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1. INTRODUCTION

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 fresh 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 al., 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 ef al., 2010).

The most significant economic traits 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 er al,
2016). A Quantitative Trait Loci (QTL) is a specific chromosome fragment that

correlates with the variability of certain phenotypes.



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 et al., 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 er al, 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 ef al., 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 ftrait, 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 al., 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 al., 2016).The meta-analysis method is

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



genetic architecture of complex traits and this method is simple, labour-saving,
and also saves money (Wu and Hu 2012). In QTL meta-analysis, information
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 er al., 2016), seed iron and zinc concentration and content in common
bean (Izquierdo er al., 2018), seedling-stage salt tolerance in rice (Islam er al,

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.
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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 2n
= 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 grown 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, corn, and wheat, according to the Food and Agriculture Organization of the
United Nations (FAO). Approximately 70 million people in Africa are dependent
on cassava as a main food source (FAO, 2019). In South Asia (India) and
Southeast Asia (Indonesia and the Philippines), cassava is widely consumed as
food (FAO, 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.
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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 ef al.,
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 al., 1985).



2.2.3. 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 al., 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 er al., 2011).Additional begomovirus species identified includes
East African Cassava Mosaic Cameroon Virus (EACMCYV), East Africa Cassava
Mosaic Malawi Virus (EACMMYV) and East African Cassava Mosaic Zanzibar
Virus (EACMZV) (Bull er al., 2006). Two Cassava Mosaic Geminivirus (CMG)
reported from Indian sub-continents are Indian Cassava Mosaic Virus (ICMV)

and Sri Lankan Cassava Mosaic Virus (SLCMV). (Saunders ef al., 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 e al., 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 er al., 1936). Due to brown, dry necrotic 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, eastern and southern Africa.
Because of the associated symptoms of root necrosis, the disease has a direct
impact on both yield and root. (Kulembeka et al., 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 e al., 2005).

2.2.5 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 mites, thrips,
mealybug, and whiteflies (Bellotti e 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



mites can also be controlled using resistant 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 williamsi. 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 application 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 nucleotide polymorphisms (SNPs) and Simple



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 er 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 ef 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 ef al., 1994) , assessment of genetic diversity
(Mkumbira ef 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 e al.,
2005). Identifying resistance genes using molecular markers was the basic pre-
requisite for performing MAS in resistance breeding programmes (Miah er al.,
2013). The two main strategies used to identify molecular markers associated with
traits of interest were QTL mapping and Bulk Segregant Analysis (Giovannoni ef
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 (CGM) was developed
by International Centre for Tropical Agriculture (CIAT) and National breeding
programs. MAS has helped in the breeding of CMD2-meditated resistance in
Latin America and in Africa. where the disease is most prevalent (Blair e al.,
2007). The markers RME] and NS/58 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 the
CRseries (CR families). Two markers (NS1009 and NS346) associated with CGM
resistance have been used in MAS (Okogbenin ef 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 (Ferguson ef 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
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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 (p<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 al, 1993, 1994) and multiple interval
mapping. The first step in a QTL mapping experiment is usually to construct a
mapping population (often at the F» 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 ef al., 2007).
2.5.1. Disease resistance QTLs in Cassava

Lokko et al. in 2005 identified molecular markers associated with
resistance to CMD using F; progenies derived from a cross between the CMD
resistant landrace TME7 and the susceptible line TMS30555, their QTL analysis

further established associations between resistance to CMD and three markers,



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. CMDI is a quantitative source of
resistance identified in the Amani derived inter specific variety TMS 30572 by
Fregene et al., 2000.

Akano et al. 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 (TMS
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 er al. (2012) using two Nigerian
cassava cultivars (TMS 97/2205 and TMS 98/0505) and found that the CMD2
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 explaining]11% of the phenotypic variance. This SSR marker was
located on the same linkage group as the CMD2 gene but was 36 ¢cM away from
the CMD2 marker loci (SSRY28, SSRY158. and NS169). They concluded that the
combined effect of this QTL and CMD2 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 CIO121, the other QTL was inherited from the male parent and

accounted for 61% of resistance to strain CIOQ151.

A total of three QTL regions associated with Cassava Anthracnose Disease

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



(2016) on three linkage groups. In 2010, two QTLs, CAD_10R1, 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 CO2/MNga-1. They found that SSRY28 and SSRY235 are
strongly associated with QTL contributing resistance to CMD.

SU.E er 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 TMEB117.

Soto ef 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 JLB-8. whit a peak marker matching to the SNP MB_ 8500 7.

Genetic mapping of quantitative trait 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 er al. in 2017. Fifteen
significant QTLs were identified; three QTL associated with CBSD root necrosis,
namely gqCBSDRNc5SK, qCBSDRNFcl1K.and qCBSDRNcI2K, detected on
chromosomes V, XI. 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 qCBSDFc4KI,
qCBSDFc¢4R,qCBSDFc6KRa and b, qCBSDFc17K, qCBSDFc18Ka, 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.



respectively, and explain up to 8.45% of the variation. Two QTL. namely
qCMDc12Ar and qCMDc14Ar, associated with 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 ef 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,
qCBSDRNc1INm 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
qCMDcl12.1A  and qCMDcl2.2A, have been identified. The QTL
qCBSDRNcIINm was found to be associated with resistance to CBSD root
necrosis. The QTL qCBSDRNcl11.2Nm on chromosome 11 associated with
resistance to CBSD root necrosis had the highest LOD score of 7.50, explaining
17.3% of phenotypic 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 ef 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 1, 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 resistant and susceptible lines. Genes including

Brassinosteroid-1  associated receptor kinase (Manes.04G059100), cyclic
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nucleotide-gated ion channel 2 (Manes.02G051100), and autophagy-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, B100, 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

Meta-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 QTLs 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 er al., 2019), in addition, a meta-
analysis can assess the amount of variability between studies, identify study
characteristics associated with particular QTLs (Baird er al., 2008). 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 er al., 1995). Comparing species is also a

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

AR



tomato (Fulton ef 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 et

al., 1994).

In meta-analysis, only previously reported QTL information is required;
candidate genes can be mined from the MQTLs (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 QTLs for the same trait identified in one population generally
correspond to those in another (Wang ef al., 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 refine
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)assemble, 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
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the potential 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. Meta- analysis has been successfully done for QTLs associated with
Fusarium Head Blight Resistance in Wheat (Liu ef al., 2009), Disease resistance
traits of Theobroma cacao (Lanaud et al, 2009), Silage quality of maize
(Truntzler ef al., 2010), Grain yield in grass (Swamy et al., 2011), Abiotic stresses
in barley (Li et al., 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 ef 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, COII, ethylene 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 er 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 er 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,
phytosulfokine 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.



Meta-QTL analysis of seed iron and zinc concentration and content in
common bean by Izquierdo ef 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.
2.7. 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 ef al., 2011), Meta-analysis of QTL associated with tolerance to
abiotic stresses in barley (Li er al, 2013), Meta—QTL analysis of disease

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

2.7.1.Biomercator
(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 effects precisely (Arcade ef al.,
2004; Sosnowski ef al, 2012). A number of studies have reported on QTL meta-
analysis using BioMercator software (Delourme et al, 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 al., 2004).



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 et al., 2011).



MATFRIALS AND
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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 ef al.,2004, Rabbi ef
al., 2014, Vidhya er al. 2017, Mohan et al.2013, Masumba er al,2017,
Kulembeka ef al.,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, R, value (proportion of phenotypic variance explained), most likely
position of QTL (in ¢M) and confidence interval (CI, in cM) was collected. Input
data files in XML format were prepared from each study according to the
instruction manual 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 ¢M, Confidence Interval (cM), phenotypic variance and LOD score.

9



R

Furddeyy [easayu] ansodwon) aatsnpauy ‘Wio1 Suiddey [eAru] ‘A ‘Butddepy (earajup apdnniy® Wi Suiddepy [pasaju aisodwiony® 1) SisAjeuy Jayey a[dug VINS

\
.IU-\\.
SIS0129N 100Y-3SE3SI(] YEANS UMOIE] BALSSED) ‘NY-(ISED)  ISLISIC] MBSO BARSSE) ‘TIND ,
Haqy = N
010T "v 12 exaquainy WIS USS 09 HA 0102 BIuBzZUe J, eduoyiueN £l -dsdo| L
Haqy NY
L10T 71?7 J2 equunsey IO dNS [4Y4 1d PI0Z®EI0T BluRZUR ], EFuoyIueN 6 -Adsdo | 9
WV x
LI0OT "2 J2 rqunseiy WIDI®INI dNS zst 14 F1OTREL0Z BIURZUR eFUONIUEN 8C adno S
210]BQUII0 )
€102 “p 12 ueyoy VIAS USS 00¢ 14 00T TIVNLL TOD#E8NIN 4 ano 4
W
) MIANVATYL
L10T " 12 BAYPIA WIW USS FIIT 14 L10E THDLO-IVII TEL-TD x 1-e3NIN [ Ao £
STPIV-SIW.L-V.LIT
PI0T " P 12 1qqey WID dNS 081 14 crogwiioc BLIDSIN *CTIVITI0-SW.L-V.LI r4 ano Z
F0OT "2 12 OO VIAS ASS cel 1d £00¢ RLIOTIN LTAWL=TLSOEISINLL < ano [
azIs adiy wawitadxa STLO
sadua1a)aYy Ghomedt SISAIRUY | pasn sty nonendog | uonejndog Jo1eay uonE’0 Sjuaeg jooN | oSMBIL | o
'BARSSE() UI 90URISISOI OSEASIP (M PajRIoosse s7T10) 10j sisA[eue 7T [ O)-viaur 10§ pasn satpmys Surddew 7 10) oy “[o[qe.L



22

3.1.2. Reference Map

A composite genetic linkage map for cassava harbouring 22,403 markers
with map length of 2.412c¢M from International Cassava Genetic Map Consortium
(ICGMC) (2014) developed by International Institute of Tropical Agriculture
(II'TA) 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 ¢M. The composite map was
constructed by merging 10 maps (one S1 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 with JoinMap 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

\
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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.

3.3.1 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 (R») explained by each of the QTL. This
computation is based only on loci position data. QTLs are projected based on map
projection algorithm of Biomercator 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.
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QTL data Linkage map details Reference map

C Primary data )

Processing of Data- Input file preparation

Data submission to Biomercator V.4.2

Projection of Individual maps to reference map

Consensus map creation- ConsMap

l

QTL projection to consensus map- QTL Proj

. QTL Meta-analysis (Goffinet & Gerber method)

4

Candidate gene identification -Using Phytozome

Functional annotation using Phytozome V.12.1 Primer designing using Primer3plus

Validation using Real -time PCR

Figurel. The workflow for Meta-analysis of QTLs associated with Pest and Disease resistance genes in Cassava
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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-value 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-type statistical
criterion indicates the best model among the five ones. For cach model, consensus
QTL positions are determined as the mean of QTL distribution maximizing the
likelihood. The lowest AIC 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 with 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 (CI) were identified.
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3.6. IDENTIFICATION OF CANDIDATE GENES

The search for candidate genes was performed based on the physical
positions of the Meta-QTL regions. The MQTLs with less confidence interval
were selected. In order to identify the positional candidate genes (CG:; i.c., 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 esculenta (Cassava) reference genome V.6.1 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 ANNOTATION OF CANDIDATE GENES USING
PHYTOMINE

Functional annotation of the retrieved candidate genes was done using
PHYTOMINE. Phytomine is an intermine interface to data from 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 Phytomine 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-
gPCR were performed as described below using total RNA isolated from cassava
leaves samples of resistant and susceptible varieties of cassava available at

ICAR-CTCRIL

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 annealing temperature.
Primer Melting Temperature:
Primer Melting Temperature (T,,) 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 (The 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.

3.8.3. 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.
LiCl; method: 100 mg leaf grinded with liquid nitrogen and 1mL 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 ftransferred 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 0.25V of ice cold 10M 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 20uL. 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
0OD260=40pg RNA). A 260/ A280 ratios were also calculated for each sample.

Al
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3.8.5. ¢cDNA synthesis

c¢DNA 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-CTCRIL

Table 2. RT-qPCR reaction profile

Components Volume (pl)
Diluted cDNA 1.5 pl
Forward primer (F) 1 ul
Reverse primer (R) 1 ul

2X H-eff gPCR master mix, Rox (GCC Biotech) | 5 pl

Double distilled water 1.5 ul

3.8.6.1. Thermal profile
Initial denaturation - 95°C
Denaturation - 95°C

Annealing - 55°C



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 22T method.

ACt= Ct (target gene) - Ct (reference gene)
AACt= ACt (sample) - A Ct (Control)
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4. RESULTS

The 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 t0 60.4 ¢M. 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 2,412¢M 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
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Figure 3. Reference Map used for this study- Integrated Cassava Genetic Map Consortium

(ICGMC

2015)



60148364385
sOM8361267
11834114633
S01301:27204

00 RN
AN
NIE B8
SN\35 SiBeIss

s02386. 652
$02386:2039
$07012:113%81
s03104.73607

55 SRASTHI 110153633 SLMB4 55068
BT S0004248 SO056089118 3 0390
SN SR 1540 7 0]
,%m SI0TRIET s?g%gzggg;g N SR

18 SO0 418 100 R
AN SIS NG5 TS
N\ ﬂgaﬁmg% SL1902 65530
BN ST 1655 sO1466.120041 -
2N\ 7100637 01203 23333;:{%?}‘
2 1299 30468737678 . 5332;}9:]1?550
1 B0 %6158 510972 245529 503199:%3?87
N5 66T ST e

B ST :

S1E5182TTS
[T ST SO5:T1455 B
R 21 TSI s 0

. : S10156.131517 <LA55:23668)

RE5 ST SI8715.165817 S4145:1048¢

480 SOB12745086 o] e

, e S10156.128857 DERS3ETS
AR 1 sk B 3T

s SO61TBSAT] ) SOET:26%)
el SR SRS
e SOTS0154811 ST518:4506)
LA ST 81 TSI9EES
sTI0g 44 509120438558 136 SOTSI980014
B 043N E-\ B2 ST 2 SOTSI8SI
8 sI2I6201058 xs:sa 1064833176 QIS5
CEEITH B\ SIS 7 U9
SO0421 16820 T\ sUBS0I53IS 00467102058
SOOT05:112047 NGB Sh4ESt 63808 IS
0968211083 TN s S9565:4875¢
GBI BN S0SL0356ES SOR0ID:13%58
S10183.233388 E N\ s SSRB53103
A BB L04BI SOTREEUI
I ENUTIEL SO 10048
S03656 346375 \mz 3659224681 €1 187:350454
e L NN T T 2 SIES
OXBUMB NI 0083063 51 S02073600%
55606: 12420 T ONUTBTE SO031848621) §09545,260016
S(5608:12426 mNBl% S8R4T 29831 §07519.70538
L - SN R h SLT45465219
SU1E34 NG 375537
SIERME B ON\BH  mTsau] VEED
1B NN TS TS0
e B NG R T S10878562%
DM = B S8R0
SOTES 253684 U G
BN BN\ EE Gk —
SIS 9754 BN ORORIIER
SIMGI00ES ~ 10163 sOs008:456
SIS R 1036 SOSEEOTESSM
QUEENG G N7 S5
sosgaenire  igme 2013
e Y

5 ST —
! SO0R47 643

3% SRATI0I%)
008471413601

Figure 3. Reference Map used for this study- Integrated Cassava Genetic Map Consortium
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4.2. DATA SUBMISSION TO BIOMERCATOR V.4.2

Biomercator V.42  was  installed from URGI  platform
(https://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 2,412.35¢M. 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 ie. about 310
markers. Map length of chromosome 1 was highest among all (164.78 ¢M) and
chromosome 18 has the lowest map length (90.99 c¢M). The summary of

consensus map is given on Table 4.



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 2,412.35
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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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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
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4.4 QTL PROJECTION TO CONSENSUS MAP USING 'QTL PROJ'

To the constructed consensus map 58 QTLs from 61 initial QTLs were
projected (Figure 5). QTLs associated with CMD 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 QTLs 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
QTL1 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 QTLs 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 CI of CMD
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resistance MQTLs was found to be 3.877 whereas the average CI of projected
CMD QTLs was 7.79, so Cl 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 meta- analysis it was reduced to 6.43.

CMD resistance MQTLs:

The MQTLs obtained for CMD resistance QTLs were MQTLCMDI.1,
MQTLCMD2.1, MQTLCMD?3.1, MQTLCMDS.1, MQTLCMD7.1,
MQTLCMDI10.1,  MQTLCMDIL.I, MQTLCMDI2.1, MQTLCMDI6.1,
MQTLCMDI17.1, MQTLCMDI18.1 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 2¢cM 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 2¢cM and they were selected for integrating with
genomic information. One QTL each from MQTLCMDI.1 and MQTLCMD2.1
and MQTLCMDI8.1, two QTLs each from MQTLCMD3.1, MQTLCMDS5.1 and
MQTLCMDI16.1 are identified as QTLs within 2cM CL From MQTLs
MQTLCMD7.1, MQTLCMDI10.1 MQTLCMDI1.1, MQTLCMDI2.1 and
MQTLCMDI17.1 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
MQTLCBSDI.1, MQTLCBSD2.1, MQTLCBSDA4.1, MQTLCBSDS.1,
MQTLCBSDS8.1, MQTLCBSDI11.1, MQTLCBSDI2.1, MQTLCBSDI6.1,
MQTLCBSDI17.1, and MQTLCBSDI18.1 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 MQTLCBSDI1.1
and MQTLCBSD17.1, and 3 QTLs fromMQTLCBSD18.1 .No QTLs were found
within 2¢M 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
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Figure 5. QTLs Projected on Consensus map after QTL Proj analysis
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Figure 5. QTLs Projected on Consensus map after QTL Proj analysis
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Figure 5. QTLs Projected on Consensus map after QTL Proj analysis
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Table 6. Details of projected QTLs

Chromosome | No. of projected Traits Name of QTLs Confidence Interval
no. QTLs (cM)
1 4 CMD 1. qCMDcl-1A-1 2
2 2A-
CBSD-RN 2. qCMDcl-2A-1
3. qCMDc1-3A-I 4
4. cbsd-m-S1-chz080 9.9
2 4 CMD 1.qCMDe2-1A 2
CBSD-RN 2.qCMDec2-2A 1
3. qCBSDRNFc-2Nm 1.6
4. qCBSDRNFe¢-2Nma 1.6
3 2 CMD 1. gCMDc3ACA 9
2. qCMDc3ACB 12
4 1 CBSD-RN 1. cbsd-rm-c4-ch008 264
5 8 CMD 1. qCMDc5-1A-VNI 1
2 “1A-
CBSD-RN 2. qCMDc5-1A-VN2 1
3. gCMDc5-2A-V 6
4. qCMDc5-3A 5
5. CQTLI 24
6. chsd m ¢5 ch007 10
7. cbsd m cS5a ch07 8.2
8. cbsd m c5b ch07 18.5
7 1 CMD 1. QTL2 15
8 1 CBSD-RN I. cbsd-m-ch08-qt1 6.2
10 5 CMD 1. gCMDcl10-1A 1.5
2. qCMDcl0-2A 3
3. qCMDc10-3A 4
4. qCMDc10-3AN2 3
5.qCMDc10-4A 2
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11 7 CMD 1. CMD-qt5 10.9
CBSD-RN 2. CMD-qt3 12.8
3. CQTL2 3.59
4. qCBSDRNcl1-2Nma 1.4
5. qCBSDRNci1-2Nm 11.5
6. qCBSDRNc11-3Nm 11.53
7. qCBSDRNcl11-1Nm 6.2
12 13 CMD 1. qCMDcl12-1ANI 7
CBSD-RN 2. qCMDcl12-1AN2 6
3. qCMDcl12-1AC1 10
4. qCMDcl12-1AC2 8
5. qCMDcI2-1ACA 10
6. qCMDcl12-2AN| 8
7. qCMDcl12-2AN2 8§
8. qCMDcl2-2AC1 9
9. qCMDcl2-2AC2 16
10. gqCMDc12-2ANA 14
11. gCMDc12-2ANB 5
12. qCMDc12-3ACB 2
13. cbsd-rn-S12-chz08 21.7
16 3 CMD 1. CMDIS 1.865
CBSD-RN 2. CMD3S 2.348
3. cbsd m_cl6 ch07 31.6
17 3 CMD 1. CMD-qtl 26
CBSD-RN 2. CMD-qt4 403
3. cbsd-rn-S17-ndl08 2.7
18 6 CMD 1. CMD-qt2 15.6
2
CBSD-RN 2. cbsd m-c18 ch07 17.4
3. qCBSDRNcI8-2ZNm 4
4. qCBSDRNc18-3Nm 3.1
5. cbsd rmcl8a ch07 19.4
6. qCBSDRNc18&-1Nm 5.9
Average: CMD -7.79

CBSD-11.36




STLO Yor3 JO [BAIAIUT 3DUSPHUOD AU} MOYS SAWOSOWOIYD ) JO P3| Y UO SAUI| [BIIUIA "€ PUB T°| SAWOSOWOIYD Ul STLC) DULISISAL QD 10§ STLO-BIRIA 9 2T |

1
£ \
U O34 UD  zeoochzampos  eeerz ~O¥ALD
e oomecromns eow~_[ Sl e
SEIEEHSHAT08 362/.. GOPOQ:OELEDS G098 YOLOZPTLSLOS vm.QMN/
$S151:610508 R»E/I ZPZETT:T08S05 PSSR ———— LBBEOE!LSPPOS mm.nNN./l
SEOLLTIENN LTS8 N\ : ) LZLYLSILSPPOS [T'EZZ
“mﬂmﬁw :mws/r GETOOENPPOS  00'SE SOEBBET:LaPPDS  SB6TE ~
ERS0TS  TTRLT — — PIZZOEPPYOS  BE'YE .\I TLZEEL'SEPTTS  pb'SIT :
sl %ﬁ# T 1 PESBITIEZEBOS BSPB T~ 0LBLSE'166L08 ohuﬁ%
7S2IRBESG0TS 3?# fersg D fosg UD BELIST:EPYPOS  SL'EB” 88874y2.075205 %.wmmw
SOBOBTI-ESEOLS  PE'96T ™\ LTsaEsTenmnes  pE0r ™[] T60STALO0S LRI —— STITLERPYOS 66 mm.\\i LIBZEZT:0ZSL05 Lb oow/
BSTIZN 158N\ = LORBBTIELTS 85 > SZESTTAL08 OTONT PR M RS i b
B88pLYIZIIOS s_oﬂ/ w&ﬁﬂx:a ob'EE Bﬁzwgg st L96T LOEEDS  LT1'Z8 GLOELP-OZSLOS mougﬁ/
STPPIIZIT08 E.Rﬁ/l SOT0GTRETTS  HULE LSASET0ENS  OFEeT PETTLENPYOS ES'T8 mvNOON..ONm_nGm SE muan/r
BLETTOTIINIO Emﬂ/ : X vZTILEPPPOS EGT8 OPTPEZ 148905 ¥E' mwﬂ/
SESEUROOZIS (2051 QRINETVENS YE9E N\ — ONME ST TEOSt = (T1959:1£8905 T8'T8I
2620011120206 S.__.Z/ BEOMPLTIENTS hmﬁ../ TSOBESOETOS TZ 8K OSLILOEEDS  OL'6L LOLGBY:609905 69 hh._”)/(
AN R N has Wh 0Z6TPETIID E.E\I SSLEOTTRATIS  9BEL] ~
S 3“:”1 SRS S0 b aa LOOE:L9EE0S  ST'6L .\I OPa0BOTTASITA  OE0LT ~ns
SOLBLYRLINS (S LET OLIASKIKTIS SI'E n  UEXLSRES LK BPEEETLTP  SS'BL e -
AL 1S~ SOORINIMTIS MEZES ||z COUEETSBUO6 eSS . o— OPESELLN08 6L 0]~
BT06+000E05 n_ﬁﬂ./l BOZTLINETTS TBIE 0 GETNOTHIBS0S  GOZET ISZAYSS  08'9L " 19TBOE'BPL005 ET mmﬁ)./l
1002LZ.000605 :E:/u LIMLLTHETTS I lETonzeisees 606l & BOETLE:OPEZTS mm,mﬂ.//l
ot LN e aie o Onusris s BOBPIPSTY  pO'RL 5 8BZYEZ'OVOLTS L7 d.ﬂ)./Kl
il WL QZIZENIRO0S 6YETT SeBEEOT  see M |- Loty LN N
BTEROL4ZTTTS E:./.. SPIGZRSEDLOS T6LLEDTAI00  67/11 880LOFSTID  6O'PL @ 000SVBETTS o' o:.//r
1 . L e . . . .
. LMD ORELYTOETSOS 5401 1E60PTOTID  0S'2L RS oy M T e Sy
N LR (S1LEvAL00S  ZESOT 2 BRI EN—-
16902118508 :E/.” LTSETD LYOrz990008 - OVEOL § BTSLETELBLOS %.EW
SLOETTTAGDS 2018 1LOBEEISEOLO USSLIVGEZLOS  BE'H6 96ETBBSTID  T9°0L o, LBZZETETI  SELTT NJ—
BTE0LTP magﬂ SLEAEEL it B 3 EZSLPE:TOLLOS 8_8“#
SATESTONS 6L B LROOTETR prohdi sl o4 SIEBPPSTI £689 ——[] - 6S9LSV'Z9LL0S  T8'90T N0—
5008860 L9'MB SBLSTGENL08 ESUUSESHONDS €558 0Z590T02:1 25201
el N ELYSSTORISs VLLRLOIONS el (189LZ5TP  06'L9 A L N
TLQT R0 Eﬁ/ i bl gty . 99 L6L:9F90S :.mm/(
UEETTISONS  EL = 0992SE-002508 CRETIONS ST% e -
WELSTIRDS  SEU EORETSLIEDS 0BTSSSGLE008  EOEL PZASSSIST  9E'99 P0TErE0TEDs  oth S
120216 18208 -m_on/ ETLPET082506 BLOROTTTIS008  TT0L ; o —
bt 7 SN PROERLSILES TalgOLaIes 0959 S Tate (ZSTERYROS  GL'ES
: (BOERTSLTEDS L6t L : i B6LZST: !
: L08L1:LL g 'L ; L
i SEONCRHE  osoacizisom URSSERD  (S15 — | .
SRRYERLID S_R/I C etz , faze0Lzs  W01s TLSL192T02  SO'ES &, TSZAYSS  08'9L
L90TL984M08 a.:/ 0% MSKITSITENS B BT ETEAMSS TEZ9—[1 * TE60PTSTD  06ZL
b WRTRATTID 3 THDOROONS  S0% - STBBYYST:Y  E£6'89
30 YRGHESLIES C TOSHTLERNS  96TY Sevi  Tel
i saﬁ., Wi~l]: s 5% “etenss  teo
LBBZBOLID 5 i _ _
I SLLOSITR  §T8 P TR  W6ZE | 99AHSS  PO'8S
S2505CLW0  9EE H CLBPTELTR T VSIEBESEOLOS 79T o OZPSLLITANY  65'9S
OBERINLW  SSTH TLEOBITR 5 SRGERLSEDIOS  EL 18 PZBZZITLI  »1'SS H
LOTSE8LW0 B0y SOBMIBITR  01'% SOIBIMSEOLOS  OE'ET ) 9OUAHSS  bO'8S B S9pPPrLd  ETEY
e s el B BN\ s g
; CE " 5 i LEOBZBG:| L€ =
TSI SYEE SIETSSER B 0BBLT:LLB00S T8 ’ 0ZVSLLITI 6595 Zie0ECSD  viez “u
otsezow  tew SROBGED 197 SBRBBITD  SH01 o \I [
L 8eRIseTl (61 OOBRITD (L B | OBIBIES >  BI'IZ a
BSHBLOENY  QUTT OL9ETHTH 21T HTUTTIN 8BS T PZBITITLNY  PI'SS mvnmomm”_u LE'BT
EIETW  LTE EXSTER 0T szien g 098BLSKD  ELST
Te0ETE BT wRLOITP 10 BRLSITR 140 TOZEBEWD  OLWI_
LB 0D 18T 000 BRI 000 : 1SOFRPTIR 000 =



110

[OBD JO [BAIDIUL 2DUIPLUOD I} MOYS SIWOSOWIOIYD Y} JO Y| Y UO SAU| [BIILISA / PUB G SIWOSOWIOIYD Ul STLL) dUBISISaL (TND 10§ STLO-BRW 9 amBiy

9818E:9T6005
Z0rB68Z 592805
0S0LLEZ SOTBOS
11SZPZZ:59Z808
LBTBYLTSOTBOS
ESOOBET'SOTBOS
Z6THOLTIGOTBOS
EZEPOS YOOZTS
6B6SBEIYO0OTTS
0665BE:YOOZTS
188118 +00Z1S
SOG0E9TOP0S

LITLTEISTBS0S

EEEST BESTOS
EEBS!BESTOS
ZB66S SSTEDS
SLPEOTIESBTLS
QOPLSTIZLZTLS
BI61:L6001%
GLIGY-L600TS
YIS Z00v0s
SOEGE-Z00V0S
ESOPS TZEPDS
PEOELI600508
1L106:08L908
1696TE/LGTO0S
BOGSEZ:BSTIOS
BBTLSIPEEEQS
58696 PEEEDS
EEEZMZTOPOS
LOLTEQOOTTS
LELBDOBEODS
BSELIT:08000S
VEEOL:9BEQQS
6PPZEVIBOLLOS
TrITET: 890008
WSETAHSS
S6115:890005
£8BZ:TOBTOS
688F8:L0TBOS
ET10LE:ZBLO0S
06ZET:108BZOS
909Z1:Z19E0S
BBI06S:TSTI60S
LOOBEIGEPPOS
TLEPZOTSTIE0S
GEFBIS 151608
EZ96SE: 1ST605
ZBLGTETSTIA0S
LTSTIrG090s
96908ZT'¥1690%
T9Z60TT: 16905
OEL9B6:FT1690S
TL60L5PT690S
ZPTIT6:P16505
roT969:901115
LZTLTPT'OOTLITS
BTLTPT:Q0TIIS
HBEAMSS

-
a
o
=1
-

WOMNDEND N SN
©F P T 0 0 D @O O O

[T 0 TOWCT 1 WA TN T e

A
DRI

o
i

LI T [

~N
o
')
o

il daa

“Nowonow
NCBAEMmMAac

o
it

~m
hd

noT
L el

m

i :
Hmmgmmuﬁmomnnon
MmMMMeSTTONNN00

SHNNCOMOITNATMO

MIACTNATO~AD~D
MA@ MNg

R

b |

-0
-
™~

o300
g
e
[T WINTHOT JNTOT T 1 URVWOTT TT7 W XTTMT T 10

mmee O
W~
O MO0~

=3
Q

o

Z9S0LBT:A?

9SPORESA2

EVLBYESNAY
STPO9ESNY
EZGEBEDND

PEORLESIAD
ZEGBPEOIND

[owg L0

05’0

0E'D

ZRAWT S0P
TNAYT-SIQWID

SLLZPT:BGATLS

955651866115
6ZPOET:B6ETIS
BEEPIT!BEETTS
TPEPOT:B661TS
STrZ9l:B66118

ZREBZIET'AD
SETANSS
BOTOBES9ZB0S
1ZI6IES9ZTBOS
OSETSLITIA?

STLTSY S9ZA0S
99AHSSSLST
GF96EQ0TIN
TLIPZEOTND
ST9ZEPSHZBOS
L99SN
E9D6I6SELOS
EBAYSS
966LST TBSEQS
08rorT:18SE0S
G6YISN

Z6r959i TASEDS
GEZELLITASEDS
B-09A4SS
BESTFBITBSEDS
SEZSN

09851 L 185£05

6909TLP:N
BESE.B 18SEQS
LZLBEVIOBOOOS
6P TAUSS
LBESTLENAD
LO9TAHSS
QEAYSS
TEEAWSS
SYESN
0BPE6LBINY
LBPSISENY
BZAHSS
PeYrRELINAD
LLLYPBLNAD
EOTAYSS
0BLBYIS A

E0TBBSTIAY
TLT609G:A
BEBELEIAD
SEFPBSSIAD
BEGOELTIAD
DOZLELSAD
BSISN
SEBLOELIAY
SSPOSESAD
PEOPLESAD
ZEBBPESIND

el

foy
ES'TE ——

1117

Lo'ze
LO'ZE
B9'TE
r80E ~_——H

6662

ETLE
5997 —
01'ez
66’5z
SE'ST ™
1052
vave
STEZ
1922 #
BZ'ZTZT
G —
06'0Z
pr0Z W
g
St =
as'sT }///(I

h

“

VE-SIGWD

-
n
~
-
AVZ-SIaWDD

4

{&it

ETEGOP 096Z06
EEOPQ:0P1908
ELPPOISEBZO0S

6EZOZEISEBZ0S

SLFPEDEISEBZOS
66EVZ-00Z00S

OTEQOT:0ETEQDS

BLEQBEQOSTOS

PEEOFFIOLB608
LB0BTITTSEQS

9006T1:T6r008

6ZZOTT:Z6r005
CLVESI0ETEDS
T9Z5L: 6005
0B0BZT:T6K00S
EZEZHHSTIOS

EZZTET:65TZ0S

ZS0S19: 291608

PTOPEE:ZITSOS

TESTZE:TI1S0S

06P0LT:TITSO0S

6LTBZTIEBDO0S

EOTOLSERGDOS
r8.69G£89008
oVSLBIPZSOTS
LPOBST PZSOTS
ZOEOOTILS960%
LOBOZ:PBEPOS
PEQZZILIBLOS
PESTTILIGLOS
EPSBTFBEVQS
TEPLBIISLSLOS
6YBZETIZT0LOS
60986F0ZIA2
0999T1:Z10L0S
TP6SEZ9ETOTS
BSESTTI:68PPOS
TSOOZT PLLEQS
ZTHBBEEEZROS
BSBBOTIVEBEQS
va6ar1iL6p108
06S6C:L6VI0S
9ZBO6:60ZPOS
BYOGBT:60Z10S
15v89Z:60Zr0s
ZIE9ZTHB0ZPOS
B80896:11000s
LEPSPRBEETLS
9L800B°86611S
ZOrvPZIT:06611S
CPISET:B6611S
TrPEPITIBE6TTS
SIFZOT:866TTS
V-L9AYSS
ZTTOBOOTINA2
LOOSN
EGLYIT:TBSEDS
GETSN
BBSBLBITASEDS
QEAUSS
LBYSTSEIND
0BLBPOSIAD
BEGBLEND

FEQOPRLEDIAD
ZESBPESND

=}
'3
)
=
(=4

-
=
n
™~
—
[T T TAC W TIIT TT1T T T I DS «»

o8BSI

Lel
Erl

Vil

=]
piche: i
o
@ 0 @ ©
[ 1

VOO NN
omom
NS

@0
R
0o
©Q

LN TH W NIy NN s

]

U TED Ol D
3

S
RITo!

o



"STLO YD JO [BAIIIUL 2DUIPLJUOD A} MOYS SIUOSOLIOIYD ) JO 13| Y] UO SUI| [BIILIA *| [ PUB ()] SIWOSOWOIYD Ul S| () 0UBISISAI (J)) 10§ STLO-BIA 9 2131

_
3]

g BN |

i AN

9PS0ETI06LE0S  TT'OIZ e Vi = —_— — —_—

et v = : "

S L ; . '
povestetes i3\ grogm s
ZBZIBSLOZTS  LB'Z61 ; y
LBL9LGOESOS 28681 W PEEBISOT  BZ'9S ™\ | ommmmm..gﬂow 9E P61 V

ZZVOST:T08805 L '9B1 ~~o— PIZSLZOTXY  E£'SS ] AL A40 e, T

BLZLZZYEYSOS 6STBT "N\ A E— LIBPOEOT 189S~ O S

6BOGST:097605 (881 TN\ — : Z98VOEOTC  TS'WS | mwwwmmnmmmmu : mw o R

: = ;

OLZETZ:0TON0S LT woﬁ W m AOLESBEIXY ZZIS Mvwom.ﬂ”.—.ommaﬁ 06'691 ./.
E190Z:GBPBOS  ZE'SAT LYVIT:69POTS  ES'99T \0—
y9Z8L190BL0S  pp'1ST = 5 SLUBOESELCOS LTI X
OFLEQIERTO0S  69°4ST ./ e 18506TSELEDS  28'6ST ./l
EPT6T:B6ZHO0S  6V'BST W TN s 3 SORECIAUEN0r SRR N

sEpofeianes SRGdi -\ R = g N
e i o 90095180  EE'PY 120907 428508 bEabT ~
BUIVBIBLELOS LY BRI S 2 jenor s SR

st L 5 SSBEoTcacos  poarl .//l =

LS6T:D  LT'L :

BLPTST'BLOBDS BZ'EETL W a o OPBZE:OBEBOS TL'PET / =

bt Eoi N i fifase H>
A S , 0 —
st BN - E s/230Ti688008 OE bE1 ~n

ey serclooc—R e T8E£05/5982TS  pO'TZT

FOSSEGEINS YOt A DORPVRLE0s OV LTT ~
OTTBES'ESBZOS  06'STT ® 2 a : : o : R

0zZZAMSS  BPTIT = | > ZEELO9SXY ET'SE EOLO6:9TIROS  LB'ETT l/r
N SR E B PIBL698TX  OE'DIT S O— I
PLIEGTSELOS  T5'S0T .//.ﬁ S PIIBZS/TXY 961901 N\ —H

E9ESOBISZSIIS  SO'Z0T TN\ —E = i umwww“mmmm” mm.mmﬁ / =
SERINSERCLE oS Nl PSTOT:BYFIOS  2v'96 W -

= Z061STEX  LL'SP i W FLSSLONS0T  ZEEO # :

A

SOORSLER> ERNY. EBBETOGHKY TSvZ ———H o 1rL60T:60L905  ©8'BL W =
1 BZIB60PXY  ¥B'EZ 1= mmmwmwmwwomw mm.ﬁt N -
o5 LZT: K
PILBEYEIXD  BRIZ - 0V600.:680015  GE'RA %
EEZPEIOZPBOS EG'ES 7 _ ;
£99ESOPTIXD  GE'BB Nommwmﬂ“mw m m.mw
Sletibe s i bl ] OSPTBSTUXY  LU'€9
96158921 9208 : : ) ZOBPOEOTXO 169G .
BOZEZARIDGD  96'vL 68900520 EPET T 6518F06XY  ET'ES o}
: : o Z09005Z:X2  OT'ET BDURSERI 2215 z
BYEOPSLDO  ZS'TL : . 5]
OTLLZZHC  EE'LO ] LOMLUIED Hb A
edzZpAuSS  L¥'S9 1869861  TT'0T 5 Nt et o
1£909.FIX)  EB'ZO A <y j ¢
PEZLTOMG LL19 . = mﬁmaov”xu VEEZ
PSPLZSKIXD  ZT'SS : Lo H 5 PLLBYYYIXD  BBTZ
wizosKDo  Z07 Sovcorioo 8o ) 205008%>  OTEl
SETAYSS  pETY D6909ET:XY  ZPE ( - 1869861:X>  T1'01
LOZYBRT:IX?  BE'S 9ZOSSETXY 027 ™~ || 8Z0LS9T'X3  E1'Q H
ZLSPEPZIXD  Z6'0 TN BSBYZLX)  69'0 N 9ZOGEETXY 02 =
99995bTX  TLE ZEYOBYXY 500 "~ Z6v069:%) 500 ot |0
080ZEOZ:XY 000 168069:X2 000 = 168069:X>  00°0 =

19




,”.Jbo [9E3 JO [BAISIUL ADUSPLIUOD YY) MOYS SIWOSOWOIYD Y3 JO 3] Y} UO SAU] [BIIUIA * § [ PUR £[9[ T | SWOSOWOID Ul STL) 0URISISA (TND 10} STLO-BIDN “9 2inTig

9v95BL60TS
ZISTOT:BO9EDS
PSLTG GLEOOS
SBBSIYOrLITS
BZSENPYSEOS
BISZETLITOTS
E6698Z:L681TS
ZO0TPE LGBITS
EQETPEISHSLOS
E£0TESBTOS0S
BYZLZT:61SL08
LB0SLEIS95605
GEESLIGTSL0S
96PSITIGTSL0S
9991 £L5018
TL5958:61SL05
TI9vLEBBIO0S
TIIST:91T005
B6YTZIZUNNAXY
LPTITIESBO0S
SBYOT:SPTPOS
TO101:5ripOS
T009:E¥T60S
PBOTS: PTOT0S
9PS69Z:66TEDS
ETOBET:66ZE0S
00S06:LETEQS
BOESST:LETEQS
LBY9IT-LETEQS
EGAMSS
STZ9S'PBPEDS
86.09Z:vBPEOS
EGTP6ZTIZTOLOS

9y0ZIGELO0S
ESZZOSONAX
TAZTHE6S AN
POSTSHS AKX
QLISEGSHIAX2
POTRIRPIIAXY
OP9SOLENAXY
ZPTAESS
90L90TEMAXY
LPGOLTEINAXS
SLZOOBT:MAXD
TT1666BT:LAXD
LLZTOPT-IAX2
CO660ZT IMAXD
SZHEB0TIMAXD

—_——
a1

LS'SET [owg 1t

SB'ZET
E8'0ET
2521
ET'STT
LZT'TTT
20611
18'911
0T'PII
TEZIT T~
96801
11’901

(i

mm
-
b
S

(il

19'16

o 0

o«
oMo
B o@D

TNOTr~
A @inn

mm
b
TO@oI~
©1D O™~

@
N

ca'19

PZSSALSEESDS

PSISPT:664B0S
TZOP6T:66.805
SEOPOLI66L805
TLYEBS LVBBOS
STEZBE'L¥BROS
TEBO6Z:LyBBOS
99T65HBIE00S
EEPLZZ-BTEDOS
Z7998:658E0S
ZPI9'BTEN0S
ESTEZP0Z160S
90Z6SE:0Z1608
ETBEBFISGBEDS
G60EST:068p0S
EZTELPITSBROS
OPSIETIOTSLOS
OrI6IT:95.108
LTOPSTI06ZL08
E06Z06TL08
PEVL6-95TTOS
B861FL:9S101S
(rESBT:S1L80S
LISTET:9STOTS
SSP1LS6LPOS
OTSLIPTIZIS

LEZTTT:909108
TPZZTT:99P10S
O0EB99:ZOGTTS
9ZST6/SrOEDS
E00SBY 095008
ZPPSTTPEBTTS
6TAYSSE1S3
8-LEAYSST
EEOVEL:FEBITS

Z6AHSS

rSAHSS
ZZAdSS5153
Z6TAYSS
LLNYSS

N
SO
~am
oo~
—

o
N
g
@o
S

681y

OE'BE
QE'SE
Z9'9E
rI'62

N
P 4
0
e

TE9T

[
=
m
-

QY T T

g2

ZBATZHT:LPBO0S
Z6TR16 LVROOS
PLLPEYLPBOOS

19ELSTTIEBPOTS
ZPOEEBEBPOTS
£0ZEZSEBPOTS
SLEEET'FITOTS
8/£92Z:658L05
£0088Y:658L05
BESPES!658L05
ZSTEEZ:BTTZIS

BYBEZE:BIIZIS
YPOZ8Z: 908505
L¥ZS05 S978S
6GLLZT BI0OTS
VE9EEZI9LZ005
L9BYTZ:EEEEQS
VOSZEZEBTOTS

SOTLY LBLES

LP6ZTTIS0L608
95.¥0Z:¥0Z00%
088.11:658205
BZBECIEZPZOS
SLVETY BLBOTS
BLVSOIOPETTS
LZYEET 00165
69VPL_BPZZIS
FOTPZE OSPZLS
14881 LLZOTS
09ELEZ:0BLS08

SBETT!LPZFDS
vOFS 55
£ZShi909905

TLIZBT Zb011S

6TLST:ZTZ905

LZ9bFT EBIZLS

0F6.9:00TL05
S8EZP1:000605

EELLBTT_PTZSS
ZBZZLV_P1ZSS
0LZLLOT P1265
PBEVET:BTBE0S

ZYBET_P1ZSS
GOPETT 90695
96PESE 0605
058P BLITIS

12ZEP_LL8BS
6ZSSZT_LTEES
£B09L TETES

B60Z9_LZ8.S
696P9T_SZ895
0Z9LTT_LBZ8S

1586/_52895
ZBA0BZ_S1495
BEAOTE _G1/95
LLTOOZ GLTRS

¥-LEANSSE
POTOEZ_S1L95
1680TE_51.95
PZESSZ SLTVS

Z90ZEY_T1L95

LOVBS_S/1¥S
£66015_SLIPS

£159T_91165
0BETPZ_TTL9S

PSOBES T1L9S

—_—
91

[
96'bLT Qdd UO

cwo
o~
wan
i
——

e

~rs
~a
—
090
——

‘.

e
~Nm
Ne
<
-t

—
me
0o
"=
-
| FER e e

(=
L
om
mm
e

o~
e
<~
N

(i ;/////// (i

T

[ TR IR

BY'EL

o
<@
N o

@
=
OO Ot

- .

oW Q@
Sno o N

TrTL9iS9ZB0S
SBOLETISOTBOS
080696:59Z80S

G6ZEESOT!SGZA0S
E6S9601:592805

rE8SPITIEBZEDS
9roP9LBLEDS
TIZZ11:698Z08
BL6LEIGB6LOS
OLSEET:966L08
G66PTES:BLBOTS
TrerSr8L801S
EEELTPL100S
0S9SZ:910108
0Z699:EVLEDS
160rZ5:LB5218
BETT9:90B015
GLPLSYBIOZOS
LEBY'TZPEOS
ZTZSEPTOBOS

T09TE-S00008
PSETEISDO00S
ELGLTLZTIDG
E£BOGTPZ000S
LLTPPTBIOTOS
6ZFBIT:SPLFOS
69990 L6806
SB10TT:vL6B0S
SHPAEIQ0690S
LOTSTLBT NG
ELPTET:PIZG0S
L60Z pTZS0S
BOEDSS PITS0S
TEOBOTBTINX?
ZLTTBOT X2
EQLLPZRTING
B8SL0B6PTZS0S
SE0LTYPLPITSOS
EQELBTETEQS
VIGIEETE0S
EETSEB0DOS
0EBPT:6ZELOS
ESLLB(BTBOS
SPO0LSST8908
8IS1-TB8580%
1ZZPTTETBEQS

99LTTTATLO0S
PAHSS
ZYTAYSS
SLSSEEGNOD
96A4S53
SEEQ06GiIX
PZETTTSIG
BPOLOLE!N
OPZO9ST X
SBZBRPTING
LYBOEST IDO
TZBOEBTIING
FRIPESIDO
GEGIBE XY
BSBOET: XD
EPPSLTING

Y
NNO
VI h=m
DOorsr~
-

68°Z91

[NTTNNT T 17T

P 0000 P
@~ o m
oo
B
-

SZ'6PT

o
™~

o~
<«
M
-
Lalel

VE'OFT
8r'LET

O~
ar
ol
mm
—

09'0ET
89'L21

TEPTT

Iv'ZZ1
1v'zet
TEPTT
8’11t
€8°L01
SE'SOT
99'201
L9'66
S8'96
LO'vE
Pa16
66'68
98'G8

I ITTHTINTONE T SN T T o o

(N RN I T 1

1

X
M
-
/
=
W
‘/[
=
/
N
I/(
-
—
S~
N
l//l
./
/'
./
W
/
/
l!l/l
/.&
=~
1/./|(
U/(f
/
W
V.
W
|\\|

o
]
m
Ll

]

LTI T

[ IWZ-Z130

BNYZBEMG

Yov1-£13Q
TNY1-2130



T.LO Yora JO [BAIUL 32UIPLJUOD DU} MOYS SIOSOWOIYD AU JO Y3 Y} UO SAUI| [BIILAA °C PUB £°7°| WOSOWOIYD ul STL0) 2UISISaI NY-ASHD 40) STLOBAN *L 2ndig

CTESOP-09670¢
CEOYROF1908
ELPESERLS8

BETOTE S6B008

SLYEDES6RZ08
ABERT091908

OTEQQT-0ETEDS

SLEOBE-09TH08

PEESEYOLBA0S
LHORTITSECS

S006CT:269005

Lizadigelined
TLPREOETES

250618201508
FIOREEZSIS08
TEGIZE125160
06POLT 201508
GLTBTIER0608
£010£5-689905
PBLGYS-ER9R0
WSLENISITS
LYEBSTNIS0N
LPE09T:LS060%
LOB0V'YBER(S
PESTTLI6L08
PESTTL18L08
EPSBUIPRER(E
TERLBTISL5L08
BYBZETIIOL08
B0586H0TAY
DGOBTT-TTOL0S
IPESEZIGETONS
BEESTL:ABIYOS
TS08ThLLELS
LTBBEEEETROS
B3RO0 PEBELS
BEBNTiLENTI08
Q6562 L6104
2805600008
Br96HTIR0000
1SBOT:500p08
TIESTYB0TY0S

9L800F:886115
TORRTL86TIS
ThISET-BBATIS
T#ERRIARATLS
STRZOTaBE1TE

SEBBOE-UTER0S
TPUESEITERDS

DUSESERTERS
FESOGRATERDS

ST020T:9TERGS
LT070T:5TER08

BOTTEVHTERES
STTTEHETERDS

LBYSN
TSR BTERNS
SEEoNGETERe
BOSLPUGTERDS
psTiLatERs

688091808
B000SS

LAt
E6ETH95E08
SETSN
LBLYOTBISEDS
09TSN

BLSN

[PZBST:696E0%
$LLHITRYGE08
LH0EEBISEDS
ERLTPEBI0EDS

DOTEBTELET0S
BOTS-E0008
FHATBE8008
05655 L1500
8L00¥'9£9008

SHAISSHS3

SETANSS

——

59
809

B8
885

5
|

0o

T

ud

&2

BOO4 S

DOEGBITSLAS08

569601528508
SLSHTILSLESDS

06RLET:61208
JTEET:L8L018
SLEPELALOTS
BLZESE-0RI0%
TOERBL:961L08
BTLGOFTSIROS
OLLZEETSIROS
T86LE TGI8
LT59¥E ZEP60s
008807767508
016807 L6p608
8656781605
SHOE0TTHME08
OLBLTT:STRR08
SBEBST PEGL0°
[BSLBT6ZEE0S
T0(BTipLL005
PLESOTORIZTS
T95L1'9E5008
[56E:9rL008

POESHOPLO0S
LBATTL08TE0S
LITBROSIEDS
TESLIT 551808
L0815 908
PBPPYISESOS

SEBTEL6000
{UORATHIE808
E0BAESS
PLLYOTARSEND
0SA55.LTGN0S
8L00K9E9905
99iHSSEL53
SATMISS

€9

—

11!

OU%El

=
]

2%
S8

%

i pRge

1S95PT:264905
S68TP1:SB0B0S
BBOSYT:58080%
Z10v19:604605
6LLPTLOO0S
595605884605
T5TL6'BBLEDS
PSPTSHBLLLOS
OrOvOZ:ETELOS
OZTBOSIETELDS
LOLELT:#1BO0S
OpbLvSiPTA90S
616058:pT8905
TBTLEOT:#T18905
6Z586:6E6205
OPELPT:0ETSOS
L9T/8:vBLOOS
BoT/61BETLOS
LB09PT:BETLOS
EEQSTTIBETLOS
LOYSET:LZ0L0S
EBLDELTOLOS
095BSET 916908
1688011016908
ZLTTBTYTID
6Z1P:6BBZ0S
BSI66ST:ZTS908
BILOTTITISO0S
9B00ZT: 15908
ZESLTITOLB0S
ELTTENLITTS
EBTLGT:EROPOS
L005BOT:EPOFOS
BOPLIGTPETLS
BEOPPLITPELLS
EVGEETTPETTS
8T00S6!SEDLOS
LOOGLYETR
9BLSYIGENLOS
ETLPEZTIOBISOS
TLLEPIZTR
STISTBITAR
EB98081T:I2

T896TPTD

SL'ger T
0L'081
L2451
187Z81
ZU'691
90'LrY
or'TrI
0L'LET
LBEET
9E'0ET
9zl
P62Z1
19'611

@
=]
—_rs
—
4

@
-

~
e
™~

x-S

w
o

coun o
e 0

O Ams T
BRREES

V(i

Sn@n MmN
AN M NN DO

P oM@
LRACRBRE

o
Qe
BN~

—r
el
QOSSN

o
=

ZEQOSKTEBYOS
OTPPEZOSPIOS
EBBSZI0SIROS
vOLOZWTLSLOS
LBBEQE:LSPROS
LTLPLS LSPPOS
B0EBSET LSPIOS
TLZEEL SHPTTS
0LBLSEITHBL08
61P16:0G1EDS
BBBZSYZI0Z5L0S
LIBTETT:0TSLOS
OTLT:EDOTIS
6LOELPOTSLOS
BYZO0T:0TSL0S
OPTYET TLBO0S
L11959:1£8908
L0£581:609905
GBSLTZT IBSITS
0p5080T:185T1S
ESBOET-TBSTIS
OvZ9E-SLLO0S
T9189E:8FL905
BOETLEGPBZTS
8BZPEZ-OPEZIE
19ZZZT:9P621S
T0ELZT:8E6508
Q0061BBETTS
18Z1:TLBO0S
01019 LvOZTs
PEZEET:OLLPOS
9S6TP LBSPOS
BISLEZ'ELBLOS
LBTTEZEZ]
LZELOT60TO0S
ETSLVETOLLOS
6595 T9LL0DS
0Z59010Z:12
PEEBPSETIR
SOV/BLOpYO0S
SO68YLiorPI0s
L9O0TET:EOZEDS

B6LZSTEPYPOS

9SLILOEEDS

TSZAHSS
TESORTST!?
SI68FRSTIY
LLOGSEYTH

ETEAWSS

9OAESS
OZPSLLITP
PZETZTITP
6orrRvLR
TZ6EROLID
LEDBZBYD
TLBIESE 1D
08IBIES:?
EPTSOZEN?
098BLSY13
ZOZEBEW?
s50rerZin

i

E6'EVT
SUBET

il

S\

w
L5
—
-
o~

233
S
r~ o m
—

vt -a L-1-3
M Mo
SN~ OMm
WU D D s
e

-
L 4
oo
Mt
——

D~ m
noo
—T o
NN
e

11

6595
vl

"™~
M
o
-

L4l

8
L=

)
[
a—‘
]
o

Lu-psga

S

080RYI-1



“TLO

U082 JO [BAIDIUL 2DUIPLJUOD Y] MOYS SIUWOSOWIOIYD DY} JO Y] YI UO SAUI| [BIIUAA * T| PUB [ [ g WOSOWOIYD Ul S L0) 0UBISISAI NY-(ISEHD 10J STLO-BID L 2ind1

TP1L9-567B0%

GEEESOT'SOC808
FESPILERZEDS
POPRIBLE0S
89515.966.08
SO0ZTBRITIE
BEPTESBLBOTE
SIHFTTBLBOTS
FLBLEEBOROS
LSOEER OROT 08
[80PT% LAGT1S
BET19:908018
LEBETTRG0S
17256010808
T08TE:S00008
P551E:500008
STOLLLIT I
LOGTTRBTHI08
LLTPPTBIST0S
G999y pLARON
SETOTI:bL6808
SBP6EI006005
0TL0968T: 00
LB0THPITS08
BOEGSS'PITS0S
SLOTBB/PTTSO0S
FOS0ELiWTTS08
SSL086-PTT508
BETORET'FLTSON
BEANSS
T1SEPLES1008
25161428008
THLBENSTAO0S
LETZT00TIO
0ZLTBTSTLO08

LTTUTILNs
FAHSS
THIANSS
SLSSEE NN
961553
SEE006SN0
FORTITERG
0p200ST00

BYEOYSL DO

STLLTEID  EELS

edipagss rse T

=

— o
~No
s
—_=

TES0SLKDA
PEZLIONDO

EATH
e

g

=
&

g

SR BTN

g
53

2
P~
5
L]
it L

=5
od -
e~
==

e W

FSPLISHIA

-
—
-
—
—_

r-.
5
=1
=
=

E8'L01

o
-
ed
=
-

i,

1]
ES

o
/
=

RE®R
583

i

{

o
3

SLIZ0SKIO.  (ETY T~
PRTZOSKI  T0TH
SETAMSS  PETY

S6ZPTEI658605

BUSBLTETHOS
ETSEBR05LE08
TELBSLI05LEDS
SPO0ET05LE08

BLYIST'BL0808
LBYSSERBSOY
[LLZ8Y 9byB0%
BLOG1T-BAVLTS
FOSSTIGTROY
OTTBESESBI0S
FTINSS
T-3r
TLIEGTSELOS
EGES08:5ISTTS
TZTT09SISITE

TEQEST:POS0TS

EETPEIOTVACS
E9BESONTIH0
OEFSSHITIN0
TUBLPOETIO
S41S807100
BOTETEEDO
BPEOPSLP0
grLLzg0
e0Zpass

FaRLTEHIO0
izhSENe

SETAYSS
LOThBREDD
TLSHRRTIX
99965KZ:00

LBT6L
080
LB8L1

05'8¢T
@&t

TR

NVt 7v

Qs

Z09TE6:9TSHOS

16861:ZPSBOS
GEEESEIEZBO0S

LEDE:TPSBOS
6E0E:ZPSBOS
68LT:ZVSBOS
B0L90T:TYSE0S
LEBGT:ZTYSBOS
EEBGI:ZF5805
9SBBO'EZBO0S
EEZTIZ:ZPSBOS

ZTETTT:INSB0S
GPEZIZ:IPGROS
V-1BIAESS
EQZPIEIZPSE0S
ZETHTT:ZPSBOS
IB80LOIZYSE0S
SAIPRTZPGBOS
LEEPLZ'ZYSBOS
SPERLTIPSBOS

EOGOPE ZYSBOS
T090PEIZPSB0S

1Z080r ZVSBOS

rB91SS ZPS80S
PLOTTS/ZPSBOS
LOEBOS Z¥SB0S
LETHSLITRSBOS
BOT6SL:ZRSBOS
BOP6SLIZPSBOS
GSETESIBLZTTS
0ZIVEM6LZTIS

OTEEBEIBLTTITS
ETZZOLI6LTTIS
OpTSLTIZPSBOS
DETTOLI055908
T609ETI6LTTTS
SS6L00ITVSBOS
LBESPEIBLITIS

STAMSS
GBBPETGLZTIS

LLOSEYBO0TTS
EQEESEETSOS
LYESN
ZLTAWSS

[odd Ut

™
n
-
-
11

I 1170

~ ~ow
= @™ AR
Q.o coo
oo -
ITT 1

S

Ps'Z
rs'Z
't
ao'o

~B02qI uphaI

PSEBLT/09EGQS
6860SE: L6TTTS
ZSLS6ITEPZOS

0SBPST L6ZTTS
SB9ETT:TOBECS
ITOPLTIZOBEOS
E9Z0ZEZOBEDS
TLZOZE'ZOBEDS
VEPEED:ZOBEDS
B08PIT'Z0BEDS
BOVSBITZEQDS
S90SSLZOBEDS
LOOTTESBZROS
OTEORGBZPOS
B99LBTSSOTS
D09TSITLSEDS
LPZTIOT-0TTITIS
OTLBYZ:SO0EOTS
ELT6TBISOEQTS
LITZ5L:G0E0TS
SENSRE:LGLBOS
SBLOLT L54808
TTTLSTLETI0S
ZTBSTI0BLOTS
9BIZLLETO0S
6EBTI:8BYI0S
OOZOET-TBYEQS
S6T59:98060%
90E6:BAPIOS
PrrZ9:98060S
PPSITT:ZH6L05
SSIPSIOPE9DS
LPTSIBLERQS
BSEFT:BLEROS
00TBISETO0S
06rZ:0.6008
LBYEGOLZTOS
BZSBGIEEOTTS
GPETBT 698908
ZESLTE!TB900S
TS0EB:ZEEPOS
ZBLITLT6LOS
666961.¥BSTOS
06ESB'EDLSOS
BEZSTTIESOPOS
S0STPSiréraos
TZESPALITS
POBBETS9LT08
SZEET:PEOPOS
BEZEZ:PH0PO0S
LLL6EBYBS0S
99L6L:8YBS0%
GIBITT L6LPOS
ESTLEETHO605
SYOP9:T69608
LLTBLITRITOS
EPETOZ:ZHZZOS
0659LT:9Z500%
9rSOPYEZBODS
95889 £2800%
BPEPLT:ZPSBOS
BOTASLIZYSR0S
SG6L0V:ZTpSBOS
EQEEGEETS0S

~ll

&
e

zo'ovl fo
ELLET
85'SET

PE'EET
9T'1ET
66'LZ1
65'LZ1
BL'0Z1
ET'8T1
EZ'LIL
PEETT
SS'T11
z9'601
157401

e

i

[

o~
—
=
~
-

N T T I T T I T T T T T T e T T TR T T T I TR R TR IR O [0 T IT]

~N
o
88
——

~
g

16°001

e

Ll
no
w
@

i

=
o

| F‘i.l,“j



*STLO) YO JO [RAIIUI 0UIPILJUOD ) MOYS SIWOSOWOIYD Y} JO 1J3] Y} UO SAUI| [BIILIAA * § PUR /][ SUWIOSOWOIYD Ul §7].() 20uBISISal NY-(ASHD) 10] STLO-BRN £ 21

LPZITIECRO08
F990TZ:ES8005
STLINTIESRY0S
T6LrS0iSEHT1S
906GYTISERTIS

TOTOTISHTR0S
00pPrOzISSIZIS

T00S'EVZ605
SBITEISSHLLS

LPBILBE0R0S
BLISET' 166805
TIOLYTi866808
£TISZEI66ZE05

LBEBE!LETEDS

EETALIG6ZE08

E106ET/66ZE0S
PEBOEGETEDS

STEBZT/080208
PLITTLEZEDS

S1ISN

G9EGUT LETEDS
LB99ST LE2EDS
ESMHSS
S129578PEQS
IBBAET-PBYECS
SOTERT-PBYEQS
B6L0G2:FBYEQS
S85LT0L XD
EAIPRIT-Z10L0%
9L59201:TT0L08

BIBLEGEPBI0S
9pOLISELO0S
BERBEITLANY
ESZIOSEMAX)
PAYSS
E9R1BEDIMNG
1BZ9B65 UKD
POSTSASHAXD
OLT9E65MAX
ESBROLSHING
LXSS
PATRTRPING
EPO0ZEEMAXY
OPSSOLEMAD
IPTAISS
S0LS0TEMAX
LPBOLTEMAD

o'po “Il

L' \. :
8129

5979

5918

664§

6UES
z.m.ﬁ
1015 !
o108 W
bE'Br i

L !
£0'9F ./

IR DTS

OPETT:ZHIN0S
96499199808
PSLIGSLEDDS
ST9LYGPLTTS
T06BLYGPLTTS
0086059PLTT8
BISZET-LTZOTS
PB666'0250TS
CIPBSE-L6BITS
£S6rGOTIITS
GHEBAIGIS0TS
E01£6829508
BPZLTTISTSL0S
69481505605
BEPATYETSLO0S
SEESLIGTSLON
TEQLOTIBTSLOS
DEEZOLBTSL0S
TEZOBSATSLOS
PBBLILL90TS
TZ6TSH-ATSL0S
GLLETSLTIIAG
ESTIV 889905
PZSOLPIERDS
LSETTTTEROS
LBLIODE:IAXD
9690LmSSITTS
112805556215

E106ETG6TEDS
PGSESTILETEDS

SORTRTILETEDS
BIESOTILELENS
{89961 (E2E0S
ESANSS
Z666ET/PBREDS
B6L007:0BVEDS
E61PET1IT10L0%
TLSTET:ERBTOS

BEYBESTIAGD
£52T059IAX
TBTOGHSIAXY
FOSTSESIAX
OLTOEAS XY
OZBOPESWAXY
SH0T90PMAX
OFISOLEMAXY

LTSS
BOLIOTEMAX
L¥BOLTE A
TROGEQTINAG
SLTO06T:MNG
TI6666T:WN0
LITTOPTMAG
S9660ZT:AXD
SIBEGOTNG

cQ

=

£
&

LEPET
SOZEL
£8/0ET
96°L121
TRT

M
LR Lo
‘!SH
—

== b

OZEIL”

PZ5SBLISEESDS
96p:82090%
96ZL9'BILYOS
ZBYBET 66L805
E90BSE:66.LB0S
SEOPOLI66LB0S
TLVESS! LrBBOS
BEPSO-BTEQOS
TEBOAT: LVBEOS
PSPESH:BIEQDS
EEPLTTBTEODS
OGEPZTI6GBEDS
TP19:BIEQDS
E6T6ZH0ZT608
90Z6SE:0TT60S
ETBEBPIGSBEDS
SOS0LT:068F0S
EZZELY: TSBPOS
PEOBY:LTLTOS
9PT6ITIO6LT0S
EOGZ06ZTLOS
G0SLHTETTOS
TLEYSIBLISOS
86TrLIOGTOTS
TPESBTISTLE0S
LISTETI95T0TS
£L9BEBO:SEYROS
OTSLIFTIZIS

LETTZTIO9PTOS
1¢2ZZT:99v108
0E699:Z06TTS
9ZSZ6IGPOEDS
£0058Y: 095005
BI0T!9LETOS
STANSSS51S3
8-LEAMSST
EEGPETIPERTTS

ZBAYSS

PSANSS
ZZAYSSS1S3
Z6TAESS
LLAYSS

g
a
5

LL'ST

o
M~
m
-

oND
wroen
bt -3
cooQ
RO R At~

NN O T D

gﬁoom-—urm
N@QG!‘*WH’I

o
~

L8'LL

@O
Mo
om
~r~

@
=1

MG 0T Ot @
TN NOOD D

N

FON@@
MO0 M~

68'Tk

(= 3=
® M
w ®
mm

Te'9E

N
o
[=.)
~

om
AN

Wi

~
—-

09BSPLT:LFBOOS
Z661Z0T:LPBOOS
EEPIRE:LVBOOS
966GTE LVBOOS
BZSLYAEBEOTS
ZYOEERESPOTS
LTOTEEEGPOTS
BZELPIGSBLOS
PBOESTIBGBLOS
SERTTEIRGBLOS
STIFZB:65BL0S
EOPZOEIBTIZTS
APBEZEBTIZTS
THEQDEIDOBSOS
LPZS0G 59785
1991 gL00TS
6ZHSER 59285
ZSOPSTIEBTOTS
ETLTILZ_69625
SOTLO LBLES
£PBZITIS0L605
ELBVEEIZLLO0S
TEBEST!HTSHITS
EGEGZE 96645
OLPETY §LBOTS
GTOPTT EPETS
LOPTT:LpZO0%
LZBT1 16855
0EFZT BIES
14881 LLZ015
SPELEZIOBLGOS
GRETTILPZPOS
POZAG:LZPOS
£ZSy:900805
GBOPFT £69Z15
66LEBT:00TL0S
9AHSS
OPELEIQ0T LOS
9Z1ZE PL6BS
OPOLPY000605
ZBZZLY PTZSS
STEZPT:BIBEDS
PZBYLET_PTZSS
ZYB6T_PIZSS
SOPETT_B0AGS
YEVARSE 90695
0585 RLITIS
12ZEF_LL8BS
LVTEIT_LIEES
(BO9L_TETES
86029_(28LS
BOBPGT_SZAGS
0Z9LTT_.18285
1586/_52895
786087 S1.95
TL5TBT_SLTPS
ZHZEYE SLTFS
Y-LEAMSST
YOTSEZ_S179S
16B0TE_S1Z95
VZESSZ GLIPS
ZOOZEP_T1L95
LOVBS_SLTPS
EBBOTS_SLIPS
E1S9T_91T6S
0BETPZ 11295
FSOBES T1L95

R —

o1

6P LT

-3
~
™~
~
-

o

DM @O

DL N
NN P O T O O
WD Y 4D WO D D
ettt

oo
el

R TITT ST T

ey
4D @
9 =100 N
TEwTTT
A A

o
ot

IB'SET

omMom
S rerioy
0N~ oo
eym o
el e~
1

O
e

© @ o T
RN moag
V@M IS a0
OO
bl ke L e ]

0o
b i
(=1}
oo
e

Q

~o
~ @

e
iy o
S NN
™~~~

ThO®

Dnno
~
@°

MNO~
et gl 30
o

gy~
R0 €1 O .=
e - e Tl Tl 4
P T Ot et e 15O 00 ) ST T 0 A 0 D D D

FOoONNDOn
) NG O BN
NNDOoOMmMD

@ o
DOADM D
S99

(i e

-
@
o

[oYd LD




M

¥
Z98Y0£01°XD 6618706:XD PL'8 INVE-012aIDb
Z096588°XD T061S18:XD SP'S VE-012WOb
2999057:XD 1869861:XD 66T VZ-012anOb
TEEL99SXD €866105°XD ZL ol VI1-012anDb 8002 | T'OIAWDTLOW 01 9
1L99LE1 #1690 619PET1:P16908 St'e 7110 z89 I'LAWDTLOW L S
S19ZEPS9Z80S £996:65€L0S zrs VE-soamnb
ZS16095:AD SH1609S *AD e ['1LOD
L8YSTSRAD SP1609S:AD zTY A-VT-S2amDb
FEOPLEYAD TE68TPE9AD 150 INA-V1-S9aNDb
FPEOPLEDIIAD TE68TE9AD 150 INA-VI-$2aDb S611 ["SAWDTLOW S w
8L6T9:196L0S PECELISLOEDS $9°0 goveaamob
SLEGTI'TRLIOS 88199:81€L0S €T'1 VOVEqmuOb 8501 'SAWDTLOW ¢ ¢
LYSERIPTIID 0099S6£ 111D 101 VZ-72AIWDb
LTLO6PITIID 9887891 111D €0 V1-22amnDb (T ['TANWDTLOW r4 z
SPECCILITD 880L9¥91°1D 9t -VE-19anDb
1€60F191°1D S168FFSIIID LSE I-VZ-19anDb
LLO9SHYT (1D [LSLIOTIID 96°1 I-VI-125quOb ol 'TAWDTLOW 1
Iaew Jyanyg dadeun 3oy “ON
(2) TLOW
SIMNdew 3unjuef Jo [eArduy dduwapyuo’) TLOW W STLO | wonajin )y aweu TLOW OU AWOSOWO0IY)) 1S

0UBISISAI (TN 10} PauIeiqo STLOIALJO S[TEId(] °L Qe




LL8 € - a8elaAy

0T69PESTIIAXD 90€S9SHTITAXD 81 ob-amwD 98°0¢ | T'SIAWDTLOW 81 11
0£699:2061 1S 9TST6POL0S 8L PIb-aND

96809:£61 108 SOT19:€64108 SES 1b-CIAD T ULIAGNDTLOW Ll 01
PR6E9C000608 8S9EH9:000608 rL0 SEAND

8S9E19:000608 8TSELI61H90S 89°0 SIAND €8 | 1'9TAWDTLOW 91 6
PIvPZE 819208 1L9STI:THOT IS ' OV E-Z12aIWDb

ELPIETHITSOS €891LETITSOS cT'€ [DVI-Z12anob

LV8ERT P 1TS0OS LOLILEPITSOS 89t INVI-ZI12aWDb

CLII9EP1ZS0S L60TH t1Z508 59T VOV I-Z19anDb

ELPIETH1TS0S €891LE:1TS0S §TE INVI-Z12QNDb

ELVIETHITSOS €891 LEW1TS0S ¢T'¢ ZOVI-2amwob

CLESECHITIXND SEE006STIXD €79 INVZ-Z12aWDb

SLESEEHTIXD SEC006STTXD €79 TOVZ-ZT12anob

SLSSEEHTIXD CEL006STIXD €79 1DVZ-Z12anwob

CLESELHITIXD SEE006STIXD €79 VNVZ-Z12amnob L | rzIano Lo 71 q
SLESEEHITIXD SEC006S:ITXD €79 INVZ-ZI1>aWOb

CLSSEEHTIXD SEE006STTXD €79 ANVZ-Z129aIWDb

€00PETHTEPOS CTTTRPTEPOS §are Z1LOD

961589Z1:1XD 96ZTER8TXD 18°% ab-amwo

91LLTTITXD 1€£909LP: XD Sh' aib-and 2961 | T'TTAWNDTLOW I L
6618706:X0D 8096588:XD 10°Z V-0 19(WDb

FA]




0SE08S-SSHTIS

€40 - aBelaAy

€LS1SPSSHTIS S1°0 WIN -8 [INYASEOD
019080705 Z0865:886905 98°0 LOYD Bg[IUT Psqd
0FSSOT:1E70S LSETTIPIEHOS 9f | WNE-§1INNASEOb
0F9S0LETITAXD 90L901 £ TITAXD 'y WNZ-8 1INAASHOb
€STTOSYTIIAXD PSLOTEGTTIAXD b€ LOYD §T2-UX psgd 98°0€ | I'$1ASEDTLONW 81| o1
$86781:095008 [£266:095008 €' R0PU-/ [ S-UI-Psqd ¢ | 1'L1asgy1LON LI 6
9809t:L71808 ZE0€61:08L508 LS LOYD 9[> ur psgd €8 | 1'91ASHDTLOW 91 8
£960L:906908 9¥919€:906908 'L 80ZY2-Z | S-UI-psqd TSL | 1'21AaSgdTLONW 4 L
PSELTSHIXD tP1Z0SHIXO Z01 WNE-[ [ONFASEOD
P6TLI9PIXD YSPLTSPIIXD 559 wN -1 [ON¥ASg0b
PSPLTSHIIXD SLITOSY IXD SETl WNZ-1 [INIASEOb
[€£909LF TXD P6TLIOPIXD 90°1 BUINZ- [ONYASHOb L9Z | I'T1ASEg)TLOW [ 9
890VLT:6LT11S 688P€1:6LT11S 79 [bgoya-ur-psq) 9L | 1'8ASHITLOW 8 S
TESH8E:5T80S [7986£:597808 161 LOOYO q$d ur psqd
£996:65€L0S 9pPSS6 185E0S (1L LOOYD BEO U ps@d
08P9P1:185£0S €6LPT11:185£0S 0l LO0Y2> o ur psgd 6581 | ['SASEDTLOW S t
99 AUSSSLSH S6H1AMSS Ze'Tl 8002Yd-pd-UI-psq) 19| 1'pasSEITLOW t €
S6EH0T1:T1590S 9L06S6:T15908 19°1 BUINZO INUASHOD
S6EP0TI:T1590S 9L0656:T15908 19°1 WNZOANNASHOb 6T | 1'TASEYTLOW z Z
880L9v91°1D 1€60F191°1D S0l 080712 [ S-1LI-psqd 6L | 1'1ASAYTLOW [ _
Jasaew Jysny Javaeu 3oy 0N
(IN2) STLOW ‘ou
mth._.-n..c u:ﬂ-:m—.m Jo _ﬂ?.-“;:— NIPIHUO ) w—.—LO—Z ul na——.g :am._..:_._..- U~€. Jureu J—LOE QEom.-E:.:_U ._mm

aouwIsIsal NY-(IS€D) 0] pauteiqo STLOW JO S[eia( °§ d[qeL

{9




69

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 candidate 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 ¢M CI.
The physical positions of flanking/closer markers of QTLs were identified using
ICGMC map. The QTLs with less than 1Mega 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
IMb 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 (Tablel1)
and 51 genes were obtained for CBSD-RN resistance QTLs (Table12).

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
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SI. No. | QTL name Candidate genes Length (bp)
qCMDc2-2A 1. Manes.02G187400.1 10,579

1 2. Manes.02G187500.1 7,705
3. Manes.02G187600.1 4,084
4. Manes.02G187700.1 748
5. Manes.02G187800.1 276
6. Manes.02G187900.1 614
7. Manes.02G188000.1 7.254
8. Manes.02G188100.1 1,151
9. Manes.02G188200.1 345
10. Manes.02G188300.1 1,542
11. Manes.02G188400.1 10,039
12. Manes.02G188500.1 636
13. Manes.02G188600.1 3,304
14. Manes.02G188700.1 225
15. Manes.02G188800.1 934
16. Manes.02G188900.1 3,464

qCMDc3ACA . Manes.03G038400.1 2,448

2. 2. Manes.03G038500.1 682
3. Manes.03G038600.1 3,120
4. Manes.03G038700.1 1.437
S. Manes.03G038800.1 2,729
6. Manes.03G038900.1 1,938
7. Manes.03G039000.1 648
8. Manes.03G039100.1 3,421
9. Manes.03G039200.1 3,835
10. Manes.03G039300.1 397
11. Manes.03G039400.1 921
12. Manes.03G039500.1 1,648
13. Manes.03G039600.1 4,585
14. Manes.03G039700.1 2,169
15. Manes.03G039800.1 921
16. Manes.03G039900.1 3,052
17. Manes.03G040000.1 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.03G040500.1 797
23. Manes.03G040600.1 3,287
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1. Manes.03G045900.1 4.567
qCMDe3ACB 2. Manes.03G046000.1 6,691
3. Manes.03G046100.1 2,857
4. Manes.03G046200.1 3,491
5. Manes.03G046300.1 458
6. Manes.03G046400.1 4,354
1. Manes.05G084900.1 6.944
qCMDeS-TA-VNT & | 5 Manes.05G085000.1 246
3. Manes.05G085100.1
GCMDES-TAVNZ | 3 N 0568200, if?;o
5. Manes.05G085300.1 2,790
1. Manes.16G018100.1 1.962
CMD1S 2. Manes.16G018200.1 3,123
3. Manes.16G018300.1 3,131
4. Manes.16G018400.1 2.690
5. Manes.16G018500.1 3,392
1. Manes.16G018700.1 3,399
CMD3S 2. Manes.16G018800.1 3,618
3. Manes.16G018900.1 4,504
4, Manes.16G019000.1 3.344
5. Manes. 16G019100.1 4,968
6. Manes.16G019200.1 1,937
7. Manes.16G019300.1 3,207
8. Manes.16G019400.1 8,260
9. Manes.16G019500.1 5.772
10. Manes.16G019600.1 1,127
11. Manes.16G019700.1 1,565
12. Manes.16G019800.1 526
13. Manes.16G019900.1 678
14. Manes.16G020000.1 3,250
15. Manes.16G020100.1 3.368
16. Manes.16G020200.1 1,725
17. Manes.16G020300.1 117
1 8. Manes.16G020400.1 7,140




Table 12. Candidate genes identified for QTLs associated with CBSD-RN resistance
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SI. No. | QTL name Candidate genes Length (bp)
qCBSDRNFc2Nm 1. Manes.02G100100.1 3,020
1 2. Manes.02G100200.1 108
3. Manes.02G101000.1 5,368
4. Manes.02G101300.1 4,326
5. Manes.02G100500.1 912
6. Manes.02G101500.1 4375
7. Manes.02G101800.1 2,520
8. Manes.02G100300.1 3,036
9. Manes.02G100400.1 2,539
10. Manes.02G100600.1 4,303
11. Manes.02G100700.1 5,123
12 Manes.02G100800.1 2,284
13. Manes.02G100900.1 9.520
14. Manes.02G101200.1 1.815
15. Manes.02G101400.1 11,455
16 .Manes.02G101700.1 8,758
17. Manes.02G101900.1 4,668
18. Manes.02G102100.1 2,378
1. Manes.02G100100.1 3,020
2. qCBSDRNFc2ZNma | 5 - nManes.02G100200.1 108
3. Manes.02G101000.1 5.368
4. Manes.02G101300.1 4326
5. Manes.02G100500.1 912
6. Manes.02G101500.1 4375
7. Manes.02G101800.1 2,520
8. Manes.02G100300.1 3.036
9. Manes.02G100400.1 2,539
10. Manes.02G100600.1 4303
11. Manes.02G100700.1 5,123
12 Manes.02G100800.1 2,284
13. Manes.02G100900.1 9,520
14. Manes.02G101200.1 1,815
15. Manes.02G101400.1 11.455
16 .Manes.02G101700.1 8,758
17. Manes.02G101900.1 4,668
18. Manes.02G102100.1 2,378
1. Manes.11G058000.1 7,979
3. CBSDRNel1-2Nma | 5 Manes.11G058100.1 927
3. Manes.11G058200.1 3.735

O
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4. Manes.11G058300.1 4,056
5. Manes.11G058400.] 3,057
6. Manes.11G058500.1 5,068
7. Manes.11G058600.1 2,327
8. Manes.11G058700.1 5,224
9. Manes.11G058800.1 12,766
1. Manes.17G005200.1 896
cbsd-m-S17-ndI08 | 5 \pones 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.1 7G005800.1 141
8. Manes.17G005900.1 1.422
9. Manes.17G006000.1 3,620
10. Manes.17G006100.1 4275
11. Manes.17G006200.1 9,699
12. Manes.17G006300.1 1,338
13. Manes.17G006400.1 4,097
1. Manes.18G063700.1 3,597
qCBSDRNCI8-3NM | 5 pfanes 18G063800.1 1,596
3. Manes.18G063900.1 1,764
4. Manes.18G064000.1 468
1. Manes.18G076400.1 1,670
cbsd_mcl8a ch07 | 5  prones 18G076500.1 4,783
3. Manes.18G076600.1 1,802
4. Manes.18G076700.1 21.078
1. Manes.18G109400.1 7,054
qCBSDRNcIS-INm | 5 pro s 18G109500.1 978
3. Manes.18G109600.1 2,293
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4.8 EXPERIMENTAL VALIDATION

The expression of selected candidate genes was detected using SYBR
Green gPCR 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 from MQTLCMD3.1 and MQTLCMDI16.1 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

MEI-R TTGACATGAGTGATATTTTCTTGAG

ME2-F GTGCGAAATGGAAATCAATG 319

ME2-R GCCTTCTCAGCATATGGAGC

Actin-F CCCAAAAGCCAACAGAGAGA 150

Actin -R CATCACCGAGTCCAACACAAT

ak



4.8.3. 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 LiCL, 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 spectrophotometer (Table 16)

4.8.5. ¢cDNA synthesis

The 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 pl” and was used for the expression

study using real time PCR.
4.8.6. RT- qPCR

For studying gene expression the genes present in the resistant and
susceptible variety were targeted using designed specific primers MEI-F, MEI-R
and ME2-F, ME2-R.The SYBR green PCR assay was used for studying gene
expression. The relative gene expression level of resistant and susceptible

ACT

varieties is studied using 2"**“" method. Actin was used as the reference gene for

the expression study.



Platel. - 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/ul) A260/A280
MNga-H 570.618 2.38
MNga-1 535.937 243
H-165-H 599.630 2.50
H-165-1 336.234 2.44




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-1 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-1 and 2.2
fold change with primer ME-2 (Figure 8)

® MNga
m H-165

Fold Change

ME-1 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-specificity 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 ef al., 2017; Rabbi et al., 2014:
Masumba er al., 2017 ; Kulembeka et al., 2010: Lokko er 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 er al.,2015).



Currently QTLs associated with some crop related traits have been
integrated with meta-analysis method and candidate genes related to them have
been identified for root traits in maize (Guo er al., 2018), virus resistance in maize
(Wang ef al., 2016) and fatty acid content in soyabean (Qin et al., 2018),
Fusarium Head Blight Resistance in Bread Wheat (Venske er al., 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
241235 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 ef 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 2¢M 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 2¢M. 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 ef al., 2017) and from Nigeria (Rabbi e al., 2014). The



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

Nigeria (Masumba ef 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, MQTLCMDS.1 and MQTLCMDI16.1 for CMD
resistance and QTLs within MQTLCBSD2.1, MQTLCMDI11.1, MQTLCMD17.1
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.16G018300.1and
Manes.16G018700.1from MQTLCMD2.1, MQTLCMD3.1 and MQTLCMDI16.1
respectively and Manes.02G102100.1, Manes.17G005600.1, Manes.17G005600.1
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 ef al., 2009).

Genes Manes.02G187700.1, Manes.16G020400.1 from MQTLCMD?2.1
and MQTLCMDI16.1  respectively and genes Manes.02G100700.1,
Manes.02G102100.1 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.02G100800.1 from
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



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
Jjasmonate pathway plays an essential role in wound-induced defense responses
(Schilmiller et al., 2005).

Genes Manes.05G085200.1 and Manes.05G085300.1 from
MQTLCMDS.1 and Manes.18G063800.1 from MQTLCBSD-RNI8.1 were
associated with protein families of Zinc finger and TPR repeats and leucine zipper
respectively. Zine 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..2019, Perotti et al., 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 al., 2006).

Gene Manes.16G019100.1 from MQTLCMDI16.1 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.11G058200.1.1from MQTLCBSD-
RNTL.1 was found to be associated with Heat shock protein (HSP) and signal

recognition protein respectively. HSPs play an indispensable role in plant



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 PCR. Primers specific to annotated candidate genes of QTLs
qCMD3ACA and CMD3S were used for amplification. Results of real time PCR
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 Cassava 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 refined the confidence intervals of the main genomic

regions associated with resistance.



SUMMARY



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, Thiruvanathapuram 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 2412.35¢cM.

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 confidence

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 ¢M 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



QTLs associated with CMD resistance and a total of 51 candidate genes were

identified for QTLs 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 kinases, 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 1Manes.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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CTAB RNA extraction buffer
Tris HCL (pH=8.0)

EDTA

NaCl
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PVP

Prepared in DEPC treated water

TBE Buffer (10 X)
Tris base
Boric acid

0.5 M EDTA (pH 8.0)
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M
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APPENDIX II
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55¢
40 mL

} Freshly prepared

Final volume made up to 1000 mL with distilled water and autoclave before use.
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Distilled water- 30 mL
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ABSTRACT

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 2¢cM and
physical length less than1Mb 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 PCR 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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