's confidence interval was about 60.4. The summary of QTLs projected

after QTL Proj analyses is given on table 5. In chromosomes 1, 2,5,11,12,16,17 and

18 QFLs associated with CMD and CBSD-RN resistance were projected. In

chromosomes 5, 7 and 2 QTLs associated with CMD resistance were projected and

in chromosomes 4 and 8 QTLs related to CBSD-RN resistance were projected.

Details about projected QTLs are given on Table 6.

4.5 META-ANALYSIS OF QTLS

Meta-Analysis of 58 QTLs projected in the consensus map was performed

in Biomercator V.4 software using Goffinet and Gerber method. Meta - analysis of

CMD and CBSD-RN resistance QTLs were done separately. After Meta -analysis

QTLs were fixed into 4 models, the model with lowest AIC criterion was selected

as best model and it was used for visualization. 11 Meta-QTLs (MQTLs) were

obtained after meta-analysis of CMD resistance QTLs (Figure 6) and 10 MQTLs

were obtained for CBSD-RN resistance (Figure 7). The average C1 of CMD

cn
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resistance MQTLs was found to be 3.877 whereas the average CI of projected

CMD QTLs was 7.79, so CI of QTLs was reduced to half after meta-analysis. In the

case of CBSD-RN resistance QTLs the CI of projected QTLs were about 11.36 and

after mela- analysis it was reduced to 6.43.

CMD resistance MQTLs:

The MQTLs obtained for CMD resistance QTLs were MQTLCMDLl,

MQTLCMD2.L MQTLCMD3.1, MQTLCMD5.I, MQTLCMD7.1,

MQtLCMD 10.1, MQTLCMD1L1, MQTLCMD 12.1, MQTLCMD 16.1,

MQ1LCMD17.L MQTLCMD18.1 in the chromosomes 1,2,3,5,7,10,11,12,16,17,

and 18 respectively. A total of 38 QTLs associated with CMD resistance were

present within these MQTLs (Table 7). From the obtained MQTLs the QTLs with

CI less than 2cM were selected for candidate gene mining. The QTLs with less

genetic interval i.e. CI are potential targets for identifying genes. Nine QTLs were

found to be within the CI of 2cM and they were selected for integrating with

genomic information. One QTL each from MQTLCMDLl and MQTLCMD2.1

and MQTLCMD18.1, two QTLs each from MQTLCMD3.1, MQTLCMD5.1 and

MQTLCMD 16.1 are identified as QTLs within 2cM CI. From MQTLs

MQTLCMD7.1, MQTLCMD 10.1 MQTLCMD 11.1, MQTLCMD 12.1 and

MQTLCMD 17.1 no QTLs was found within the CI of 2cM so they were not

selected.

CBSD resistance MQTLs:

The MQTLs obtained for CBSD-RN resistance QTLs were

MQTLCBSDl.l, MQTLCBSD2.1, MQTLCBSD4.1, MQTLCBSD5.1,

MQTLCBSD8.1, MQTLCBSDlI.l, MQTLCBSD12.L MQTLCBSD16.1,

MQTLCBSD17.L and MQTLCBSD18.1 in the chromosomes 1,2,4,5,8,11,12,16,17

and 18 respectively. A total of 20 QTLs were found within these MQTLs (Table 8).

The QTLs within the CI of 2cM are selected for identifying candidate genes. Seven

QTLs were found to be within less CI length and they were selected. From the

selected 7 QTLs two were from MQTLCBSD2.1, one each from MQTLCBSDl I.l

and MQTLCBSD17.1, and 3 QTLs froniMQTLCBSDlS.l .No QTLs were found

within 2cM CI of all other MQTLs.
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Table 5. Summary of QTLs projected after QTL ProJ analysis

Chromosome no. Initial no. of QTLs No. of QTLs projected Traits"

1 4 4 CMD & CBSD-RN

2 4 4 CMD & CBSD-RN

3 2 2 CMD

4 3 1 CBSD-RN

5 8 8 CMD & CBSD-RN

7 2 1 CMD

8 1 1 CBSD-RN

10 5 5 CMD

11 7 7 CMD & CBSD-RN

12 13 13 CMD & CBSD-RN

16 3 3 CMD & CBSD-RN

17 3 3 CMD & CBSD-RN

18 6 6 CMD & CBSD-RN

Total 61 58

iSS! )!
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Table 6. Details of projected QTLs
75

Chromosome No. of projected Traits Name of QTLs Confidence Interval

no. QTLs (cM)

1 4 CMD ].qCMDcl-IA-I 2

CBSD-RN
2. qCMDcI-2A-l 3

3. qCMDcl-3A-I 4

4. cbsd-m-S -chzOSO 9.9

2 4 CMD l.qCMDc2-lA 2

CBSD-RN 2. qCMDc2-2A I

3. qCBSDRNFc-2Nm 1.6

4. qCBSDRNFc-2Nma 1.6

3 2 CMD l.qCMDc3ACA 9

2. qCMDc3ACB 12

4 I CBSD-RN 1. cbsd-m-c4-ch008 26.4

5 8 CMD 1. qCMDc5-lA-VNl I

CBSD-RN
2. qCMDc5-IA-VN2 1

3. qCMDc5-2A-V 6

4. qCMDc5-3A 5

5. CQTLl 2.4

6. cbsd_rn_c5_ch007 10

7. cbsd_m_c5a_ch07 8.2

8. cbsd_rn_c5b_ch07 18.5

7 1 CMD 1.QTL2 15

8 I CBSD-RN I. cbsd-m-ch08-qtl 6.2

10 5 CMD l.qCMDclG-lA 1.5

2. qCMDcI0-2A 3

3.qCMDcI0-3A 4

4. qCMDcI0-3AN2 3

5. qCMDclO-4A 2

4^"
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I] 7 CMD 1. CMD-qt5 10.9

CBSD-RN
2. CMD-qt3 12.8

3. CQTL2 3.59

4. qCBSDRNcll-2Nraa 11.4

5. qCBSDRNcll-2Nm II.5

6. qCBSDRNcn-3Nm 11.53

7. qCBSDRNcll-lNm 6.2

12 13 CMD 1. qCMDcl2-lANI 7

CBSD-RN
2. qCMDcl2-lAN2 6

3. qCMDc]2-lACl 10

4. qCMDcl2-lAC2 8

5. qCMDcl2-IACA 10

6. qCMDcl2-2ANI 8

7. qCMDcl2-2AN2 8

8. qCMDcl2-2ACl 9

9. qCMDcl2-2AC2 16

10. qCMDcI2-2ANA 14

II. qCMDcl2-2ANB 5

12. qCMDcl2-3ACB 2

13. cbsd-m-S12-chz08 21.7

16 3 CMD 1. CMDIS 1.865

CBSD-RN
2. CMD3S 2.348

3. cbsd_rn_cI6_ch07 31.6

17 3 CMD 1. CMD-qtl 26

CBSD-RN
2. CMD-qt4 40.3

3. cbsd-m-S17-ndl08 2.7

18 6 CMD 1. CMD-qt2 15.6

CBSD-RN
2. cbsd_m-cl8_ch07 17.4

3. qCBSDRNcl8-2Nm 4

4. qCBSDRNcI8-3Nm 3.1

5. cbsd rnclSa ch07 19.4

6. qCBSDRNcl8-lNra 5.9

Average; CMD-7.79

CBSD-11.36
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4.6. IDENTIFICATION OF CANDIDATE GENES

The MQTLs with narrowed genetic and physical interval were selected for

mining candidate genes underlying the QTLs. MQTLs with CI less than 2 cM

were selected for identifying cemdidate genes. Nine QTLs within six MQTLs

associated with CMD resistance (Table 9) and seven QTLs within four MQTLs

associated with CBSD-RN resistance (Table 10) were obtained within 2 cM CI.

The physical positions of flanking/closer markers of QTLs were identified using

ICGMC map. The QTLs with less than I Mega base pair (Mb) length were

selected. For CMD resistance seven QTLs were identified with physical length

less than 1Mb and for CBSD-RN resistance all the seven QTLs were found within

1Mb length. These QTLs with narrowed physical intervals are then integrated

with genomic information for identifying genes. The physical positions of

flanking markers of selected QTLs were located in whole genome assembly of

cassava {Manihot esculenta V.6 assembly) using Phytozome V. 12.1.Database.

The genes present in between the physical position of markers were selected and

listed. A total of 73 genes were identified for CMD resistance QTLs (Tablell)

and 51 genes were obtained for CBSD-RN resistance QTLs (Table 12).

4.7 FUNCTIONAL ANNOTATION OF CANDIDATE GENES USING

PHYTOMINE

The selected candidate genes with less than 1Mb physical length were then

subjected to functional annotation. The genes ID's of identified candidate genes

were searched against Phytomine interface in Phytozome. The functional

information such as PFAM (protein family) and Gene Ontology (GO) were

obtained. From 73 genes identified for CMD resistance 38 genes were annotated

(Table 13) other genes were uncharacterized or without any annotation. From 51

genes identified for CBSD-RN resistance 30 genes were annotated (Table 14).
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Table 11. Candidate genes identified for QTLs associated with CMD resistance

SI. No. QTL name Candidate genes Length (bp)

1
qCMDc2-2A 1. Manes.02G 187400.1 10,579

1
2. Manes.02G 187500.1 7,705

3. Manes.02G187600.1 4,084

4. Manes.02G 187700.1 748

5. Manes.02G 187800.1 276

6. Manes.02G 187900.1 614

7. Manes.02G 188000.1 7,254

8. Manes.02G 188100.1 1,151

9. Manes.02G 188200.1 345

10. Manes.02G 188300.1 1,542

ll.Manes.02G 188400.1 10,039

12. Manes.02G 188500.1 636

13. Manes.02G 188600.1 3,304

14. Manes.02G188700.1 225

15. Manes.02G 188800.1 934

16. Manes.02G 188900.1 3,464

qCMDc3ACA 1. Manes.03G038400.1 2,448
L.

2. Manes.03G038500.1 682

3. Manes.03G038600.] 3,120

4. Manes.03G038700.1 1,437

5. Manes.03G038800.1 2,729

6. Manes.03G038900.1 1,938

7. Manes.03G039000.1 648

8. Manes.03G039100.1 3,421

9. Manes.03G039200.I 3,835

10. Manes.03G039300.1 397

li.Manes.03G039400.1 921

12. Manes.03G039500.1 1,648

13.Manes.03G039600.] 4,585

14. Manes.03G039700.1 2,169

15. Manes.03G039800.1 921

16. Manes.03G039900.1 3,052

17. Manes.03G040000.I 4,752

18. Manes.03G040100.1 2,816

19. Manes.03G040200.1 2,139

20. Manes.03G040300.1 6,688

21. Manes.03G040400.1 5,707

22. Manes.03G040500.I 797

23. Manes.03G040600.1 3,287
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1. Manes.03G045900.1 4,567
3. qCMDc3ACB 2. Manes.03G046000.1 6,691

3. Manes.03G046]00.1 2,857

4. Manes.03G046200.1 3,491

5. Manes.03G046300.1 458

6. Manes.03G046400.1 4,354

!. Manes.05G084900.1 6,944
4 qCMDc5-lA-VNl & 2. Manes.05G085000.1 246

qCMDc5-lA-VN2
3. Manes.05G085100.1 3,807
4. Manes.05G085200.1 14,180
5. Manes.05G085300.1 2,790

1. Manes. 16G018100.1 1,962
6 CMDIS 2. Manes. 16G018200.1 3,123

3. Mancs.i6G0I8300.1 3,131

4. Manes. 16G018400.1 2,690

5. Manes.l6G018500.1 3,392

1. Manes.l6G018700.l 3,399
7 CMD3S 2. Manes. 16G018800.1 3,618

3. Manes. 16G018900.1 4,504

4. Manes. 16G019000.1 3,344

5. Manes.l6G019100.1 4,968

6. Manes. 16G019200.1 1,937

7. Manes. 16G019300.1 3,207

8. Manes.l6G019400.1 8,260

9. Manes.i6G019500.1 5,772

10. Manes. 16G019600.1 1,127

11. Manes. 16G019700.1 1,565

12. Manes. 16G019800.1 526

13.Manes.l6G019900.1 678

14. Manes. 16G020000.1 3,250

15. Manes.l6G020100.1 3,368

16. Manes.l6G020200.1 1,725

17. Manes.l6G020300.1 117

18. Manes. 16G020400.1 7,140

c\\
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Table 12. Candidate genes identified for QTLs a.ssoc!ated with CBSD-RN resistance

SI. No. QTL name Candidate genes Length (bp)

1

qCBSDRNFc2Nm 1. Manes.02G100100.1 3,020

2. Manes.02G 100200.1 108

3. Manes.02G101000.1 5,368

4. Manes.02G10I300.1 4,326

5. Manes.02G100500.1 912

6. Manes.02Gl01500.1 4,375

7. Manes.02G10]800.1 2,520

8. Manes.02G 100300.1 3,036

9. Manes.02G 100400.1 2,539

10. Manes.02G100600.1 4,303

l].Manes.02G100700.1 5,123

12 Manes.02G 100800.1 2,284

13. Manes.02G 100900.1 9,520

14. Manes.02Gl01200.1 1,815

15. Manes.02G101400.1 11,455

16.Manes.02G101700.1 8,758

17. Manes.02G 101900.1 4,668

18. Manes.02G 102100.1 2,378

1. Manes.02G 100100.1 3,020
2. qCBSDRNFc2Nma

2. Manes.02G 100200.1 108

3. Manes.02Gl01000.1 5,368

4. Manes.02G101300.1 4,326

5. Manes.02G 100500.1 912

6. Manes.02G 101500.1 4,375

7. Manes.02G101800.1 2,520

8. Manes.02G100300.1 3,036

9. Manes.02G 100400.1 2,539

10. Manes.02G 100600.1 4,303

ll.Manes.02G 100700.1 5,123

12 Mancs.02G 100800.1 2,284

13. Manes.02G 100900.1 9,520

14. Manes.02G 101200.1 1,815

15. Manes.02G101400.1 11,455

16 .Manes.02G 101700.1 8,758

17. Manes.02G 101900.1 4,668

18. Manes.02G 102100.1 2,378

1. Manes. 11G058000.1 7,979
3. CBSDRNcI l-2Nma

2. Manes.lIG058100.I 927

3. Manes. 11G058200.1 3,735
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4. Manes.l1G058300.I 4,056

5. Manes. 11G058400.] 3,057

6. Manes.IIG058500.1 5,068

7. Manes.lIG058600.1 2,327

8. Manes.IIG058700.I 5.224

9. Manes.lIG058800.1 12,766

I. Manes. 17G005200.1 896
4 cbsd-m-S 17-ndl08

2. Manes. 17G005300.1 1,018

3. Manes. 17G005400.1 1,795

4. Manes. 17G005500.1 10,762

5. Manes. 17G005600.1 12,674

6. Manes.17G005700.1 6,658

7. Manes. 17G005800.1 141

8. Manes. 17G005900.1 1,422

9. Manes.I7G006000.] 3,620

10. Manes. 17G006100.1 4,275

11. Manes. 17G006200.1 9,699

12. Manes.l7G006300.I 1,338

13. Manes. 17G006400.1 4,097

1. Manes. I8G063700.1 3,597
5 qCBSDRNcl8-3Nm

2. Manes. 18G063800.1 1,596

3. Manes. 18G063900.1 1,764

4. Manes.l8G064000.I 468

1. Manes. 18G076400.1 1,670
6 cbsdmc 18a_ch07

2. Manes.l8G076500.l 4,783

3. Manes. 18G076600.1 1,802

4. Manes. 18G076700.1 21,078

1. Manes. 18G 109400.1 7,054
7 qCBSDRNcl8-]Nm

2. Manes. 18G 109500.1 978

3. Manes. 18G 109600.1 2,293
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4.8 EXPERIMENTAL VALIDATION

The expression of selected candidate genes was detected using SYBR

Green qPCR assay. Genes Manes.03G039700.1 which is associated with

Jasmonic acid biosynthesis and Manes. 16G020400.1 which is associated with

LRR protein were selected for validation. Cassava resistant variety MNga and

Susceptible variety H-165 used for validation.

4.8.2. Primer designing using Primer3plus

Primer sequences specific to genes Manes.03G039700.1 and

Manes. 16G020400.1 fi'om MQTLCMD3.1 and MQTLCMD16.1 were designed

using Primer 3plus software. The primer details are given in Table 1

Table 15. Details of primers used for validation

Primer Name Primer Sequence (5-3') Product size (bp)

MEI-F GCTGCGTGCAAAACTAAAAT 180

MEl-R TTGACATGAGTGATATTTTCTTGAG

ME2-F GTGCGAAATGGAAATCAATG 319

ME2-R GCCTTCTCAGCATATGGAGC

Actin-F CCCAAAAGCCAACAGAGAGA 150

Actin -R CATCACCGAGTCCAACACAAT
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4.83. RNA isolation

RNA was isolated from both Resistant (MNga) and Susceptible (H-165)

varieties available at ICAR-CTCRI. RNA was isolated using QIAGEN RNeasy
plant mini kit; TRI reagent based method and Lithium chloride method. Out of the

above methods better results were obtained in LiCLi method and the RNA was

stored at -80°C. Two distinct bands were observed when resolved on agarose gel
(1.5%), which indicated no apparent degradation (Platel).

4.8.4. RNA quantification

The quantity and quality of the isolated RNA was analysed using
nanodrop spectrophotcmeter (Table 16)

4.8.5. cDNA synthesis

I he isolated RNA samples of resistant and susceptible varieties were

converted into cDNA using RevertAid First Strand cDNA Synthesis Kit of

Thermofisher scientific. The concentraion of cDNA samples were quantified and
diluted to a final concentration of 100 ng pf' and was used for the expression
study using real time PGR.

4.8.6. RT- qPCR

For studying gene expression the genes present in the resistant and

susceptible variety were targeted using designed specific primers MEl-F, MEl-R

and ME2-F, ME2-R.The SYBR green PGR assay was used for studying gene

expression. The relative gene expression level of resistant and susceptible
varieties is studied using 2 method. Actin was used as the reference gene for
the expression study.

qc|
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Platcl. • RNA isolated from Cassava leaf samples:

Lane 1: MNga healthy, Lane 2: MNga infected

Lane 3: H- 165 healthy, Lane 4: H- 165 infected.

Table 16. Concentration and absorbance ratio of isolated RNA estimated using
nanodrop spectrophotometer

Samples Concentration (ng/pl) A260/A280

MNga-H 570.618 2.38

MNga-I 535.937 2.43

H-165-H 599.630 2.50

H-165-1 336.234 2.44

fO
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The standard fluorescent amplification representing exponential growth of

PCR products was observed in each cycle, yielding threshold cycle (Ct) values.

The Ct values is given in the logarithmic scale and inversely proportional to the

quantity of cDNA. Thus highly expressed genes have low Ct value and low

expressed genes have high Ct value. The fold change (-AACT) can be calculated

by comparing the normalized expression (ACt) of the two conditions. The fold

change, viz. the expression ratio, indicated the upregulation and downregulation of

the gene.

The resistant variety (MNga) had a fold change of about 3.5 by amplifying

with the primer ME-l and had 6 fold change by amplifying with the primer ME-2.

The Susceptible variety (H-165) had 1.2 fold change with primer ME-l and 2.2

fold change with primer ME-2 (Figure 8)

1 3
■ MNga

■ H-155

ME-l ME-2

Primers

Figure 8. Relative gene expression of resistant (MNga) and susceptible (H-165)

variety
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5. DISCUSSION

Cassava is a starchy root crop that is grown almost entirely within tropics.

It is the fourth most important source of calories for humans; it is particularly

noteworthy as a basic energy source for food, animal feed and industrial uses that

can be produced on marginal agricultural land (Cock. 2019).

Cassava yields are hampered by susceptibility to biotic and abiotic

stresses. In particular, bacterial and viral diseases can cause severe yield losses.

Of note are cassava bacterial blight (CBB), cassava mosaic disease (CMD), and

cassava brown streak disease (CBSD), all of which can cause catastrophic losses

for growers (Lin et al, 2019).

Most complex resistance traits are controlled by multiple loci and they are

called as Quantitative Trait Loci (QTL) (Young. 1996).With QTL mapping, the
roles of specific resistance loci can be described, race-specificily of partial
resistance genes can be assessed, and interactions between resistance genes, plant

development, and the environment can be analyzed (Castro et al., 2015).

A number of QTL for disease resistance in Cassava have been identified

and reported (Kayondo et al., 2017; Soto et al., 2017; Rabbi et al., 2014;

Masumba et al., 2017 ; Kulembeka et al., 2010; Lokko et al., 2005; Mohan et al,

2013) . However, these QTLs have been obtained from different populations,

grown under different environmental conditions, and tested with different

analytical methods; this has made the QTL positioning interval too large.
Therefore, integration of original disease resistance QTLs from different studies

needs to be performed to identify consistent and accurate loci.

In the present study, 61 QTLs associated with CMD and CBSD resistance

genes in cassava were collected from 6 published studies and integrated using

Meta-analysis method. Meta-QTL analysis which uses QTL from previous studies

is useful in the identification of regions rich in QTLs (Said et a/.,2015).

o3
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Currently QTLs associated with some crop related trails have been

integrated with mela-analysis method and candidate genes related to them have

been identified for root traits in maize (Guo et al.^ 2018), virus resistance in maize

(Wang et al., 2016) and fatty acid content in soyabean (Qin et al., 2018),

Fusarium Head Blight Resistance in Bread Wheat (Venske et al.y 2019). In

cassava, studies related to meta-analysis of QTLs is not done yet.

In the present study, a consensus map was constructed by integrating all

the individual linkage map with a reference map. Cassava genetic linkage map

developed by ICGMC was used as reference map which consist of 22,403

markers on 18 linkage groups with a map length of 2,412cM. The resulted

consensus map consists of 22,621 markers on 18 linkage groups with a map length of

2,412.35 cM. 58 QTLs out of 61 initial QTLs were projected to this consensus map. The

QTLs which were not projected consist of larger confidence interval length (more than

60cM) than the projected QTLs.

Biomercator V.4.2.software is used for QTL meta-analysis. This software

has been used for QTL meta-analysis to integrate information from multiple QTL

studies, detect MQTLs, and estimate their genetic effects precisely (Arcade et al.,

2004). A number of studies have reported on QTL meta-analysis using this

software (Zhang et al., 2014; Lan et al., 2011). In the present study meta -analysis

of 58 projected QTLs associated with CMD and CBSD resistance were done

separately using Goffinet and Gerber method (Goffinet and Gerber. 2000). Meta-

analysis has reduced the average confidence interval (CI) of QTLs to half as

compared to the average confidence interval of projected QTLs. Only the QTLs

with CI less than 2cM are selected for identifying candidate genes because only

from narrowed genetic interval the potential candidate genes can be identified. Six

MQTLs for CMD resistance and four MQTLs for CBSD-RN resistance were

obtained within the confidence interval of 2cM. The MQTLs with narrowed

confidence interval were distributed in Chromosomes 1,2,3,5,11,16,17 and 18.

The MQTLs obtained for CMD resistance were from the QTL studies conducted

in Tanzania (Masumba et al., 2017) and from Nigeria (Rabbi et al., 2014). The

|0^
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MQTLs for CBSD-RN resistance were from studies conducted in Tanzania and

Nigeria (Masumba et al., 2017; Kulembeka et al., 2010).

In this study MQTLs with physical length less than 1Mb were selected for

mining candidate genes. Functional annotation of candidate genes of QTLs within

MQTLCMD2.1, MQTLCMD3.1, MQTLCMD5.] and MQTLCMD16.] for CMD

resistance and QTLs within MQTLCBSD2.1, MQTLCMDll.l, MQTLCMD17.]

and MQTLCMD18.1 were carried out.

The functional annotation of candidate genes of these major QTLs reveals

that genes underlying them are involved in defence mechanism against pathogens.

In this study the genes Manes.02G187500.1, Manes.03G046200.1,

Manes. 16G018100.1, Manes. 16G018200.1, Manes. 16G018300.1 and

Manes. 16G018700.1 from MQTLCMD2.L MQTLCMD3.I and MQTLCMD16.1

respectively and Manes.02G102100.L Manes. 17G005600.L Manes.I7G005600.1

from MQTLCBSD-RN2.1 and MQTLCBSD-RN17.1 respectively found to be

associated with the protein kinases family. These protein kinases are involved in

mediating defence related cell signalling in plants (Ding el al., 2009).

Genes Manes.02G 187700.1, Manes. 16G020400.1 from MQTLCMD2.1

and MQTLCMD16.1 respectively and genes Manes.02G 100700.1,

Manes.02Gl 02100.1 and Manes. 17G005700.1 from MQTLCBSD-RN2.1 and

MQTLCBSD-RN17.1 respectively were associated with Leucine rich repeat

protein families. The LRR proteins are involved in specific protein-protein

interactions. They are involved in the activation of defence genes after contact

with gene products of pathogens (Andersen et al., 2018).

The genes Manes.03G039100.1, and Manes.02Gl 00800.1 fix)m

MQTLCMD3.1 and MQTLCBSD-RN2.1 respectively were found to be

associated with protein families of cytochromeP450. These cytochromes P450 are

involved in the biosynthetic pathway of major phytoalexins (chemicals

lof
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synthesized by plants to deter hostile organisms) which mediate defense response.

(Jun et al., 2015). Gene Manes.03G039700.1 is associated with Jasmonic acid

biosynthesis. Jasmonic acids are members of jasmonates, studies explains that

jasmonale pathway plays an essential role in wound-induced defense responses

(Schilmiller et aL, 2005).

Genes Manes.05G085200.1 and Manes.05G085300.1 from

MQTLCMD5.1 and Manes. 18G063800.1 from MQTLCBSD-RN18.1 were

associated with protein families of Zinc finger and TPR repeats and leucine zipper

respectively. Zinc finger and leucine zipper are transcription factors. Recent

studies shows that plant transcription factors have role in resistance of plants

towards pathogens (Noman et al.,20\% Perotti et ai, 2017). Tetratrico Peptide

Repeats (TPR) containing proteins are involved in plant hormones mediated

signal transduction pathway which leads to defense responses of plants (Schapire

et ai, 2006).

Gene Manes.l6G019100.I from MQTLCMD16.1 were associated with

receptor serine/threonine kinases protein family. These Receptor like Kinases

appear to play a central role in signalling during pathogen recognition, the

subsequent activation of plant defense mechanisms, and developmental control

(Afzal et al, 2008).

Gene Manes.02G101400.1 from MQTLCBSD-RN 2.1 is associated with

pectin esterase protein family. Pectin esterase is esterified form of pectin, which is

a plant cell wall component and they are directly involved in plant defense (Fan et

al., 2017).

Genes Manes. 11G058000.1 andManes.UG058200.1.1from MQTLCBSD-

RN 11.1 was found to be associated with Heat shock protein (HSP) and signal

recognition protein respectively. HSPs play an indispensable role in plant

oG
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immunity as molecular chaperones in the quality control of intracellular resistance

(R) proteins against potential invaders (Park et al., 2015).

In the present study the validation of the identified QTLs were done by

using real time PGR. Primers specific to annotated candidate genes of QTLs

qCMD3ACA and CMD3S were used for amplification. Results of real time PGR

shows that the expression of genes in resistant variety was more than that of

susceptible variety, thereby confirming the reliability and accuracy of identified

QTLs from this study.

Marker Assisted selection is an important strategy for crop improvement

and the success of MAS depends on the development of reliable markers. The

available markers in Gassava have been predominantly generated from individual

QTL investigations. The Meta-analysis approach, by integrating several QTLs

should allow the development of markers with improved precision. The candidate

genes, especially those co-located with the ranked MQTL could be strong

candidates for developing perfect markers. The meta-QTL analysis conducted in

this study accurately compared genomic positions of individual QTL identified

from different studies and refmed the confidence intervals of the main genomic

regions associated with resistance.
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6. SUMMARY

The study entitled "META-ANALYSIS OF QTLs ASSOCIATED

WITH PEST AND DISEASE RESISTANCE GENES IN CASSAVA" was

conducted at the ICAR-CTCRI, Sreekaryam, Thlnivanathapuram during October

2018 to August 2019. The objectives of this study were to combine the results of

QTL detection studies conducted on Cassava Mosaic Disease resistance genes in

Cassava, to integrate this data with genomic information of Cassava and to

validate the results obtained using resistant and susceptible varieties.

A total of 61 QTLs associated with CMD and CBSD-RN resistance genes

were collected from six published QTL mapping studies from 2003-2017. A

consensus map was then constructed by integrating individual linkage maps of

these selected QTLs with a genetic linkage map of cassava (ICGMC map). The

resulted consensus map consists of 18 linkage groups comprising 22,621 markers

and with map length of 2412.35cM.

A total of 58 QTLs from 61 initial QTLs were then projected to this

consensus map. The QTLs which were not projected consist of larger conridence

interval than the projected QTLs.

Meta-analysis of these 58 projected QTLs were done by using

Biomercator V.4 software. Meta-analysis of QTLs associated with CMD and

CBSD-RN resistance were done separately. A total of 11 Meta-QTLs (MQTLs)

were obtained for CMD resistance and a total of 10 MQTLs obtained for CBSD-

RN resistance. Then the MQTLs with confidence interval less than 2 cM were

selected for identifying candidate genes. Six MQTLs associated with CMD

resistance and Four MQTLs associated with for CBSD-RN resistance were found

within the 2 cM confidence interval length.

From the selected MQTLs only the QTLs with less than 1Mb physical

length were used for mining candidate genes. The candidate genes were detected

using Phytozome database. A total of 73 candidate genes were identified for
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QTLs associated with CMD resistance and a total of 51 candidate genes were

identified for QTXs associated with CBSD-RN resistance.

Functional annotation of these candidate genes were carried out by using

Phytomine. For QTLs related to CMD resistance 38 candidate genes were

annotated and for QTLs related to CBSD-RN resistance 30 candidate genes were

annotated. Defence related proteins like Leucine Rich Repeats (LRR), Jasmonic

acid. Receptor like kinases, protein klnases. Heat shock protein and trascription

factors like Zinc finger and Leucine Zipper were found to be associated with these

annotated genes.

Validation of the identified QTLs was done by using real time PCR.

Genes Manes.03G09700.1 and 1 Manes. 16G020400.1 were used for validation. In

real time PCR, the expression of genes in resistant variety was found to be more

than that of susceptible variety.
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APPENDIX I

CTAB RNA extraction buffer

Tris HCL (pH=8.0) lOOmM

EDTA 25mM

NaCl 2M

CTAB 2%

Mercaptoethanol 2% (v/v)

PVP 2% (w/v)

Prepared in DEPC treated water

Freshly prepared

APPENDIX II

TBE Buffer (10 X)

Trisbase 107 g

Boric acid 55 g

0.5 M EDTA (pH 8.0) 40 mL

Final volume made up to 1000 mL with distilled water and autoclave before use.

APPENDIX III

70% Ethanol

100%Elhanol -70 mL

Distilled water- 30 mL
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ABSTIMCT

Plant disease resistance is a complex trait which is controlled by quantitative

trait loci (QTLs). Several QTLs have been found for cassava disease resistance.

Meta-analysis provides a simple, reliable, and economical method for integrating

information from multiple QTL studies across various environmental and genetic

backgrounds, detecting consistent QTLs powerfully and estimating their genetic

positions precisely.

The study entitled "META-ANALYSIS OF QTLs ASSOCIATED WITH

PEST AND DISEASE RESISTANCE GENES IN CASSAVA" was conducted at the

ICAR-CTCRI, Sreekaryam, Thiruvanathapuram during October 2018 to August

2019. The objectives of this study was to combine the results of QTL detection

studies conducted on Cassava Mosaic Disease (CMD) resistance genes in cassava, to

integrate this data with genomic information of cassava and to validate the results

obtained using resistant and susceptible varieties.

61 QTLs from 6 different published QTL mapping studies related to Cassava

Mosaic Disease (CMD) and Cassava Brown Streak Disease (CBSD) were selected.

A consensus map was constructed by integrating individual linkage maps of these

QTLs with a reference map (Cassava genetic linkage map). 58 QTLs from the initial

61 QTLs were then projected to this consensus map.

Using Biomercator V.4 software meta-analysis of these projected QTLs were

carried out. Meta-analysis of CMD and CBSD-RN resistance QTLs were done

separately. 11 MQTLs for CMD resistance and 10 MQTLs for CBSD-RN resistance

were obtained. For mining candidate genes and for identifying their functional

information the QTLs within the MQTLs with confidence interval less than 2cM and

physical length less thanl Mb were selected.
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A total of 38 candidate genes associated with CMD resistance and 30 genes

associated with CBSD-RN resistance were annotated. Defence related protein and

transcription factors were found to be associated with these genes. Validation of the

identified QTLs was done by using real time PGR and the genes were found to be

expressed in resistant variety of cassava.

The MQTLs found in this study that have small physical and genetic intervals

are useful for marker-assisted selection for developing disease resistance varieties of

cassava.
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