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1. INTRODUCTION

Cassava, {Manihot esculenta Crantz) (2n = 36) Family: Euphorbiaceae,

which originated in Latin America is one of the most important food crops with a

worldwide production of 270,293,801 tonnes. About 146,824,969 tonnes is

^ produced inAfrica, 90,372,457 in Asia where India hada production of 8,139,430

tonnes (FAOSTAT 2014). Various traits of the crop such as drought tolerance, heat

tolerance and less requirement for agricultural fertilizers makes it an attractive crop.

Cassava has monoecious flowering nature and so self- pollination in cassava is

mainly prevented by protogyny (Alves, 2002) thus rendering the crop highly

heterozygous.

Cassavais an essential staple food for over 700 million people all over the

tropical and sub-tropical regions of the world. It can be grown all year round and

provides food in periods of scarcity. The high starch content (20-40%) makes

cassava a desirable energy source both for himian consumption and industrial

biofuel applications (Schmitz & Kavallari, 2009). Cassava is one of the most

commonly used raw materials for the production of starch. High purity, low

productioncosts,distinctive characteristics like clearviscouspastenaturehas made

many industries adopt cassava starch as an alternative to more traditional sources

likepotato and maize. It is known for its drought tolerance and stable productivity

even when cultivated in soils of low fertility.

Cassavaoriginatedin America and was transferredby the Portugueseto the

rest of the world, particularly to the African continent, in the sixteenth century. In

Africa and Latin America, cassava has been cultivated and produced for many

centuries by small fanners, which has resulted in a large number of local cassava

varieties. The genome ofcassava is approximately 770 Mb (Awoleye et al., 1994),

and the draft genomesequence of cassava was created through the whole genome

shotgun strategy.

The cassava genome is predicted to contain 30,666 genes (Prochnik et ai,

2012). However, the fimction ofmost of the genes remains imclear. Cassavamosaic



disease (CMD) is the single most important disease affecting cassava cultivation.

Economic losses due to CMD is estimated at US$ 1.5 billion annually in Africa.

CMD is caused by gemini viruses of the genus Begomovirus (Family

Geminiviridae) transmitted bya vector, white fly [Bemisia tabaci, (Gemadius)].

Expressed sequence tags (ESTs), which areshort(300-500 bp) single read

sequences from random cDNA clones, have a wide range of applications including

the useasgene cloning reservoirs, evaluation ofexpression of tissue-specific gene,

molecular markers for map based cloning and genomic sequence annotation. EST

data have also led to a better understanding of both the existence and expression

patterns of alternative transcripts and of coordinated gene expression. EST data

represents a potentially significant resource for the detection of single nucleotide

polymorphism (SNPs) in plants (Batley et ai, 2003). One tool which permits the

disentanglement of the complications of gene expression is the analysis ofESTs.

This strategy has advanced into an economical and capable gene discovery

methodology. (Ohlrogge & Benning, 2000). About 74316793 million ESTs are

available at the EST database of National Center for Biotechnology Information

(NCBI).

Single nucleotide polymoiphisms (SNPs) are markers of choice for high-

density genetic mapping due to their sheer abundance in the genome (Rafalski,

2002). SNPs are known to occur atarate ofone per 100-500 bp inplant genomes,

depending on the species. The advancements insequencing ability along with the

saving in sequencing cost allow for effective genome-wide discovery of SNPs.

Organisms which have large genomes such as cassava, transcriptome sequencing
(RNA-seq) offers an efficient way to restrict the sequencing to the expressed
portion of the genome while it still identifies a large amount of genetic variation

(Chepelev et al, 2009). Considerable improvement on genomic resources for

cassava, greatly achieved through the sequencing ofthe cassava genome (Prochnik
et al, 2012), greatly facilitates the characterization ofvariability within a crop by
high throughput re-sequencing. RNA-seq has been successfiilly applied to large-
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scale SNP discovery and EST- derived SNP development in various plant species

(Paritosh et al, 2013; Ferguson et al.^ 2012).

Single sequence repeats (SSRs), also known as microsatellites are one of

the most common and multipurpose marker type used in plant genetic mapping

studiesbecause ofits advantageousfeatures such as high abundance rate, specificity

of locus, codominant inheritance, high information rate about polymorphism, and

reproducibility (Varshney et al, 2005). According to the origins of SSRs, they are

divided into two categories: genomic SSRs or genie SSRs (EST-SSRs). Genie

SSRs can be developed by screening the collection of clustered ESTs in publicly

available databases and also they are derived from the expressed regions of the

genome, so that they have increased potentials for tagging and mapping of genes

and quantitative trait loci (QTLs).

The present study was undertaken to computationally develop SNPs and

SSRs for cassava mosaic disease resistance and to understand the effectiveness of

molecularmarkersin cassavain biotic stress response(cassavamosaic virus). SNP

and SSR development tools were also evaluatedto understandtheir performance.
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2. REVIEW OF LITERATURE

Cassava (Manihot esculenta Crantz, Euphorbiaceae) is grown for its starch-
containing tubers, which feed over 500 million people worldwide and is the third
most important food crop after cereals and grain legmnes (Puonti-Kaerlas., 2001).
In hidia it is grown in an area of 2.4x10^ hectares both for direct consumption and
starch grain (sago)-producing industries, mainly in the southern states ofIndia. The
major constraint for cassava production in Africa and the Indian subcontinent was
the cassava mosaic disease (CMD) caused by gemini viruses in the genus
Begomovirus (family Geminiviridae) (Hong et al, 1993). The genomes ofmost
gemini viruses are bipartite, termed DNA A and DNA B, the former encodes

functions associated with viral replication and encapsidated and the latter encoding
movement fimctions (Harrison &Robinson, 1999).

2.1 Cassava Mosaic Virus

Gemini viruses are serious plant pathogens, infecting a wide range of
important crop plants in tropical, subtropical and, to a lesser extent, in temperate
regions. The family Geminiviridae is divided into four genera on the basis of

genome organization and biological properties. All have circular single-stranded
DNA encapsidated in twinned (geminate) particles of approximately 20x30 nm
(Bottcher et al., 2004; Zhang et al., 2001). The genus Begomovirus comprises more
than 100 members which are transmitted by the whitefly Bemisia tabaci (Genn.) to
dicotyledonous host plants. While most possess a bipartite genome, some
begomoviruses &om the old World have amonopartite genome (Rothenstein et al,
2006).

CMD is caused by anumber ofbegomoviruses representing distinct species,
such as African cassava mosaic virus (ACMV), East African cassava mosaic virus
(EACMV), East African cassava mosaic Cameroon virus. East African cassava
mosaic Zanzibarvirus and South African cassava mosaic virus (Berrie et al., 2001).
The causative agent ofCMD in India is believed to be Indian cassava mosaic virus,
ICMV (Hong etal, 1993). Complete nucleotide sequencing oftwo cloned ICMV



DNAs, one from the southern state ofKerala (Hong et aL, 1993) and another from

the central state of Maharashtra (Saimders et aL, 2002), showed that they were

highly similar to each other, indicating them to be isolates of the same virus. In

contrast, another distinct cassava infecting geminivirus (CIG) was reported from

Sri Lanka, named Sri Lankan cassava mosaic virus (SLCMV), which has much

lower sequence homology to ICMV (Saunders etaL, 2002). SLCMV had properties

of a monopartite begomovirus, which reportedly captured the DNA B of ICMV

following a recombination event (Saunders etaL, 2002). Using Polymerase Chain

Reaction (PCR) analysis tospecifically amplify parts ofICMV and SLCMV DNA

A. In addition, by PCR-restriction fragment length polymorphism (PCR- RFLP)

analysis, the presence ofseveral novel forms ofthe above viral DNAs, whose partial
sequence analyses indicate that they have probably arisen by accumulating random

point mutations (Patil et aL, 2005).

2.2Expressed Sequence Tags

Expressed sequence tag (EST) databases have become particularly

~i, attractive resources for such in silico mining, as was demonstrated in citrus (Chen
et aL, 2006), coffee (Aggarwal et ai, 2007; Poncet et aL, 2006), sugarcane (Pinto
et aL, 2004), sunflower. (Heesacker et aL, 2008; Pashley et aL, 2006) and
particularly in the cereals (Kantety et aL, 2002; Thiel et aL, 2003; Yu et aL, 2004).

Several cassava genes encoding putative enzymes that may beinvolved in

starch biosjmthesis, such as soluble starch synthase (SSIII), starch phosphoiylase
and 1,4-a-glucan branching enzyme, have also been identified through EST
sequencing (Lopez et aL, 2004). Processes of starch formation and storage in

cassava roots are far more complex than starch biosynthesis since starch

synthesized in the leaves has to be translocated to roots for maturation and storage
(Alves & Setter, 2004). Starch accumulation in roots hasbeen observed to occur as

early as 25-40 DAP in some cassava cultivars (El-Sharkawy, 2004), suggesting that
y starch formation in cassava roots is very complex and acontinuing process closely

related to cassava growth and development. The dehydration-stress library
uncovered numerous ESTs with recognized roles in drought-responses, including



those that encode late embryogenesis abundant proteins (LEA) thought to confer
osmoprotective functions during water stress, transcription factors, heat-shock
proteins as well as proteins involved insignal transduction and oxidative stress. The
unigene clusters were screened for short tandem repeats for further development as

^ microsatellite markers (Lokko et al, 2007).

Since gene expression profiles ofkey growth and developmental stages of
cassava becomes aprerequisite, large-scale analysis technologies such as genome-
wide EST sequencing have been appUed to identify related genes and/or pathways
(Anderson et al, 2004; Lokko et aL, 2007; Lopez et aL, 2004; Reilly et al,2007;
Sakurai et al, 2007). All these studies have indicated that very complex molecular
networks govern cassava starch formation, and the molecular mechanisms
controUmg cassava growth and development are still poorly understood (Li et aL,
2010b).

In EST sequencing, sequencing redundancy usually reflects the average
EST counts per gene which is generally calculated as the number ofredundant

tV observations divided by the sample size. Considering sequence 'validity' and
assembly of contigs by splicing with two or more reads, one contig and one
singleton was assigned to represent one EST per gene, respectively. The sequence
redimdancy was calculated according to the following equation: the sequence
redundancy (%) = (total 'valid' sequences - singletons - contigs)/total 'valid'
sequences 9100. (Liet aL,2010a).

2.3 EST Databases

ESTs constitute an important tool for abetter understanding ofplant genome
stmcUire, gene expression and fimction. The development ofan EST collection also

provides an additional resource for the identification ofnew molecular markers and
thus increases the density ofgene markers on the genetic map (Lopez et aL, 2005).

^ Accumulation of nucleotide sequence information from various organisms,
including cassava, has been promoted as an effective method for gene discovery in
recent decades (Mochida &Shinozaki, 2010). The development of several full-



length cDNA and expressed sequence tag (EST) collections has led to functional

genomics studies in several plant species (Kikuchi etal, 2003; Nanjo et al, 2007;
Seki et ai, 2002; Soderlund et al., 2009; Taji et al, 2008; Umezawa et al, 2008);
moreover, fiill-Iength cDNAs have been utilized to develop comprehensive

transgenic lines ofarabidopsis and rice (Ichikawa et al, 2006; Sakurai et al, 2011).
Large-scale cassava cDNA collection projects have been conducted by various
cassava research groups (Anderson etal, 2004; Lokko et al, 2007; Lopez etal,
2004; Sakurai et al, 2007), information resources from which have been used in

transcriptomics research (An et al, 2012; Sojikul et al, 2010; Utsumi et al, 2012).
The cassava draft genome sequence is now publicly available, and the initial
assembly spans 419.5 Mb, covering 54% ofthe estimated cassava genome size (770
Mb). At present, 30,666 protein-coding loci have been predicted from this genome
sequence and 3,485 alternative splice forms are supported by ESTs (Prochnik et al,
2012).

The expressed sequence tags (ESTs; which are partial sequences [200-800
bp] of expressed genes randomly picked from a cDNA library) databases are
currently the fastest growing and largest portion ofthese publicly available DNA
sequence databases (Cooke et al, 1996; Ohhogge & Benning, 2000). These
databases are important for identifying expressed genes that are further used for

developing DNA microarrays (Richmond & Somerville, 2000). The cDNA
microarray technology (Schena et al, 1995), depends on the availability of ESTs.
This technology has been widely received (Duggan et al, 1999) and used in plants
to identify specific gene fimctions (Maroni et al, 2000); (Gutierrez et al, 2002),
evaluate transcript profiles induced by various physiological or environmental

conditions (Reymond etal,2000); (van Hal et al, 2000); (Lee et al, 2002); (Oztur
et al, 2002); (Potokina et al, 2002); (Zhu et al, 2003a), and evaluate transcript
profiles between genetically modified and control species (van Hal et al, 2000).
Although these are just a few examples that have materialized from genomics
initiatives, continued genome sequencing projects for many important crops are still
underway and are expected to provide future benefits (Anderson et al, 2004).



Expressed sequence tags (ESTs) today represent a powerful and efficient

tool forrapid identification of the genes that are preferentially expressed in certain

tissues or cell types (Adams et al, 1991) and are reported to be helpful for post

transcnptomic large scale functional genomics particularly to gain newinsights into

reproductive molecular biology (Cerda, 2009).

2.4 Cassava Genome

The cassava genome (2n=36) (De Carvalho & Guerra, 2002) is highly

heterozygous because of its outcrossing nature and broad tropical distribution

(Fregene e? a/., 2003; Siqueira et al, 2010). Conventional breeding and marker-

assisted selection have so far proved ineffective in achieving its potential regarding
desirable traits, such as high-quality starch, storage root yield, avoidance to

postharvest biological deterioration and resistance to diseases (Okogbenin &

Fregene, 2003; Rabbi et al, 2012). For instance, cassava storage root yield is

approximately 13.6t ha'̂ globally, which is two- to four fold below its potential
productivity. The lack of a reference genome sequence and other genomic and

transcnptomic resources has limited progress in basic biological research and

breeding in cassava. Therefore, the draft genome sequence of a partial inbred

cassava line, AM560, has been generated and publicly released relatively recently
(Prochnik et al, 2012) (http://www.phytozome.net/cassaya.php/). The sequence
integrated 26- and 0.9-fold coverage ofRoche 454 and Sanger reads, resulting in
530-Mb assembled scaffolds (including 410-Mb ofcontigs with no gaps), that cover
approximately 70%of the cassava genome.

Cassava, Manihot esculenta Crantz subsp. esculenta (Euphorbiaceae) is an
ancient crop species; starch grains or radiocarbon-dated macroscopic remains are
in the archeological record from 1800-7500 BP (Ugent et al. 1986; Dickau et al,
2007), Molecular evidence based on the haplotypes oftiie single-copy nuclear gene
glyceraldehyde 3-phosphate dehydrogenase and genetic variation in five

microsatellite loci strongly support the view that cultivated cassava is most likely
derived from wild populations {M. esculenta subsp. flabellifolia), particularly from
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the populations occurring along the southern border ofthe Amazon basin (Olsen &
Schaal, 2001; Olsen &Schaal, 1999).

2.5 Genetic Variability and Diversity inCassava

Although cassava originated in South America and was exported to Afiica
and Asia, its population structure is pooriy understood relative to better studied
crops such as maize and rice. An understanding of genetic variation allows the
development ofrobust systems ofmarkers for mapping and breeding, including the
characterization ofgermplasm that might provide useful alleles (Edwards &Batley,
2010). Initial marker development in cassava has relied upon simple sequence
repeats (SSRs), such as microsateUite sequences (Raji etai,2009; Roa et ai,2000),
as well as -2,000 SNPs identified in expressed sequence tags (Ferguson etai, 2012;
Tangphatsomniang et ai, 2008). Known SSR and SNP markers, however, are
sparsely distributed across the cassava genome and may not be ideal for either fine-

mapping orinexpensive large scale assays.

2.6Single Nucleotide Polymorphism

A SNP is a mutation with a single DNA base substitution orminor allele

fi-equency (MAF) observed with afi-equency of at least 1% in agiven population
(Mah &Chia, 2007; Riva &Kohane, 2002). Anonsynonymous SNP (nsSNP) is a
single base change in the coding region ofa gene, which results in an amino acid

substitution (AAS) in the coiresponding protein product. nsSNPs results in actual
changes in primary amino acid sequences, the function of the protein products
might be altered. SNP prediction tools can either be sequence (Miller &Kumar,
2001) or structure based, because most disease-causing SNPs affect the protein
stability and structure-based rules that have been established to distmguish
fimctionally significant SNPs fi:om those that are functionally neutral (Sunyaev et
ai, 2000; Wang &Moult, 2001). There are many puHicly available bioinformatics
tools that provide systematic means ofpredicting the functional significance.

Sequence variations could be either SNPs or smaU insertion/deletions
(indels) in genomic DNA of individuals of the same species or closely related
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species (Brookes, 1999; Useche etai, 2001). SNPs are one of the most commonly
used genetic markers for studying complex genetic traits and genome evolution
because of their abundance and slow mutation rate within the genome. In addition,
SNPs in coding sequences are used to directly study the genetics ofexpressed genes
and to map flmctional traits (Grivet et ai, 2003). In particular, non-synonymous
SNPs (nsSNPs) are more attractive because they change the amino acid, possibly
affecting protein fimction (Garg etai, 1999a).

Sequence and structure based methodologies are the most common

approaches used in SNP prediction tools. The advantage of using the sequence-
based approach alone for prediction is that results for a large number of
substitutions can be generated (Ng &Henikofif, 2003), as structural information
tends to be less available. Sequence- based predictions can be more encompassing
than structure-based ones as they can include all types ofeffects at the protein level
and can be applied to any human protein with known relatives (Yue et ai,2005).
Overall, such an approach has broader applicability as it does not require knowledge
ofthree-dimensional (3D) structures (Yue &Moult, 2006) to predict the impact on
functions of resulting proteins. However, sequence-based predictions (based on
homology and evolutionary conservation) are unable to shed light on the underlying
mechanisms of how SNPs result in changed protein phenotypes (Yue &Moult,
2006), which might have consequences for drug targets. Structure-based
approaches are useful as they shed light on how a given amino acid structure can

result in an altered protein phenotype by predicting its effect on the 3D structure.
The main disadvantage ofa structure-based approach is tiiat the 3D structures of
most proteins are unknown. Thus, this approach has limited applicability. Tools that
integrate both approaches have the added advantage of being able to assess the
reliability of the generated prediction results by cross-referencing the results from
both approaches. Tools that combine these approaches use different algorithms and
methodologies for prediction, thereby having a wider cover- age of the different
aspects of SNP analysis.
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Ithas been shown that select amplicons in the non- coding regions, such as
introns, 3 untranslated regions (3'-UTRs) and BAC end sequences are a good
source of data for SNP discovery and increase the frequency of detection of

polymorphisms by up to threefold (Rafalski, 2002; Zhu et al, 2003b)

Single nucleotide polymorphisms have been shown tobe the most abundant
type ofmolecular genetic markers in the genome (Cho et al., 1999) and are quickly
becoming the marker of choice in agricultural research, especially for use in high-
throughput marker-assisted breeding (Rafalski, 2002). Based on different studies
on animals and plants, it is necessary to sequence at least 200-500 bp ofnon-coding
DNA on average to find asingle non-coding SNP (ncSNP) and about 500- 1,000
bp to locate acoding SNP (cSNP) (Brumfield et al, 2003). In plants, studies on the
occurrence and nature of SNPs are beginning to receive considerable attention,
particularly in Arabidopsis. In this plant more than 37,000 SNPs have been
identified through the comparison of two accessions (Jander et al., 2002). In
soybean, the presence of280 SNPs in 143 amplicons totaling about 76.3 kb ofDNA
sequence has been reported (Zhu et ai, 2003b). The frequency of one ncSNP per
31 bp and 1cSNP per 124 bp in 18 maize genes assayed in 36 inbred lines (Ching

£7/., 2002).

The mherent redundancy in EST data makes them apotentially significant
resource for the detection ofSNPs. This resource has recently been used in alarge-
scale identification ofSNPs in Arabidopsis (Schmid et al, 2003), maize (Batley et
al, 2003) and sugarcane (Grivet etal, 2003).

There are three different categories of SNPs:

• TRANSITIONS-(C/T orG/A)

change of purine to pyrimidine

• TRANSVERSIONS - (C/G, A/T, C/A, or T/G)
change ofpurine to purine or pyrimidine to pyrimidine

• INSERTIONS/DELETIONS (indels)
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SNPs at anyparticular sitecould be bi-alielic, tri-allelic or tetra-allelic. In these

types tri-allelic and tetra-allelic SNPs are rare. SNPs are generally bi-allelic. SNPs

may occur in the coding, non-coding and intergenic regions of the genome, thus

enabling the discovery of genes as a result of the differences in the nucleotide

^ sequences. SNPs are excellent markers for association mapping ofpolygenic traits
with highest map resolution (Brookes, 1999; Bhattramakki et ai, 2002).

SNPs are the most frequent type ofvariation found inDNA (Brookes, 1999;
Cho etai, 1999), and their discovery together with insertions/deletions has formed

the basis ofmost allele variations.

2.6.1 Strategies usedfor development of SNP markers

• Wet lab methods or experimental methods

• Computational methods or bioinformatics methods.

The experimental method of SNP discovery is expensive and time consuming
(Schlotterer, 2004; Useche et ai, 2001). A computational approach to discover

^ potential SNPs from publicly available sequences makes the development ofSNP
markers rapidandless expensive.

For computational SNP discovery:

• The program should be able to distinguish allelic variation from sequence
vmation between paralogous sequences (Batley et al., 2003; Dantec et ai,
2004; Marth et ai, 1999).

• The program should be able to recognize sequencing errors, which are

usually caused by poor quality sequences, especially for EST data (Batley
et al, 2003; Garg et ai, 1999b; Matukumalli et ai, 2006; Picoult-Newberg
e/a/., 1999).

>-
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2.6.2Mining of SNPs from EST sequences marker development in plants.

The steps involved in SNP discovery from EST sequences include

clustering, sequence assembly and SNP detection (Batley et ai, 2003). A .number

of methods used to identify SNPs in aligned sequence datarely on sequence trace

fileanalysis to filter outsequence errors by their dubious trace quality (Marth etaL,

1999). Twocomplementary approaches havebeen adopted to differentiate between

sequence errors and true polymorphisms:

• Assessing redundancy of the polymorphism in an alignment

• Assessing co-segregation of SNPs to define a haplotype.

The most important limitation for useofEST for SNP marker development

is that EST data provides very limited polymorphisms (Matukumalli et aL, 2006).

Also, other factors such as alternative splicing, reverse transcription errors and

RNA editing interfere with the predictions even after including sequence quality

scores. ButSNP discovery from ESTsequences was successfully implemented for

maize (Rafalski, 2002) and pine QDantec et al.^ 2004) species by constructing a

software data analysis pipeline. Hence, the selection of appropriate tool for SNP

identification basically depends on the nature ofinput sequences.

2.7 SNP in Cassava

Cassava is considered as an allopolyploid, with a high level of

heterozygosity and suffers from inbreeding depression. Amolecular genetic linkage

map of cassava has been constructed based principally on isoenzymes, RAPD and

RFLP markers (Fregene et al. 1997).

A number of other new resources have been generated over the last few

years to improve the efficiency of cassava breeding. They include the detection of

QTLs associated with agronomic characteristics (Okogbenin &Fregene, 2003) and

resistance to cassava bacterial blight (CBB) and the isolation of resistance gene

candidates (RGCs) that can be used in marker-assisted selection as well as in map-
based cloning ofresistance genes (Lopez etal., 2003).
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Cassava ESTs are exploited to detect SNPs in the cultivars used to generate
the EST collection. Further information on the frequency of SNPs in cassava was
obtained by analysis of 33 amplicons fiom 3' EST and BAC end sequences in six
cassava cultivars. This information helped to develop new strategies for the
mapping of these ESTs and establish their association with phenotypic
characteristics. ESTs represent a rich source ofmolecular information. C assava
EST sequences (Lopez et al, 2004) for the identification ofcSNPs using data from
the 1,875 contigs obtained after assembly using the StackPack software (Miller et
al, 1999). Among these, 964 contained four or more sequence reads. The sequences
were inspected for die presence of polymorphisms using polyBAYES software
(Marth et al., 1999). Among the contigs analyzed. 111 contained sequence variants
which could be divided into two types: those present within the same cultivar, intra-
cultivar SNPs and inter-cultivar SNPs. (81 SNPs and 15 indels in the first category
and 76 SNPs and five indels in the second category). Transitions (C/T or G/A and

vice versa) were most common in both intra- and inter-cultivars (64 and 65%
respectively, than transversions (A/C, A/T, G/C or G/T and vice versa). In total the
number oftransitions was significantly higher than transversions. Agreater number
ofindels were detected within cultivars (15) than between them. Overall, 144 SNPs

were detected, totaling 73,332 bp, thus giving a total of one SNP every 509 bp
(Lopez et al., 2005).

2.8 Simple Sequence Repeats

Molecular markers are powerful tools for marker assisted selection (MAS)
in plant breeding (Collard &Mackill, 2008). MAS is more efficient, effective,

reliable and cost-effective than conventional selection for many traits during plant
breeding. They are ubiquitous in prokaryotes and eukaryotes, present even in the

smallest bacterial genomes (Morgante &Olivieri, 1993; Toth etal, 2000). DNA
polymerase slippage causes errors and generate base pair insertions or deletions,
resulting, respectively, in larger or smaller regions (Iyer et al, 2000). The genomic
abundance of microsatellites, and their ability to associate with many phenotypes,
make this class ofmolecular markers apowerful tool for diverse application in plant
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genetics. The identification of microsatellite markers derived fi*om EST (or
cDNAs), and described as functional markers, represent an even more useful
possibility for these markers when compared to those based on assessing
anonymous regions (Kashi &King, 2006; Varshney et ai, 2005; Varshney et ai,

^ 2006).

The characterization of tandem repeats and their variation within and
between different plant families, could facilitate their use as genetic markers and
consequently allow plant-breeding strategies that focus on the transfer ofmarkers
from model to orphan species to be applied. EST-SSR also have ahigher probability
of being in linkage disequilibrium with genes/QTLs controUing economic traits,
making them more useful in studies involving marker-trait association, QTL
mapping and genetic diversity analysis (Gupta et ai, 2003).

Microsatellite markers are widely used to construct genetic maps, associate
traits with underlying genomic regions and for MAS (Varshney et ai, 2005).
Microsatellites are found in all eukaryotic genomes. They consist of 1-6 bp of

V nucleotide motifs repeated in 5-20 copies distributed throughout the genome both
in coding and non-coding regions (Kashi et al, 1997). The use of genomic DNA
enriched for satellites to produce libranes for DNA sequencing is a common and
reliable technique to develop markers in many plant species, including maize
(Sharopova etal., 2002), peanut (He et ai, 2003), and red clover (Sato etal, 2005).
Their polymorphisms consist of variations in the number of repeats, which was
suggested to be due to slippage of the polymerase (Kxuglyak et ai, 1998). They
have a high level of potential polymorphism, locus-specificity, multi-allelic and
codominant nature, relative abundance and reproducibility.

Conventional methods used for developing SSRs involve the construction
ofagenomic libraiy and subsequent screening for the presence ofSSR repeatmotifs
in the clones (Weber &May, 1989). This makes the approach laborious, time
consuming and expensive (Schlotterer, 2004). Meanwhile, with the ever increasmg
number of sequences in publicly available databases, in silico approaches for
screening SSRs from sequences have become an efficient and inexpensive
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alternative for many species. Several software packages have been developed to

detect SSRs in these sequences, especially from ESTs.

SSRshave beenreported to be superior to othermolecular markers because

• Multiple SSR alleles may be detected at a single locus using a

simple PGR based screen

• SSRs areevenly distributed all over the genome

• They are co-dominant

• Very small quantities ofDNA are required for screening

• Analysis may besemi- automated (Varshney etaL, 2005).

Sequence data for many fiilly characterized genes and full length cDNA clones have

been generated for some plant species (Varshney etaL, 2005).

Genie SSRs or EST SSR have certain noticeable advantages over genomic SSRs.

• quickly obtained by electronic sorting

• represents functional region of the genome

• more transferable between related species (Cordeiro et al, 2001; Varshney

e/a/.,2005; Yue^a/.,2004)

The presence ofSSR in expressed region ofgenomes suggests that they may have
a role in gene expression or function. The waxy gene in rice has been found to

contain apoly(CT) microsatellite in the 5'-untransIated region (UTR) whose length

polymorphisms is associated with amylase content. In general, approximately 5%
of plant EST contain SSRs with a minimum length of 20 nucleotides (Kantety et
al., 2002; Poncet etaL, 2006; Varshney etaL, 2005).

2.9 SSR in Cassava

For cassava, SSRs had been developed and used in genetic linkage map
construction (Fregene et aL 1997). The first genetic linkage map of cassava was

constructed from Fi intra-specific cross using SSR, RFLPs, RAPDs and isoenzymes
(Fregene et aL 1997). SSRs (Chavarriaga-Aguirre et aL 1998) and EST-SSRs (Raji
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et ai, 2009; Tangphatsomruang et aL, 2008) were developed for germplasm

evaluation in cassava and its related species. In addition, 172 SSR markers were

developed from genomic DNA-derived satellite enriched library and mapped inan

F1 population. In2006, a genetic map ofan F2 population was developed using SSR

markers (Okogbenin etal.2006). Composite map ofanFipopulation that consisted

ofAFLP, SSR and EST markers (Kimkeaw et aL, 2010). However, none of these

maps could completely encompass the genome ofcassava. Arecent genetic map of

cassava was constructed using Fi population. However, themap ismostly based on

AFLPs (65%) and SSRs, EST-SSRs and sequence-related amplified

polymorphisms (SRAPs) (Sraphete? fl/.,2011). Inthe case ofcassava, SSRmarkers

have been utilized for the characterization of genetic resources (Fregene et al,
2003; Raji etaL, 2009; Roa etaL, 2000) and an SSR-based molecular genetic map
for cassava comprising 100 markers was described (Okogbenin etaL, 2006). For
cassava, 14 different primer sequences were designed to amplify SSRs containing
mostly perfect orimperfect GArepeats. The primers were tested on522 accessions

of the cultivated cassava core collection conserved at CIAT and showed

heterozygosity values between 0.00 and 0.88, with ^ many as 15 different alleles

at one locus (Chavaniaga-Aguirre etaL, 1998).

2.10 Bioinformatics tools for SNP prediction

AutoSNP

A program has been developed to detect SNPs and indels from EST

sequences (Barker et aL, 2003; Batley et aL, 2003), The pro^am uses d2cluster

(Burke et aL, 1999) for clustering the ESTs and CAP3 (Huang &Madan, 1999) to
align the sequences. It differentiates between SNPs and sequence errors using
redundancy value. Polymorphisms are identified as occurring in multiple reads
within an alignment. SNP redundancy score is referred to as the frequency of
occurrence ofapolymorphism at aparticular locus providing aprimary measure of
confidence in the SNP representing a true polymorphism. Co-segregation score
provides asecond measure ofconfidence in SNP validity.
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QualitySNP

QualitySNP is an efficient tool for SNP detection, retrieval and storage in
diploid and polyploidy species. It can be run on Linux platfonns. Haplotype-based
strategy is used to detect reliable synonymous SNPs Synonymous SNPs are SNPs
in protein-coding exons that don't change the amino acid due to the redundancy of
the genetic code and non-synonymous SNPs are SNPs in protein-coding exons that
cause a change in the amino acid. SNPs are detected from public EST data.
Haplotypes represent the different alleles ofagene in adataset. It uses three filters
for the identification of rehable SNPs.

• Filter I: screens for all potential SNPs and identifies variation between or

within genotypes.

• Filter 2: is the core filter that uses a haplotype-based strategy to detect
reliable SNPs. Clusters with potential para- logs as well as false SNPs
causedby sequencing errorsis identified.

^ • Filter 3. screens SNPs by calculating a confidence score, based upon
sequence redimdancy andquality.

Non-synonymous SNPs are identified by detecting ORFs of contigs with SNPs.

HaploSNPer

HaploSNPer is a web-based SNP discovery and allele detection tool based
on QualitySNP (Tang et al,2008). It makes use ofBLAST for finding homologous
sequences. ESTs are used as input files. CAP3 or PHRAP are used for aligning, and
QualitySNP for predicting possible allelic sequences and SNPs. HaploSNPer
provides auser friendly interface for visualization of SNP and alleles. Singhal and
his team in 2011 used HaploSNPer and found 40589 reliable SNPs in Sorghum
bicolor genome. Limitation ofHaploSNPer is that it does not extend to the analysis
ofdiversity, linkage disequilibrium or haplotype network study.
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SniPlay

SniPlay integrates pipeline which is freely accessible through the internet,
combining existing software's with new tools to detect SNPs and to compute
different types ofstatistical indices and graphical layouts for SNP data. It isable to

^ "detect SNPs and indels from standard sequence alignments, genotyping data or
Sanger sequencing.

The pipeline allows the use ofexternal data such as phenotype, geographic
origin, taxa, and stratification to define groups and compare statistical indices. It

also integrates database for storing polymorphisms, genotyping data and grapevine
sequences released by public andprivate projects which allows the userto retrieve

SNPs using various filters such as genomic position, missing data, polymorphism
type, and allele frequency. It can be used to compare SNP patterns between

populations (Dereeper et ai, 2011).

, SNPServer

SNPServer (Savage ei al, 2005) is an online tool. It is the real time

implementation of theSNP prediction method AutoSNP. ItusesAutoSNP software

by providing a web interface for sequence input, comparison and assembly and
permits rapid discovery ofSNPs. Ituses BLAST to identify related sequences, and

CAPS to cluster and align these sequences. The alignments are parsed to the SNP

discovery software AutoSNP.

InSNP

InSNP is windows based software package for SNP prediction.

SNPdetector

SNPdetector scripts work only on Unix/Linux platforms. It use the Smith-

Waterman algorithm for aligning reads, as well as amodified version ofthe NQS
-yr (Altshuler et aL, 2000) method for detecting homozygous SNPs among different

individuals. SNP detector requires a minimum of a 30 per cent threshold for
secondary peak intensity for detecting heterozygous SNPs.
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NovoSNP

NovoSNP works on windows as well as Unix/Linux based platfonns. Ituses

BLAST (Altschul et aL, 1990) for aligning sequence reads and uses a series of

filters to reduce false positive SNPs. This package is configured to work with a
database, and, hence, it makes polymorphism discovery and data storage
convenient.

2.11 Bioinformatics tools for SSR prediction

Sputnik

Sputnik is aprogram developed in Cprogramme. Itsearches DNA sequence
file in FASTA format for simple sequence repeats. It uses arecursive algorithm to
search for repeated patterns ofnucieotides of length between 2 and 5 and finds

perfect, compound and imperfect repeats. The output ofSputnik isafile ofSSRs in
tabular format. Sputnik has aheady been apphed for SSR identification in many
species including Arabidopsis and barley (Cardie et al, 2000).

Tandem Repeats finder

Tandem Repeats Finder (TRF) (Benson, 1999) can identify very large sized
SSR repeats, up to alength of2000 bp it uses aset of statistical tests for reporting
SSRs, which is based on four distributions:

• pattern length

• matching probability

• indel probability

• tuple size

TRF finds perfect, imperfect and compound SSRs. TRF isavailable for Linux. TRF

has been used for SSR identification in cowpea (Chen et al, 2007).
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Sequence Repeat Identification Tool

Simple Sequence Repeat Identification Tool (SSRIT), uses Perl script to

executethe programmeandfind perfect SSRrepeats (2 to 10 bp in length) within a

sequence (Temnykh et ai, 2001). SSRIT was used to mine SSR in ESTs fi'om

Barley (Kantety et ai, 2002), maize, rice, sorghum and wheat. SSRIT was used to

mine SSRs in wheat rust Puccinia sp (Singh et al., 2011).

Tandem Repeat Occurrence Locator

TROLL,drawsa keywordtree andmatchesit with a techniqueadaptedfi'om

bibliographic searches, based ontheAho- Corasick algorithm (Castelo etal., 2002).

One of the major disadvantages of TROLL is that it cannot handle very large

sequences and cannotprocess large batches of sequences as the tree takes up large

amounts of memory.

MISA

Themicrosatellite (MISA) tool identifies perfect, compound andinterrupted

SSRs. It is a perl programme. It requires a set of sequences in FASTA format and

a parameter file "misa configuration settings" that defines unit size and minimum

repeat number of each SSR. The output includes a file containing the tables of

repeats found, and a summaiy file.

MISA can also design PGR amplification primers either side of SSR. The

tool is written in Perl and is therefore platform independent, but it requires as

installation ofPrimer3 for primer search (Thiel etal., 2003). MISA has been applied

for SSR identification in coffee (Aggarwal et ai, 2007), barley (Kota et ai, 2001;

Thiel etal, 2003), wheat (Yu etai, 2004), rye (Khlestkina etai^2004) and peanut

(Liang et ai, 2009).
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Repeat Finder

Repeat Finder (Volfovsky et al, 2001) is a tool that works only in linux

platforms.

It finds SSRs in four steps.

1. Find all exact repeats using Repeat Match or REPuter.

2. Merges repeats together into repeat classes

3. Merging all of the other repeats that match those already merged, into the

same classes.

4. Matches all repeats and classes against each other in a non-exact manner

using BLAST.

The input is a genome orsetofsequences, and theoutput is a file containing the

repeatclasses andnumber ofmerged repeats found in eachclass. Repeat Findercan

finds repeats of any length. Also it finds perfect, imperfect andcompound repeats.

^ Ithas been used to identify SSRs in peanut (Jayashree etal., 2006).

SSRPoly

The only SSR identification tool which is capable of identifying

polymorphic SSRsfi'om DNAsequence data. The input is a file of FASTAformat

sequences. SSRPoly includes a set of Perl scripts and MySQL tables that can be

implemented onUNIX, Linux and Windows platforms (Tang etal, 2008).
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3. MATERIALS AND METHODS

The study entitled '"Molecular marker development of cassava mosaic

disease resistance using bioinformatics tools and its validation." was conducted at

the Central Tuber Crop Research Institute (CTCRI) during 2014-2015. Details

^ regarding the experimental materials used and methodology adopted for various

experiments are presented in this chapter.

3.1 Cassava Sequence Dataset

The preliminary data set for the work was obtained from the EST section of

NCBI (http://www.ncbi.nlm.nih.gov/nucest). The EST database is a collection of

short single-read transcript sequences from Genbank. These sequences provide a

resourceto evaluate gene expression, find potentialvariation, and annotategenes.

To discover polymorphisms, the cassava draft genome sequence and

transcript sequences (variety AM560-2, JGI annotation v4.1) from the Phytozome

website (http://phytozome.jgi.doe.gov/pz/portal.htmf) were also downloaded.

y" Phytozome is the Plant Comparative Genomics portal of the Department of

Energy'sJoint Genome Institute. Familiesof relatedgenesrepresentingthe modem

descendants ofancestral genes are constructed at key phylogenetic nodes.

Cassava sequences were retrieved from the Genbank EST section on 11th

November 2014. A total of 86310 ESTs of cassava were downloaded from NCBI.

The transcript sequence of cassava obtained from phytozome had a total of 34151

transcript sequences.

Together, a total of 1,20,461 sequences were taken as the primary dataset

for researchwork. Work flow is given in figure 1.

T"
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Figure 1. Workflow for the identification of SNP and SSR markers
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3.2 Pre-processing of Sequences

The sequences are processed for contamination or simple repeats using the

SeqClean script (http://sourceforge.net/proJects/seqclean/flles/).

SeqClean is a tool for validation and trimming of DNA sequences from a

flat file database (FASTA format). SeqClean was designed primarily for "cleaning"

of EST databases, when specific vector and splice site data are not available, or

when screening for various contaminating sequences is desired.

The program works by processing the input sequence file and filtering its

content according to a few criteria;

• Percentage ofundetermined bases

• PolyA tail removal

• Overall low complexity analysis

• Short terminal matches with various sequences used during the

sequencing process (vectors, ad^ters)

• Strong matches with other contaminants or unwanted sequence

(mitochondria!, ribosomal, bacterial, other species than the target

organism etc.)

Requirements to run SeqClean

• Perl version >=5.6

• A working installation of recent versions of NCBrs blastall and

megablast programs (one or more databases of potential contaminants

(e.g. a vectordatabase like NCBFs UniVec) properly formatted to work

with NCBFs blastall (usingformatdb))

Usage: seqclean your_est_file

Seqclean creates two output files of interest:
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• The filtered FASTA file (your_est_file.clean for the example above)

containing only valid (non-trashed) and trimmed ("clear range")

sequences

• A "cleaning report"(your_est_file.cln) providingdetailsabout sequence

trimming and trashing (coordinates, reasons for trashing, contaminant

names etc. - see below for a detailed description).

Thesequences arechecked for sequence contamination and simple repeats by using

the SeqClean script with the default runtime options. Vector sequences in these

ESTs are then trimmed using the UmVec_Core database

(http://www.ncbi.nlm.mh.gov/tools/vecscreen/mivec/) ofNCBI.

3.3 Resistant Virus Gene Database

In order to developthe markersrelatedto CMD,a plant specificdatabase of

virus resistant genes is needed. Hence resistance virus gene database was created

and compiled from uniprotKB manually. The UniProt Knowledgebase

(UniProtKB) is thecentral access point forextensively curated protein information,

including function, classification and cross-references.

The database acts as the central hub for the collection of functional

information on proteins, with accurate, consistent and rich annotation. In addition

to c^turing the core datamandatory for each UniProtKB entry (mainly, theamino

acid sequence, protein name or description, taxonomic data and citation

information), as much annotation information as possible is added. This includes

widely accepted biological ontologies, classifications and cross-references, and

clear indications of the quality of annotation in the form of evidence attribution of

experimental and computational data.

The UniProt Knowledge base isanon-redundant and complete protein sequence

database consisting of two components;
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1. Swiss-Prot - section containing manually-annotated records with

information extracted from literature and curator-evaluated computational

analysis

2. TrEMBL- section with computationally analyzed records that await full

manual annotation

R-gene or resistant genes related to cassava and mosaic diseases was screened

from it and was used for database creation. The virus resistance protein database

consisted of 730 resistant genes.

3.4 Processing the Primary Dataset

3.4.1 Screening for Resistant Genes in Primary Dataset

For screening of primary dataset with virus resistant protein sequences

'BlastX - Search protein database using a translated nucleotide query' was used.

The software Klast was used for doing sequence comparison. Klast provides a

graphical interface to blast. All the databases are downloaded through database

manager of klast. Public and personal databases can be installed through the

manager. The sequences to be searched is loaded in the query tab of klast. it

providesoptionsfor blastingusing onlinedatabases. It alsosupportsannotation and

retrieval of biological classification data and other related data directly from

selected databases.

In order to introduce biological classification data within KLAST results:

• The biological classifications managedby KDMS; they are listed by the end of

the Public databanks panel: Enzyme, Gene Ontology terms, InterPro terms,

NCBI Taxonomy and Pfam terms

• A reference sequence databank that is annotated with such classifications; a

very well-known example is Uniprot_Swissprot.

3.4.2 Annotation of Screened Sequences
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Cassava ESTs and transcript sequences were blasted against resistant genes

and the transcript sequences having high similarity were annotated with

Uniprot/Swissprot database.

3.4.3 Screening for Plants from Annotated Data

Sequences afrer annotation may contain organisms other than plants as

annotation was done using Uniprot/Swissprot database. These sequences were

further screened for plant related genes only and there were 14336 related

sequences.

3.4.4 Confirmation ofAnnoted Sequences

Sequences were again annotated with SwissprotAJniprot database for

confirmation. A100% match was obtained in this step. This resulting sequence

was taken as the input for the prediction of SNP and SSR.

3.5 DNA Polymorphism Discovery

3.5.1 Assembling of Sequences

Clustering of sequences was done using a perl script called CAP3 which is

available at (http://seq.cs.iastate.edu/CAP3.html).

CAP3 takes as input a file of sequence reads in FASTA format. CAP3 takes

two optional files: a file of quality values in FASTA format and a file of forward-

reverse constraints. The file of quality values must be named "xyz.qual", and the

file of forward-reverse constraints must be named "xyz.con", where "xyz" is the

name of the sequence file. CAP3 uses the sameformat of a qualityfile as Phrap.

Usage: CAP3 File_of_reads [options]

File of reads is a file of DNA reads in FASTA format
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Options (default values):

-a N specify band expansion size N> 10 (20)

• -b N specifybase quality cutoff for differences N > 15 (20)

-c N specifybase quality cutoff for clippingN> 5 (12)

-d N specifymax qscoresum at differences N > 100 (200)

-e N specify extra number of differences N > 10 (20)

-f N specifymax gap lengtii in any overlapN > 10 (300)

-g N specify gap penalty factor N > 0 (6)

-h N specifymax overhang percent length N > 5 (20)

-i N specifysegmentpair score cutoffN > 20 (40)

-j N specifychain score cutoffN> 30 (80)

-k N specifyend clippingflag N >= 0 (1)

-m N specify match score factor N > 0 (2)

-n N specify mismatch score factor N < 0 (-5)

^ -o N specify overlap length cutoff> 15 (40)
-p N specify overlap percentidentity cutoffN> 65 (90)

-q N specify flagfor reads of length >=30kb N >= 0 (0)

-r N specifyreverse orientation valueN>= 0(1)

-s N specify overlap similarity score cutoffN > 250 (900)

-t N specify max number ofword occurrences N > 30 (500)

-u N specify minnumber of constraints for correction N > 0 (4)

-V N specify minnumber of constraints for linking N > 0 (2)

-w N specify file namefor clipping information (none)

-x N specify prefixstringfor outputfile names (cap)

-y N specify clipping range N > 5 (100)

-z N specify minno. of good reads at clip posN > 0 (2)

If no quality file is given, then a default quality value of 10 was used for

each base. To get assembly results in CAP format, first go to the standard output
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and then direct it to a file. CAP3 also produces assembly results in ace file format

(".ace"). This allows CAP3 output to be viewed in Consed. CAP3 saves consensus

sequences in file ".contigs" and their quality values in file ".contigs.qual". Reads

that are not used in assembly are put in file ".singlets". Additional infonnation about

assemblyis given in file ".info".The CAPSprogram reports whether each constraint

is satisfied or not. The report is in file ".results".

The sequences obtained by the above process and the predicted transcript

sequences firom the cassavadraftgenomesequence wereassembledusingthe CAPS

program with default runtime options.

3.5.2 SNP Prediction

Two tools were used for prediction of SNP

• QualitySNP

• AutoSNP

QualitySNP

QualitySNP is an efficient tool for SNP detection, storage andretrieval. It

implements a new algorithm developed by us to reliably detect single nucleotide

polymorphisms (SNPs) and insertions/deletions (indels) in expressed sequence tag

(EST) data, both with and without quality files. The newalgorithm uses ahaplotype

based strategy onpotential SNPs, which predicts reliable SNPs, as well as reliable

haplotypes.

The pipelineconsistsof four steps:

1. EST assembling using crossjnatch for removing vectors and CAPS for

sequence clustering.

2. Analysis of the alignment information to select clusters with at least 4 EST

members; this is done by the Perl script "Getalignmentinfo".

S. Performs SNP and haplotype detection, and distinguishes variations

between or within genotypes. This isthe core part ofthe pipeline, using the

C program named "QualitySNP" that implements the algorithms for
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prediction haplotypes and SNPs. The helper programs "Getavailcontigseq"

and "Getavailcontigqual" extract the sequences from the contigs and get the

quality information of contigs.

4. The non-synonymous SNP discovery was done using FASTY, from

^' Pearson's FASTA package. A Cprogram named "GetnonsySNPfasty" is
used to analyze FASTY results, detect the ORFs and find non-synonymous

SNPs.

Commands to run QualitySNP:

1. % CAP3 filename -p similarity -o 100 with the parameters in these

commands are: filename is the file with sequences in FASTA format and

similarity is the similarity of overlap for CAP3.

2. % Getalignmentinfo filename.cap min-clustersize

where

• filename is the sequence file

^ • min-clustersize is the minimum cluster size.

• The default minimal cluster size is 4.

QualitySNP is executed

1. % Getavailcontigseq filename.cap

2. % Getavailcontigqualfilename.cap

3. % QualitySNP filename.cap min-allelesize lowqual5side similarityl

similarity2 lowqual3side weightlowqual min-confidencescore

The parameters used in these commands are:

• Min-allelesize is the minimum size of alleles of each SNP

• lowqualSside is the length of the low qualityregion at the 5' end of

sequence

• similarity! is the similarity on one polymorphic site (0.75)

• similarity2 is the similarity onall polymorphic sites (0.8)

• lowqualSside is the low quality region of 3' side.
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• weightlowqual is the weight value of the low quality region (0.5)

• min-confidencscore is the minimal confidence score (2)

Analysis of non-synonymous SNP

% fasty34_t allavailcontigseqwithSNPUniprot -b 6 -d 6 -Q > allavailcontigseq

withSNP.fasty

Parameters used:

• Viridiplantae - Plant protein database in uniprot

(tp://l41.161.180.197/pub/databases/uniprot/current_release/knowl

edgebase/taxonomic_divisions/uniprot_sprot_plants.dat.g2).

• This can be either the full path leading to a FASTA-fonnatted

protein database, or a single letter to indicate the database, in case

the FASTLIBS environment variable is used to specify databases in

the FASTA suite.

^ The files "availcontigseq" and "allavailcontigseqwithSNP" are firom the
results of QualitySNP, File "availcontigseq" contains the consensus sequences of

contigs with SNPs, asproduced byCAPS. Asthese sequences are notcurated, they

may contain padding symbols ("*"), which may indicate either insertions and/or

deletions intheESTs, butinmany cases these maybecaused bysequencing errors.

The file "allavailcontigseqwithSNP" contains the consensus sequences of SNP-

containing contigs which did not contain any insertions or deletions.

2088 contigs from 14336 sequences with resistance against virus was taken as

the input of QualitySNP.

• The result obtained was classified into:

• Ssnpcodingdata - list of synonymous SNPs

• Nssnpcodingdata-list of Non-Synonymous SNPs

• Ssnpfastydata - list showing the transcribed sequence of the SNPs

• Nssnpfastydata - list showing the transcribed sequence of the SNPs
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Indelsnpdata - list of Indels

Contigorfdata - open reading frames of contigs

Utrsnpdata- list of SNPs in untranslated region

Snptagdata - list of SNP tags

AutoSNP

AutoSNP is one of the first tools for SNP discovery aimed at exploiting the

largenumber of ESTs available in the public domain. The input consists of large

sets of ESTs of often unknown gene origin andwithout trace files or base quality

. data. The ESTs are first clustered with d2cluster and additionally aligned and

assembled with CAPS.

• Two parameters are used for putative SNP identification:

o SNP redundancy score is the minimum number of reads per allele

^ (two bytwo).

o SNP cosegregation score is the percentage of other SNPs with an

identical segregation pattern.

The AutoSNP computer program carries out automated analysis of EST

sequence data and identifies SNPs as well as insertion/deletion (MDel) variations

present in them. It aligns theEST sequences and distinguishes between predicted

SNPs and sequencing errorson the basis of the redundancy criterion.

For each candidate SNP, redundancy-score and co-segregation score are

estimated. The redundancy score of a predicted SNP locus is the frequency of

polymorphism atthis locus. Co-segregation score isthe likelihood tiiat the predicted

SNP will be transmitted together with other SNPs present in thevicinity in theEST

^ sequence.

The AutoSNP output includes the predicted SNPs and MDels along with

their redimdancy and co-segregation scores.
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On comparative evaluation of QualitySNP and AutoSNP, QualitySNP

shows more promising SNPs unlike AutoSNP where a huge number of SNPs are

predicted which cannot be used practically.

3.5.3 SSRprediction

Two tools were used for the prediction of SSR

• MISA - MIcroSAtellite identification tool

• SSRIT - Simple Sequence Repeat Identification Tool

MISA

MISA allows theidentification andlocalization ofperfect microsatellites as

well as compound microsatellites which are interrupted by a certain number of

bases. In conjunction with a set of additional software programs (Primer 3,

stackPACK, BlastX), the Microsatellite search module (MISA) identifies SSR-

containing ESTs from aninput database together with primer sequences fora non-

redundant set of SSRs and dataaboutputative functions.
>

The categorized results of the microsatellite searches are stored in two files:

® Localization and type of identified microsateIlite(s) in a table wise

manner

• Frequency of a specific microsatellite typeaccording to the unitsizeor

individual motifs.

SSRIT

SSRIT finds allperfectsimple sequence repeats (SSRs) inagiven sequence.

Although the output does contain sequence ID, motif (repeat) type, no. of

repeats, SSR start and end, it does have the following limitations against criteria!

y • The program currently is not capable of detecting mononucleotide

repeats;
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• The output is not perfected currently due to which it requires some

additional work by the user which is especially cumbersome when

dealing with medium-sized (hundreds of sequences) datasets.

On comparative evaluation ofMISA and SSRIT, flie number of SSRs were

more in MISA and also the number of classes ofSSRs were also high in MISA. The

ability ofMISA to predict complex SSRs unlike SSRIT was also considered.

3.6 Primer Designing for Predicted SNPs and SSR using QualitySNP and MISA

Primer pairs are designed to amplify the genomic region around each

discovered SNP or SSR site. Sequences are selected for primer designing based on

the hit percentage ofcpntigs containing SNP and SSR with the resistant genes. SNP

and SSR containing contigs with hit percentage between 80% -100% was selected.

Primer pairs are designed using PrimerSplus tool.

3.5.4 Primer3plus

Primer3 picks primers for PCR reactions, considering as criteria:

oligonucleotide melting temperature, size, GC content, primer-dimerpossibilities,

PCR product size, positional constraints within the source (template) sequence,

possibilitiesfor ectopicpriming (amplifying the wrong sequence) and many other

constraints.

Forselection of sequences forprimersequencing. Primers aredesigned andselected

for synthesis based on mainly 2 categories: GC content should be above 50% and

Melting temperature should be between 55°C - 60°C.

3.7 Validation of SNP and SSR

3.7.2 Genomic DNA extraction

A total of 10 cassava varieties include 5 CMD resistant and 5 susceptible

y cassava were selected based on field trials conducted at Central Tuber Crop
Research Institute (CTCRI), Thiruvananthapuram. Fresh young leaves were

collected from 10 cassava varieties and DNA was isolated from these leaves
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samples using the method described by Dellaporta et ai., (1983) with some

modifications (Appendix I). About O.lg of leaves was weighed and grinded to fine

powder in liquid nitrogenusing sterile pestle and mortar. 2% of PVP was added to

the samples at the time of grinding to avoid mucus content. The powdered leaf

sample was thentransferred into sterile 2ml eppendorftubes. To thesesamples, 15

ml of extraction buffer was added and mixed well which were then incubated at

4°Cfor 30min. Afterincubation, 1mlof SDS(20%) was added to the samples and

mixed well byinverting thetubes. Itwas again incubated onwater bath (Memmert)

at 65°C for 30 min. To the samples, 5ml of 5M potassium acetate was added and

incubated on ice for 20 min at 4°C. The samples were then centrifuged (Sigma

laborzentrifge) at 12000 rpmfor 20 min at 4°C and the supernatant was collected.

2/3 volume of chilled isopropanol was added to the above collected supernatant,

slowly inverting the tubes to precipitate theDNA and it was keptat a temperature

of -20°C for 30 min. The precipitated DNA was centrifuged at 12000 rpm for 15

min at 4°C. The supernatant was discarded and pellets were resuspended in 500|il

TE buffer (Appendix H). Then 5^1 ofRNase (lOmg/ml) was added to suspended

pellet and incubated at37°C for 1hronwater bath. To remove RNase, equal volimie

ofchloroform: isoamyl alcohol (24:1) was added into the samples and centrifuged

at 12000 rpm for 15 minat 4°C. The supematants were collected and lO^il sodium

acetate was added along with 200^d icecold absolute ethanol to precipitate DNA.

These werethenmixedproperly by gentle inversion, andincubated for2hrat -20°C.

After incubation, the samples were cen^fuged at 1000 rpm for 15 min at 4°C and

DNApelletswere collected. To the DNA pellet 500^1 of 70%Ethanol was added

and again centrifuged. Later 1OOjU TE buffer was added tothe properly dried DNA

pellet and stored either 4°C or -20°C.

3.7.3 Determination of quality ofDNA

Agarose gel electrophoresis

Weighed 0.8g of agarpowder(Sigma) was transferred it to a conical flask.

100ml of IX TBE buffer (Appendix IH) was added and heated for 2 min on a

microwave oven to dissolve the agarose. 1̂ 1 ethidium bromide (.5ng/ml) was added
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to the pre-cooled agarose solution, mixed well and the solution was poured in to gel

casting tray fitted with comb. After the agarose was solidified, the gel tray was

transferred into gel tank filled with IX TBE running buffer and the comb was then

carefullyremoved. One microlitre of DNA was properlymixed in 2 jil gel loading

dye and loaded to the wells. 2|il of lOObp DNA ladder was added into first well or

last well of the agarose gel as a base pair size indicator. The gel was then run at 80

volts for 30 min and was documented in gel documentation system to visualize the

bands (Alpha Imager, USA).

Quantification of DNA

The concentration andpurityof all 10DNA samples was determined using

UV spectrophotometer by taking absorbance at 260/280 nm. Firstly, the

spectrophotometer was calibrated using TE buffer as blank at 260nm as well as

280nm (Systronics). After calibration, all the samples were individually read at

260nm and 280nm and OD values were recorded. The purity of the samples was

checked by taking the OD value at 260mn and it shouldbe in the range 1.8 to 2.

The amountof DNA can be quantifiedusing the formula:

DNA concentration (]ig/ml) = QD260x ICQ Tdilution factor'̂ x 50 [ig/ml

1000

According to the reading obtained after quantification, genomic DNAwas

diluted to a concentration of SOng/^l and stored at 4°C. The stock DNA was then

stored in -20°C.

PGR Amplification for SNP Primers

A total of 20^1 reaction contained 5ng genomic DNA, 0.2mM of each

forward and reverse primer, 100^lM of dNTP, IX buffers (10 mM Tris-Hcl (pH

8.3),50 mM KCl, 1.5mMMgCl), 3U Taq DNApolymerase and autoclaved ultra-

pure water. Amplifications were done in a BioRad ClOOO™ themal Cycler

programmed forinitial denaturation of2 min. at 94°C then 30 cycles of 1minute at

94°C, 1 minute at 55°C, 2 minute at 72°C, and a final extension of 30 minute at
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72°C. The amplification of PGR products were analysed in 2% agarose gel

electrophoresis.

PGR Amplification for SSR primers

A total of 5 SSR primer pairs were used for molecular characterization on

the selected 10 cassava samples. The PGR amplifications were performed in a

volume of20)11 reaction containing 5ng genomic DNA, 0.2jiM of each forward and

reverseprimer, lOO^M of dntp, IX buffer (10 mM Tris-Hcl(pH 8.3), 50 mMKCl,

1.5 mM MgCl), 3U Taq DNA polymerase. The cocktail for PGR was prepared

according to Appendix V. Amplifications were proceeded in a BioRad GIOOO™

thermal Cycler programmed for initial denaturation of 5 minute at 95°C then 30

cycles of 1 minute at 95°G, 1.30 minute at 58°C, 2 minute at 72°C, and a final

extension of 5 minute at 72°C. After amplification, a volimie of 8^1 of loading dye

was added to each of the amplified product, and the products were run on 2%

agarose gel, stained with ethidium bromide and visualized in a gel documentation

system. The sizesof the amplified products were determined using an appropriate

molecular ladder.

Polyacrylamide gel electrophoresis (PAGE)

Larger plate cleaning

The glass plate was cleaned using deionized water to remove all the

contaminants, thenwipedwith kimwipe soaked in absolute ethanol. The platewas

then airdried laboline wasapplied in an evenly manner using kimwipes.

Small plate cleaning

Theglass platewas cleaned thoroughly with water and laboline. The glass

platewas thenrinsed withdeionized water to remove detergent residues andwiped

withkimwipes which wassoaked in absolute ethanol. Glassplatewasair driedand
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bind silane was gently and evenly ^plied (Appendix VHI) on the inner surface of

small plate.

Gel preparation and casting

The larger glass plate was laid flat on the bench and spacers were placed on

its side's, then smaller plate was placed on it (coated side shoiildbe towards spacer).

Edges were aligned. The unit was then assembled with side clamps and bottom

caster assembly and was locked. Six percentage of polyacrylamide solution

containing 7Murea waspreparedfor gel casting(Appendix VII). 60^1 TEMEDand

600]il APS was added at the time of gel casting. The above mixed solution was

drawninto a 120mlsyringeand the syringeis invertedto expel any trapped air that

has entered the syringe. The nozzle of the syringe was introduced mto the notched

region on the caster base where both the glass plates were aligned. The mixed

solution from the syringe is expelled, filling the space almost to the top. Afterthe

solution was filled up, the comb is inserted in gel to the edge of the plate. The

apparatus is kept in an appropriate position and the imit was left undisturbed for

an hour for polymerization.

Gel running

Theapparatus withcasted gelwasassembled, then the apparatus is dislodged from

the precision caster base and fitted vertically into the universal base using a

stabilizer bar. The temperature indicator was adhered to the surface of the outer

plate to monitor the temperature during the run. The upper and the lower buffer

chambers were filled with therequired volume of IX TBE buffer. The gel was pre-

runned for 20minutes at lOOW. Following thecompletion ofthepre-run, thepower

supply was stopped. The wells were thoroughly rinsed using a pipette to remove

any deposited urea. The denatured PGRsamples wereprepared by denaturation of

all 10 PGR amplified DNA samples along with gel loading dye (Appendix IV) at

95®G for 5 minin a thermal cycler. 3-4 \l\ of each denatured samples were loaded

along with lOObp ladder and each of the empty wells are loaded with empty well
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dye (Appendix IV). The samples were electrophoresed at 100 W for 35-40 minutes

(specific according to each of the primers PCR product size). The power supply

was turned off after the completion of the run and the upper buffer chamber was

partially emptied by attaching the connector to the drain port on the gel unit. The

unit was then disassembled and the larger plate was removed and small plate

containing the gel was used for silver staining.

Silver staining

The glass plate containing gel was transferred into a large tray containing

the fixer and placed on a shaker (RiVOTEK) for 20 min, ensuring that the gel

surface faced upwards. Similarly, staining was performed using silver stain

(Appendix X) after the gel was washed in another trough containing deionized

waterfor 5 min, subsequentto a furtherwashwith deionized water for few seconds,

then the stained gel was developed by transferring into a trough containing the

developer (Appendix XI) and gently rocking the trough in a to and fi:o motion. A

white surface was placed under the gelto enable visualization during development.

^ After the bands had visibly developed, the plate was immediately transferred into

the fixer (Appendix IX) for few min to properly fix the bands. Following a final

wash step, ensure that the wavy nature on the glass plate due to the fixer residues

should wash out. Gel was allowed to dry on open air overnight. Clear and

reproducible bands were only selectedfor scoring.

3.9 Validation of SNP Markers

Finally, validation of SNPmarkers was done by running themarkerwith all

five resistant and five susceptible cassava varieties in agarose gel electrophoresis

and then eluting the bands, sequencing it and comparing it with the reference

genome of cassava.

Reference genome of cassava is available in the Phytozome database.

^ ClustalX was used for aligning the sequences and to validate the SNP.

3.9.1 ClustalX
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ClustalX is a windows interface for the ClustalW multiple sequence

alignment program. It provides an integrated environment for performing multiple

sequence and profile alignments and analysing the results. Alignment quality

analysis can be performed and low-scoring segments or exceptional residues can be

highlighted. ClustalX has the ability to cut-and-paste sequences to change the order

of the alignment, select a subset of the sequences to be realigned, and select a sub

range of the alignment to be realigned and inserted back into the original alignment.

Alignment quality analysis can be performed and low-scoring segments or

exceptional residues can be highlighted. Quality analysis and realignment of

selected residue ranges provides a powerful tool to improve and refine difficult

alignments and to trap errors in input sequences.

To do a multiplealignmenton a set of sequences, multiple alignmentmode

is selected. A single sequence data areais thendisplayed. Thealignment menuthen

allows to either produce a guide treefor the alignment, or do a multiple alignment

following the guide tree, or to do a full multiple alignment.

Multiple sequence alignment is performed in clustalx to perform snp

validation fi-om the sequenced snps which have resistanceagainst cmd.

3.10 Validation of SSR Markers

To confirm that the designed SSR markers are working, AGE was done. Clearly

visible thick bands were obtained in the gel. These confirmed that the SSRs are

working. Validation of SSRmarkers was doneby running the marker with all five

resistant and five susceptible cassava varieties in poly acrylamide gel

electrophoresis and then examining thebands forany distinct variability inposition

which would confirm that the marker is working. PAGE will clearly differentiate

the bands produced by the SSRprimers whichis notpossible to viewin AGE
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4. RESULTS

4.1 Classification of Cassava Sequence Dataset

The preliminary data set for the work was obtainedfromthe EST sectionof

NCBI ihttp://www.ncbi.nlm.nih.gov/nucest) and the cassava draft genome sequence

and transcript sequences from the Phytozome website {http://phytozome.jgi.doe.gov

/pz/portal.html). The sequences were classified basedon cultivars into 19 cultivars

and one category with unclassified sequences. All the phytozome transcript

sequences were from a cultivar of cassava named AM560-2. Most sequences in

NCBI were from MTai-16 (35400) sequences and the number of sequences was

least from H226 (21) (Figure 2).

4.2 Pre-processing of PrimaryDataset

The primary dataset was processed for contamination or simple repeats

using theSeqClean script. The sequences are checked for sequence contamination

and simple repeats by using the SeqClean script with the default runtime options.

UniVec_Core database of NCBI is used to clean the ESTs.

A total of 63 sequences were removed after cleaning the primary dataset

with SeqClean (Table. 1). The primary dataset obtained from NCBI and Phytozome

which consisted of 1^0,461 sequences was reduced to 1,20,398 sequences after

removing the contamination using SeqClean.

4-3 Screeningfor Resistant Genes in PrimaryDataset

The cassava ESTs and transcript sequences were screened against resistant

genes using BLASTX. Total number ofsequences from NCBI-EST and Phytozome

were 120398. After screening using BLASTX, the virus resistant genes obtained

from UniProtKB. The sequences similar to resistant gene were 16299 sequences

(Figure 3). About 86% i.e., 104099 sequences were screened out bythis process.
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Table 1: Cassava sequences from genbank classified according to cultivars

SI NO CULTIVARS NO: OF SEQUENCES

NO: OF

CLEANED

SEQUENCES

1 arg7 2924 2913

2 - Cas36.04 488 488

3 Cm523-7 3608 3607

4 cm21772 95 94

5 crantz 4764 4764

6 lac 12.829 63 63

7 ku50 172 172

8 mperl83 3391 3391

9 mbra685 2506 2503

10 mcoll522 1979 1979

11 h226 21 21

12 mirassol 210 210

13 mnga2 40 32

14 mtail6 35400 35392

15
Sautl,Gomanl;Mbundumali,TMEl

and MkondezI
5046 5027

16 Sgl07-35 720 720

17 wl4 2089 2086

18 Cas36.01 254 254

19 Others 22540 22531

20 Am560-2 34151 34151

TOTAL 120461 120398
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4.4 Screening ofPrimary Dataset

Annotation of screened sequences was done using Uniprot/SwissProt database,

cassava ESTs and transcript sequences were screened against resistant genes are

annotated and only sequenceswhich have fimctional annotationswere retained. The

number of sequences after annotation was reduced to 15796 sequences. (Figure 4).

About 3% were screened out after this process i.e., about 503 sequences was

removed. For screening for plants from annotated data, Uniprot/SwissProt database

is used to screen sequences for presence of sequences with similarity to any

organism other than plants. After screening 14336 sequences was left. About 1460

sequences were eliminated because of the presence of sequences similarity to

organisms other than plants (Figure 5). About 9% were screened out after this step

i.e., about 1460 sequences belonging to other organisms was removed. For

confinnation of annoted sequences, SwissProt/Uniprot database was used for

screening sequences again annotate to confirm. A100% match was obtained in this

step and the resulting sequence were taken as the input for the prediction of SNP

and SSR,(Figure 6). No sequence was left out after annotation.

4.4 Assembling of sequences using CAP3

The sequences after screening are aligned and assembled using cap3. 2088

contigs were obtained from 14336 sequences with similarity to virus resistant

genes. Default runtime options were used for clustering and aligning the sequences

to obtain contigs.

4.6 Identification of SNPs Using QualitySNP

A total of 128 SNPs were identified using QualitySNP. Based on the

annotation data SNPs were classified as SNPs in coding region, non-coding region

and SNPs in untranslated region. About 56 SNPs were found in coding region.

These SNPS can alter proteins. About 65 SNPs are predicted from non-coding

regions and 76 SNPS from untranslated region.
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Basedonthetypeof SNPs thesewerefurther classified intosynonymous SNPs

andnon-synonymous SNPs (Table 2). About30 SNPsare nonsynonymous SNPs.

This means that all these SNPs will effect a change in the translated protein. About

26 SNPs were synonymous means that the mutationswill not cause any change in

thesystem. Again, based onthetype ofpolymorphism these SNPS canbeclassified

into SNPs and InDels. About 72 SNPs and 56 InDels are obtained. The total number

of transitions - 67 is marginallygreater than the total number of transversions - 54

yielding a transition-to-transversion ratio of 1.24.

Table 2. Distribution of transition and transversion SNPs fi*om QualitySNP

CHARACTERIZATION TYPE OFSNP SNPs TOTAL

TRANSITION

C/T 33
67

G/A 34

TRANSVERSION

i

A/C 14

54
A/T 11

C/G 17

T/G 12

4.7 Identification of SNPs Using AutoSNP

From 2088 contigs created from 14336 sequences, a total of 18081 SNPs were

identified by AutoSNP. Based on the type of SNPs they can be classified into

Transitions, Transversions and finally InDels. A total of 8827 Transitions was

identified, 6840 Translations was identified, and 2414 InDels were identified by

AutoSNP.

The Transition to Transversion ratio was 1.29 which was comparable to

QualitySNP which had transition to transversion ratio of 1.24
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4.5 Identification of SSRs Using MISA

From 2088 contigs created from 14336sequences which had similarity to virus

resistant genes, a total of3297227 sequences were examined. About 582 SSRswere

identified (Table 3). From 2088 contigs, only 461 contigs had SSRs and about 95

contigs had more than one SSR. A total of45 compound SSRs were found.

Table 3. Distribution to different repeat type classes in MISA

Type of SSR No: of SSR

Mono 217

Di 132

Tri 139

Tetra 3

Penta 1

Hexa 3

Poly 42

Total 537

4.6 Identification of SSRsUsing SSRIT

From2088contigs created from 14336 sequences whichhad similarity to virus

resistantgenes,a total of3297227 sequences were examined. About 133 SSRswere

identified (Table 4). From 2088 contigs, only 125 contigs had SSRs and about 8

contigshad more than one SSR. No compound SSRswere found
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Table 4. Distribution to different repeat type classes in SSRIT

Type of SSR No: of SSR

Mono 0

Di 62

Tri 68

Tetra 3

Penta 0

Hexa 0

Poly 0

Total 133

4.9 Comparative Evaluation of SNP Target Prediction Tools

SNP target prediction tools are implemented either in the form ofa web server

or as a standalonetool. Out of the 12 published SNP target prediction tools, 8 are

available for offlineuse with free license. 4 are available through web servers. A

summary of all the SNPtools is presentedin (Table 5).

The SNP prediction tools: QualitySNP and AutoSNP were compared. The

results of SNPtargetprediction tools; QualitySNP and AutoSNP are summarized

in terms of types ofpolymorphism (Table 6). Of the two SNP considered for SNP

prediction, theratio between thepolymorphisms inAutoSNP is 1.29 slightly higher

when compared to QualitySNP which has a ratio of 1.24.
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SINGLE NUCLEOTIDE POLYMORPHISM IDENTIFICATION TOOLS

SiNO: PROGRAM WEBSITE AUTHOURS SOFTWARE PLATFORM

1. autoSNP http://acpfg.jmb.uq.edu.au Zhang et al. OFFLINE LINUX

2. HapIoSNPer http://www.bloinformatics.nl/tools/haplosnper/ Chang et al. ONLINE CLOUD

3. InSNP www.mucosa.de/insnp/ Weckx et al. ONLINE CLOUD

4. novoSNP http://www.molgen.ua.ac.be/bloinfo/novosnp Savage et al. OFFLINE WINDOWS/LINUX

5. PolyBayes http://biolnformatics.bc.edu/marthIab/PolyBayes Batley etal. OFFLINE LINUX

6. PoIyPhred http://droog.mbt.washington.edu/ Marth etal. OFFLINE LINUX

7. QualitySNP http://www.bioinformatics.nl/tools/snpweb/ Tang et al. OFFLINE UNUX

8. Seq-SNPIng (http://bio.kuas.edu.tw/Seq-SNPing Dereeperetal. OFFLINE WINDOWS

9. SNiPlay http://sniplay.cirad.fr/ Marth et al. ONLINE CLOUD

10. SNPdetector http://Ipg.nci.nih.gov Manasteretal. OFFLINE UNUX

11. SNP-PHAGE http://bfgl.anri.barc.usda.gov/Miysnp-phage Tang et al. OFFLINE LINUX

12. SNPServer http://hornbill.cspp.latrobe.edu.au/snpdisccverY.html Matukumalli et al. ONLINE CLOUD

TABLE 5. UST OF SINGLE NUCLEOTIDE POLYMORPHISM IDENTIFICATION TOOLS
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Table 6. Comparative study ofSNPs from AutoSNP and QualitySNP

Type of polymorphism
No: of polymorphisms in

AutoSNP

No: of

polymorphisms in

QualitySNP

Transition 8827 67

Transversion 6840 54

Indels 2414 72

Total 18081 193

-

4.10 Comparative Evaluation of SSRTarget Prediction Tools

\

SSRtargetprediction toolsareimplemented eitherin the form of awebserver

or as a standalone tool. Out of the 8 published SSR target prediction tools, 8 are

available for offline usewith free license. Among these SSRTT and TRF has both

online and offline interface. A summary of all the tools is presented inTable 7.

The SSR prediction tools: MISA and SSRTT were compared. The results of

SSR target prediction tools: MISA andSSRTT are summarized in terms ofnumber

ofSSRs ina category. Ofthe two SSR considered for SSR prediction, the number

ofSSRs indifferent categories ishigh for MISA when compared to SSRTT. SSRTT

fails to identify polySSRs (Figure 7).
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SIMPLE SEQUENCE REPEATS IDENTIFICATION TOOLS

SiNO: Program WebSite AUTHOURS SOFTWARE PLATFORM

1. MicroSAtellite (MISA) http://pgrc.ipk-gatersleben.de/misa/ Thiel et al. OFFLINE LINUX

2. Repeat Finder http://vvww.cbcb.umd.edu/software/RepeatFlnder/ Volfovsky et al. OFFLINE WINDOWS/LINUX

3. Sputnik http://espressosoftware.com/sputnlk/ Abajianetal. OFFLINE WINDOWS/LINUX

4. SSR identification Tool (SSRIT) http://www.gramene.org/db/searches/ssrtoQl Kantety et al. BOTH LINUX

5. SSR Locator http://www.ufpel.edu.br/ Maia et al. OFFLINE UNUX

6. SSRPoly http://acpfg.lmb.uq.edu.au/ssrpoly.php Tang et al. OFFLINE UNUX

7. Tandem repeat Finder (TRF) http://tandem.bu.edu/trf/trf.htmi Benson et al. BOTH WINDOWS/LINUX

8. Tandem repeat Occurrence Locator (TROLL) http://wsmartins.net/webtroll/troll.htmi Castelo et al. OFFLINE LINUX

TABLE 7. LISTOF SIMPLE SEQUENCE REPEATS IDENTIFICATIONTOOLS
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4.13 Validation of SNP and SSR markers for CMD Resistance

A total of 204 SNP contigs and 537 SSRcontaining contigs are predicted

using QualitySNP and MISA respectively. Butforvalidation only a few contigs are

selected. The selection was based on the percentageofhits in BLASTwith resistant

gene database. All contigs with SNP and SSR are blasted together against the

resistant gene database and the contigs with hit percentage between 80%-100%

were selected for primer designing. Nine SNP and nine SSR containing contigs

were selected for primer desiring using primer3 plus. A total of48 SNP and 43

SSR primer pairs were designed from theselected SNP and SSR contigs. (Table 8

Table 9)

4.12 SelectedSequences for Primer Sequencing

On the basis of GC content and melting temperature five SNPs and five SSRs

containing contigs were selected from a total of 204 SNPs and 537 SSRs for

validation (Table 10,Table 11). All the selected SNPs and SSRs have a product

rangingbetween500 bp and 600 bp. (Table 12)

Table 12.Predicted markers andselected markers for primersynthesis

Type of polymorphism
No: of sequences with

polymorphism

Selected for

primer synthesis

SNP 204 5

SSR 537 5



SI.NO CONTIG
LEFT PRIMER RIGHT PRIMER

LPRIMER LENGTH TM GC R.PRIMER LENGTH TM GC

CACTGTGTGTGCAT6GAAGC 20 60 55 GGAACCCAGTAAGCAGGCAT 20 60 55 TRUE

CrrCCCTTACaCGCGTTGT 20 60 55 AaaCCCCATCGCTCATCr 20 60.1 55 TRUE

1 896 GCCTTTGCAAATGGGTGGTT 20 59.9 50 aGCAGAAGCCTTGTGAGGA 20 60 SS TRUE

CA6AGAAAGGCTTCCGGGTT 20 60 55 CAAAAGCACAGGGGGACTCr 20 59.9 55 TRUE

ACCTCCCATCAAACAAGCCC 20 60.3 55 CTCCnTGCCTTGGCCCTTA 20 60 SS TRUE

AGACCTTCAAGTCCTTGTAGCA 22 59 45,5 ATCAAGCGTACCATCGTGCA 20 60.1 50 FALSE

CAAGTCCTTGTAGCATTCTT6CG 23 60.4 47.S GGGACGATGCCTCTTCTGAC 20 60.2 60 FALSE

2 732 GGCATAOSATCAAGAAGACCr 21 57.5 47-6 GCCTCTTCTGACGAGaCAA 20 59.8 55 FALSE

CGATCAAGAAGACCTTCAAGTCC 23 59.1 47.8 GCCACAAGaGAGGTAGTCC 20 60.4 60 FALSE

ACCTTCAAGTCCTTGTAGCATTa 24 60 41.7 ACGATGCCTCTTCTGACGAG 20 59.5 55 FALSE

TCGTCAGCCTTTAGCCCAAG 20 60 55 CAGCAAATCnACAAGAGGAAGTGA 25 59.3 40 FALSE

ATTAGCGCATCCGTACaGG 20 60 55 TCAATCTATTGCACACAATAAGCA 24 57.2 33.3 FALSE

3 1930 ATCCTCGTCAGCCTTTAGCC 20 59.S 55 GCAAATCTTACAAGAGGAAGTGAGAA 26 59.6 33.5 FALSE

ATSAACCAGTGTGCCCAGTT 20 59.8 SO TGCACACAATAAGCATTAACTACA 24 57.2 33.3 FALSE

CTGATGAACCAGTSTGCCCA 20 60.3 55 TGCACACAATAAGCATTAAaACAHG 27 59.2 33.3 FALSE

ATTCGTAGGGGAGTTGGCAC 20 59.7 £5 CGCTCrGGTTGGAGTTGGAT 20 60 55 TRUE

TTGTTGTGCCaAGCraGG 20 60 55 GTGCCAACTCCCCTACGAAT 20 59.7 55 TRUE

4 1889 GGCTGGAATGAATGTTGCCC 20 59.8 55 TGCCCCACAGCTTTGAAGAT 20 59.9 50 TRUE

TCAACCAACACAAAGGGGST 20 59.7 50 AI(.lbC<.<.LAU^b<.l 1 K^AA 20 59,9 50 TRUE

GGAGTGGTGACTTGCCTCAG 20 60.3 60 TaocACCAAGGTacaa 20 60.2 SS TRUE

AAAGAGCTTGTCGGATCCGG 20 60.1 ss CrCTGGACCrrCTAGTCGCG 20 59,6 60 TRUE

CCGTGGACTCTaaGCATC 20 59.9 60 TGGACCTTCTAGTCGCGGAT 20 60.4 55 TRUE

S 1043 CAATTCCGGCGTCAACCATG 20 60.2 SS CGCTCAAATGGTCCACTGGT 20 60.6 55 TRUE

GATCCGACCCTTGTCAACCC 20 60.4 60 C)bLAAbllb(:l3U(jiniLA 20 59.5 SO TRUE

TGCAACCAGGATAATCGCGT 20 60.1 SO bb M 1 lAlabLAACj 1 IbliCjLAb 21 60 52,4 TRUE

GGCCAGGATGAATCGTCGAT 20 60 55 AAbACLAULbloCl 1 IbAbAb 20 60 55 TRUE

CGCGGAGACTTTGACCTCAT 20 60.1 55 TTGaCGCTAAGGCTGACAA 20 60 50 TRUE

6 361 CCGTTAATCAGGCAGGTGGT 20 60 55 GGATCGCAaCATGGTCACA 20 60.1 55 TRUE

CATCGCGGAGACTTTGACCr 20 60.1 55 CATCAGCCCACCATTGCAAC 20 60.1 55 TRUE

TTGGAAGGCGaCATTTCCT 20 60 50 rcraccccAGTTacAccc 20 60.3 60 TRUE

CTCTCrCGCCTGCTGTCTTC 20 60.2 60 AL^KaLLI IbbAblALI Ibb 20 60 55 TRUE

AAAAGGGCAGCTCraCTCG 20 59.8 55 GAGTAOTGGGAGTGGTGGC 20 60 60 TRUE

7 463 GCCTGCTGTCrrCGACAAGT 20 60.6 55 GGTCGCATCCATCTTGHGC 20 59.8 55 TRUE

CTCTCTCTCGCaGaCTC 19 59.6 63.2 GGCATCCATCTTGTTGCAGC 20 60.2 55 TRUE

CTCGCCTGaGTCnCGAC 19 60.8 63.2 GGAGTGGTCGCATCCATCrT 20 59.7 55 TRUE

TCTCTCTCTCTCTCGCCACG 20 60.5 60 ACACATTAGCAGTGGAACCa 21 59.3 47.S FALSE

AAAACCaAGGATaSGCGC 20 60.1 SS CCrcCACAAACACAAAAGACTCC 23 59.9 47.8 FALSE

8 567 TGCRGAATGGCGGGTAGAG 20 60.1 55 ACACCTCCACAAACACAAAAGAC 23 59.8 43.5 FALSE

bU(;i<.l MLILiLICLIIGGA 20 59.8 55 ACAAACACAAAAGACTCCAACCC 23 59.8 43.S FALSE

CGAAGAAGGCCACCTCTAGG 20 59.5 60 ACAACTACACCTCCACAAACAC 22 58.7 45.5 FALSE

GCTGaGaAATCGGAGACT 20 59.9 55 ATTTGOTGCAGTrGGaGG 20 60 50 TRUE

GCGAaGCCCTTTAACaCT 20 60 SS GGTCAAGAAAGCCTGCTCCA 20 60,3 55 TRUE

9 1136 GCTGCTAATCGGAGACTCCTC 21 60 57.1 TTCTGCTGGATTGGCTGTCC 20 60.3 55 TRUE

TCCrcCGTTGGAAAATCGTGT 21 59.9 47.6 CTGGATTGGaGTCCCTTCA 20 59.7 SS FALSE

l<.l(.ll.l(.lt.lLAl.U(.l 1 iUC 21 59.8 52.4 CCCCAGCCATGGTCAAGAAA 20 60.3 55 TRUE

Table 12. List of predicted SNP primers
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SI.NO CONTiG SSR
LEFT PRIMER RIGHT PRIIVIER

L.PRIMER LENGTH TM GC R.PRIIVIER LENGTH TIVI GC

AaCTTGGTCAAATTAATaGGATCT 26 58.4 34.6 TAGCACAAACAGGGTCCTCC 20 59.3 55 FALSE

1 ContigSS 1CT)6 TGGTCAAATTAATaGGATaaCT 25 S7.6 36 AGCCAGCAACGTATACAACCA 21 60 47.6 FALSE

TGGATAaCTTGGTCAAAnAATCTGG 27 59,2 37 TCCAATCATAGCCAGCAACGT 21 60.1 47.6 FALSE

ATGCAGCAAACCAACGGTTC 20 60 50 CGGAAGGGCTGATCTGTGTT 20 60 55 TRUE

AAGATGCAGCAAACCAACGG 20 59.7 50 CTTCCAATCGCCTGTCACCT 20 60 55 TRUE

2 Con{iB254 (GCA)5 CAGCCACATCAGAATCAGCG 20 59.3 55 GCATCAGTCACATCTGCAGC 20 59.6 55 TRUE

TaCTGCGCGAAAATTGCAC 20 60.1 50 TGACCAGTCTGCTTATTGCGT 21 60 47.6 FALSE

laGAAATCAGCACACCCGC 20 61 55 CAGAACCAGCTTCCAATCGC 20 59.6 55 TRUE

AClljCAiLbLAALI 1 20 59.8 50 1b bti 1AA(j <.n 1CC1 b (, 1Ab I. 21 60.1 52.4 TRUE

ACATCCACTGCATCGCAACT 20 60.3 50 A<j(.IIILCIG(.IA<j(.ILII(jA 21 59.1 47.6 FALSE
3 Contlgl362 (MG)8 b(.l 1 llj(jA(jl.il9LiAA(.lbU 20 59.2 55 AljAiUbblAAbLl 1 ILLKjiLI 21 59.1 47.6 FALSE

TCTACATCCACTGCATCGCA 20 59.2 50 b(jiAAbLI 1 lLLil3LlAC3(.ICI 22 59.8 50 TRUE

i(.LAl.lLiLAlLl3LAA(.l i iC 20 59.1 50 TCCTGCTAGCTCTTGATTTCGT 22 59.5 45.5 FALSE

CTATGGTCCATCGGCCTGTC 20 60 60 ACCCAACACTCACAACCTGG 20 60.1 55 TRUE

CATCGGCCTGTCCTTAaGG 20 60.2 60 CACncCCAAGTCGCTGGAT 20 60 55 TRUE

4 ContiglOSS {Ta)7 GTCCATCGGCaGTCCTTAC 20 60.2 60 GGCAAGCCATCGGAAAACTC 20 59.8 55 TRUE

TTCaATGGTCCATCGGCCT 20 60.4 55 ACAACCTGGCAAAACAACGG 20 59.8 50 TRUE

AGCCCTTGGTTTCCAGAACT 20 59.1 50 TGAACCGGACACTTCCCAAG 20 59.9 55 TRUE

GTTGGGGATTCATGGGTCGT 20 60 55 AGAGCGACAGAATGCTTCCA 20 59.4 50 TRUE

GTGGTTGGGGAnCATGGGT 20 60 55 TGCTGGGAAGGTATCAAGGG 20 59.1 55 TRUE

S Contig2063 (6GA)7 TGCCTGTTGATGAGGTGGAT 20 59 50 CCAGGCACAAATCCAATGGC 20 60.1 55 TRUE

TAGAGGAGTGGGAGCTTGGT 20 59.6 55 CCTGGAAAGCACAGTTGTTGG 20 59.9 52.4 TRUE

GTCGTGCCaATTTGCAGGT 20 60.7 55 GCTACCGTGTTAATGCTGGG 20 59 55 TRUE

GTTGGGGATTCATGGGTCGT 20 60 55 AGAGCGACAGAATGCTTCCA 20 59.4 SO TRUE

GGCAAACAGAGGGAGGAAGA 20 59.3 55 CCAGGCACAAATCCAATGGC 20 60.1 55 TRUE

6 Contig2063 (T6)n GTGGTTGGGGATTCATGGGT 20 60 55 TGCTGGGAAGGTATCAAGGG 20 59.1 55 TRUE

TGCCTGTTGATGAGGTGGAT 20 59 50 TCCCCAGGCACAAATCCAAT 20 59.6 50 TRUE

TAGAGGAGTGGGAGCTTGGT 20 59.6 55 CCTGGAAAGCACAGTTGTTGG 21 59.9 52.4 TRUE

ATCAGCAGAAACTCTAAACCCT 22 57.1 40.9 CAGt,l 1 ilati rCTTGTCCTGC 20 60 55 FALSE

TCAGCAGAAACTCTAAACCCTAATCA 26 60 38,5 ATGCTGACTGGAAAGGCTCC 20 60 55 FALSE

7 Contlg953 (A)ll ACCCTAATCAAAATGAACCCAAAA 24 57.2 33.3 CGTGCTCCTGAAGTGATCGA 20 59.8 55 FALSE

AGCAGAAACTCTAAACCaAATCAAAA 27 59.3 33.3 CTCCG CTTCAATCACCAGGT 20 60 55 FALSE

TCTAAACCCTAATCAAAATGAACCCA 26 58.8 34.6 GGAAAGGCTCCGCTTCAATC 20 59.3 55 FALSE

CAACCAAAGAAAGCGGAGGC 20 60 55 ACATGCAGATCTGTGATCTTCT 22 57.2 40.9 FALSE

GCTGCCGGAACTGGAATTTAC 21 S9.9 52.4 ACATGCAGATCTGTGATCITCTAAA 25 58.4 36 FALSE
a Contig414 (T)10G(T)U GCGTTATCCAGAGCTCCTCA 20 59.3 55 ACAILA(.ILAI II.I 1 1 lljlALAIlsl 25 57.2 32 FALSE

AAGGCACAAGTGGTAGGGTG 20 59.9 55 AATATTTTCACCTTGTATTCCCACAA 26 57.6 30.S FALSE

GGCTGCCGGAACTGGAATT 19 60.7 57.9 TGCAGATCTGTGATCTTCTAAAAATT 26 57.4 30.8 FALSE

ATGGAAAGGGGAGAGGGACA 20 59.9 55 CACCGCTCTCCGAAACGATA 20 59.9 55 TRUE

'l<-til3ll.i i iC(J\i(.<30ML(. 20 60.2 55 CGAATTGTTTGGGATCGGGC 20 59.9 55 TRUE

9 Contigl246 (A)ll GCAGCTGCTCATCACTCTGT 20 60.4 55 GCGGTTGTCCTGGTTCTGTA 20 60 55 TRUE

GGAGAGGGACAGGGGAAAGT 20 60.5 60 l(a(jll(.l<jlAA(jL(jl3Ll.lll 20 59.9 50 TRUE

1 TGGATGGAAAGGGGAGAGGG 20 60.6 60 GTTGCGG(.11 lAGGTCAGC 20 60.1 55 TRUE

Table 13. List of predicted SSR primers



;Sr.N() Primer No.;
used

1. SNP896 CACTGTGTGTGCATGGAAGC GGAACCCAGTAAGCAGGCAT 543 6-FAM

2. SNP1043 CAATTCCGGCGTCAACCATG CGCTCAAATGGTCCACTGGT 589 NED

3. SNP361 CCGTTAATCAGGCAGGTGGT GGATCGCACTCATGGTCACA 509 VIC

4. S1VP463 GCCTGCTGTCTTCGACAAGT GGTGGCATCCATCTTGTTGC 517 PRT

5. SNPU36 GCGACTGCCCTTTAACCTCT GGTCAAGAAAGCCTGCTCCA 595 6-FAM

Table 8. Selected SNPs for primer synthesis
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1. SSR254 CAGCCACATCAGAATCAGCG GCATCAGTCACATCTGCAGC 578 6-FAM

2. SSR1362 ACTGCATCGCAACTTTCAGC TGGGTAAGCTTTCCTGCTAGC 563 NED

3. SSR1053 CTATGGTCCATCGGCCTGTC ACCCAACACTCACAACCTGG 556 VIC

4. SSR2063 TAGAGGAGTGGGAGCTTGGT CCTGGAAAGCACAGTTGTTGG 519 PRT

5. SSR414 CAACCAAAGAAAGCGGAGGC ACATGCAGATCTGTGATCTTCT 565 6-FAM

Table 9. Selected SSRs for primer synthesis
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Of the selected five SNP and SSR markers for primer synthesis^ only

forward primers are fluorescent labelled. Four different fluorescent dyes were used.

6-FAM, NED, VIC, PET. A total of 10 cassava varieties including five CMD

resistant and five susceptible cassava were selected based on field trials (Table 13).

Table 13. Samples of CMD resistant and susceptible cassava for validation

SI:NO RESISTANT SUSCEPTIBLE

1 Albert CI732

2 96/1089A C02

3 Cr 11/43 Ambakadan

4 TME-3 Sree vijaya

5 MNga-1 Sreejaya

4.16 Primer Synthesis

Primers were synthesized by a company called EUROFINS (Figxue 8).

Forward and reverse primer of all 5 SNPs and 5 SSRs were synthesized and

delivered by EUROFINS. HSPA was used for the purification of all these primers.

4.17 Genomic DNA extraction

Fresh young leaves were collected firom 10 cassava varieties and DNA was

isolated fi"om these leaf samples using the method described by (Dellaporta et al.,

1983).

4.17.1 Determination of quality ofDNA

Qualityof DNA was determined by Agarose Gel Electrophoresis (Plate 1).

Clear bands were observed in the gel. Quantification ofDNA was done using UV

sp'ectrophotometry at 260/280 nm.
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Figure 8. oligonucleotide synthesis report



Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

BSMBI

TTAAAGAATCCGGAAGCTAACAAAGAAGCCTTTGCAAATGGGTGGTTTCATTCTGGTGAT 1380
ATGGGAGG YWCKG--WAT 474
****★.★* ★* **

CTCGCTGTGAAGCATCCAGATGGGTATATAGAAATCAAGGATAGAAGCAAGGACATTAGC 1440

CCCACT--CAGGCTTCCA 490
•k * ** *

ATTTCAGGAGGTGAAAACATTAGTAGCTTGGAAGTAGAAAATGTGCTATATACGCACCCA 1500
TGCACCAC 4 98

*****
• »

GCAGTGTATGAAGTATCTGTGGTAGCCAGAGAAGATGAGCGATGGGGAGAGTCCCCCTGT 1560

ACAGTGA 505
******

« •

GCTTTTGTCACATTGAAACCAGGCATGGAGAAATCTAGTGAAGGAAGTTTGGCAGAAGAT 162 0

ATAATAAAGTTTTGTCGGTCGAAAATGCCTGCTTACTGGGTTCCAAAATCTGTTGTATTT 1680

Figure 9. ClustalX alignment of SNP896 and
MNga showing predicted SNP at 1493'̂ position



Plate 1: Quality of DNA was determined by Agarose Gel Electrophoresis



I
-+•

56

4.18 Screening of SNP

To confirm that the SNP is workingAGE is done in all 5 susceptible and 5

resistant samples. AGE will give a straight singleband that confirmsthat the SNPs

areworking. SNP 896, SNP 1043 gives a straight bright bandin the gel (Plate 2).

SNP 361 and SNP 1136 does not give bands in all the varieties, so they are not

considered for the validation part as markers for CMD resistance (Plate3).

4.19 Screening of SSR

To confirm that the designed SSR markers were working, AGE was done. Clear

thick bands were obtained in the gel (Plate 4 and 5). These confirm that the SSRs

were amplified.

4.20 Validation of SSR

Validation of SSR was done in PAGE. Validation of SSR is done in all five

susceptible and five resistantsamplesusingPAGE.PAGEwill clearlydifferentiate

the bandsproducedby the SSRprimerswhichis not possibleto view in AGE. Only

SSR 2063 showed clear difference in separation of the bands between resistant and

susceptible which indicate that SSR 2063 can distinguish between CMD resistant

and CMD susceptible varieties (Plate 6).

4.21 Validation of SNPs

Validation of SNPwas doneby elutingthe separatedbandsfrom the gel and

then sequencing it to obtain the sequence. This sequence was aligned with the

corresponding contig sequence from which the respective primer was designed.

Multiple sequencealignment is done using ClustalX.

The bands were eluted fi'om the gel using elution kit and these sequences

were analyzedusing 3500 capillaryDNA GeneticAnalyzer (Applied Biosystem).

Three technical replicates were carried out to avoid sequencing errors. These

sequences are then aligned against its respective contigs using ClustalX (Figure 9).

Sequence bands fi"om resistant variety MNga and susceptible variety CI732 which

contains the designed primers SNP896 and SNP1043 was sequenced. These
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Plate 2. Gel image of SNP 896 and SNP 1136

Plate 3. Gel image of SNP 1043 and SNP 1136



Plate 4: Gel image of SSR 1362
and SSR2063
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Plate 5. Gel image of SSR1053
andSSR414
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Plate 6. Gel image of SSR1362 SSR1053.SSR2063, SSR414
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sequences are aligned against contig896 and contigl043 from which these primers

were designed. ClustalX is used for multiple sequence alignment. The results

showed that the sequence with SNP1043 did not showed any variation in predicted

SNP sitebut SNP896 in MNga showed SNP at the 1493^position as designed but

with a variation in the base. The predicted SNP was that Cytosine(C) will be

replaced by Adenine(A), where a Cytosine (C) is replaced with Thymine (T),

whereas the same SNP896 in CI732 showed no variance in that position.
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5. DISCUSSION

Molecular markers are important for plant research and breeding, and are
being applied to accelerate effective plant selection through marker-assisted
selection, based on genome-level selection of chromosomal segments. In plant
genetic research, molecular markers are also being used for the analysis of
population structure, the study of evolutionary relationships, and, in sequenced
model systems such as Arabidopsis, for studies on the genetic structure of
individuals at the whole-genome level (Cao etal., 2011).

Single-nucleotide polymorphism (SNP) and simple sequence repeats (SSR)
markers have recently gained interest in the scientific and plant-breeding
commumties (Rafalski, 2002). Studies on genetic mapping and molecular marker
development in cassava have been published (Akano et ai, 2002; Okogbenin &
Fregene, 2002; Rabbi et aL, 2012), and several studies have focused on the analysis
or discoveiy ofsimple sequence repeat loci and mapping ofquantitative trait loci

(Whankaew et aL, 2011). To further promote progress in genetics and breeding,
higher-density markers, such as SNP markers, are required. SNPs and insertions
and deletions (InDels) are common natural mutations in populations (Cho et al,
1999; Syvanene/a/., 1999). The SNPs and hiDels discovered in cassava (Ferguson
et fl/., 2012, Lopez et 2005) are quite important for cassava breeding research;
cassava is an outcrossing species and produces botanical seed in many
environments, but is mainly propagated using stem cuttings. Thus, most cassava
cultivars are considered heterozygous, which makes it more difBcuIt to develop
molecular markers (Prochnik et ai, 2012). Therefore, it is necessary to detect
additional DNA polymorphisms using the available cassava genome and
transcribed sequences to improve molecular marker development incassava. DNA

polymorphism discovery is important not only for molecular breeding but also for
understanding gene fimction, elucidation of the relationship between
polymorphisms, gene function, and gene duplication (Kalyna et ai, 2012;
Yngvadottir etai, 2009).
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Cassava mosaic disease (CMD) is the most- important disease ofcassava
(Mamhot esculenta) in Africa, and is apotential threat to Latin American (LA)
cassava production. Although this viral disease is still unknown in LA, its vector -
the whitefly- has recently been found. The disease is best controlled through host-
plant resistance, which was first found in third backcross derivatives of an
interspecific cross between cassava and Manihot glaziovii, and is thought to be
polygenic. The marker, SSRy28, is located on linkage group Rofthe male-parent-
derived molecular genetic map. The gene, designated as CMD2, is flanked by the
SSR and RFLP marker GYl at 9and 8cM, respectively. This is the first report of
qualitative virus resistance in cassava, and of molecular markers that tag CMD
resistance in cassava. We discuss the use ofmarkers linked to CMD2 for marker-

assisted breeding ofCMD resistance in Latin America and for in- creasing the cost-
effectiveness of resistance breeding in Africa.(Akano et al., 2002).

A dominant gene for resistance to CMD has been found by conventional
genetic analysis and molecular genetic mapping inaF1 cross between resistant and

susceptible parents. The major gene nature also means that a genetic marker for
marker assisted selection (MAS) can easily beidentified. MAS would thus become

aninvaluable tool for breeding CMD resistance inLatin America where the disease

is not foimd, but where the presence of the vector makes it athreat. Selecting for
high levels of resistance with a marker may be more efficient than conventional

breeding in Africa, where rapid deployment ofhigh resistance genes into cassava
gene pools is needed to protect cassava from the ravages of CMD. The advantage
of MAS is that the breeder can, in early stages, eliminate CMD-susceptible
genotypes. In the case ofa heterozygous CMD-resistant donor parent, elimination

would be 50%, reducing the costs of disease evaluation by half and increasing
selection efficiency. The breeder can then concentrate on fewer genotypes at the
seedling and crucial single-row trial stages where progenies are reduced by as much
as 95%. Identification ofmarkers for other traits inaddition toCMD resistance can

-V be used to choose parents more efficiently that combine the different traits The gene
designated as CMD2 is different from the earlier found CMDl, which controls the
currently deployed resistance. CMD2 is located on linkage group R, whereas
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CMDl is on linkage group Dof the cassava molecular map (Fregene et al., 1997).
. The action ofthe two genes is also different: CMD2 is dominant, whereas CMDl

appears recessive in that its effect is detected only in backcross progeny, and not in
the Fl. The presence of two different sources of CMD resistance, and markers in
tight linkage with them, provides a means of combining multiple sources of
resistance. The recessive nature ofthe older source ofresistance, however, makes
it less attractive, given cassava's out-crossing and heterozygous nature.

hi this work about 204 SNPs and 537 SSRs are predicted which is

exclusievely related to CMD resistance in cassava. These can be validated and

screened for effective markers against CMD resistance. More than 56 SNPs are

confirmed in the coding region which makes them candidate SNPs for screening
for resistance against CMD resistance. More than 30 SNPs are nonsynonymous
which will result in change inthe transcription product.

5.1 Comparative evaluation of SNP prediction tools

On comparative evaluation of QualitySNP and AutoSNP, QualitySNP

> shows more promising SNPs unlike AutoSNP where a huge number of SNPs
including false positive SNPs are predicted. QualitySNP showed unique ability to
annotate and classify SNPs based on their polymorphism. Based on the type of

annotation data and based on the type ofSNP. All these are not possible inAutoSNP

where classification is entirely based on the type ofSNPs. QualitySNP gave amore

detailed and precise information whereas AutoSNP succeed in predicting thousands
of SNPs but the viable ones are hard to find fi-om the enormous list of SNPs

identified by AutoSNP.

Comparative evaluation of SSR prediction tools

On comparative evaluation of MISA and SSRIT, MISA shows more

promising SNPs unlike SSRIT where only di, tri and tetra SSRs are identified.

MISA on the other hand scans for mono, di, tri, tetra, penta, hexa, and poly SSRs.
SSRIT completely neglects complex SSRs. MISA has a more robust script for
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identifying various types ofSSRs. MISA even recognized double the number of
SSRs found by SSRIT within the same time period.

5.2 Sequence summary ofDNA polymorphism discovery

Sequences of cassava were classified into 20 cultivars including an
uncategorized category. Atotal of120461 sequences were obtained in total and pre-
processed using SeqClean. After cleaning, exactly 120398 sequences were obtained
and used as the primary dataset for DNA polymorphism discovery. This result is
similar to the result obtained by the work done on genome-wide discovery and
information development ofDNA polymorphism in cassava (Sakurai et al.^ 2013).
Here they categorized the cassava sequence into 17 cultivars including a
uncategorized category. This had a total of 114782 sequences and after
preprocessing they were able to obtain 96885 sequences as their primary dataset for
DNApolymorphism discovery.

Additional categories like ARG7, H226 and MTaiie were categorized. One
category named MCol22 with only 7 sequences which they obtained was not

obtained in this study.

5.3 DNA polymorphism discovery

SNPs and InDels were identified using AutoSNP and QualitySNP where
SNPs were identified by the prebuilt categories defined in the tool, but users can
change the defauh values according to needs. Contigs are aligned using CAP3 on
both tools and contigs were used to find DNA polymorphisms.

Asimilar computational analysis of SNP was carried out by {Sakurai et al, 2013).
Polymorphisms (SNPs and InDels) were discovered from the contig sequence
alignment according to the following criteria: (i) The contig could be aligned with
the cassava draft genome sequence (Prochnik etal, 2012) (ii) The nucleotide at the
polymorphism site was not N; (iii) The SNP consisted of2types ofnucleotides (to
avoid false SNP detection due to cross-contamination with other loci in the contig
sequence alignment); (iv) The polymorphism was supported by at least 2sequences
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ma cassava variety; (v) The nucleotide at the polymorphism site was the same in

the contig sequence alignment of each variety; (vi) There were fewer than 3other

discontinuous nucleotide polymorphisms around 5bp ofaSNP site .(Sakurai etal.,
2013).

As aresult they were able to discover atotal of10546 SNPs and 674 InDels
from the whole genome of cassava. Using SNP identification tools on sequences
with similar CMD resistant genes, about 15667 SNPs and 2414 InDels were
obtained using AutoSNP and 56 SNPs while 72 hiDels were obtained by using
QualitySNP. Since the work isrestricted to one particular character the number of

SNPs should be less compared to the work done in whole genome sequence. This
is one ofthe reasons why the results ofQualitySNP was used for validation ofSNPs.

Based on the annotation data from the results ofQualitySNP, about 67 transitions
and 54 transversions were obtained which were related to resistance for CMD

which had aratio of1.24, whereas the whole genome polymorphism discovery gave
a result of 5845 transitions and 4701 transversions. (Sakurai et al., 2013). The
transition to transversion ratio was also 1.24.

With the help ofthese prediction tools we will be able to develop novel
markers which can be used for a lot of applications. The availability of large EST
sequence data makes it an economical choice to develop SSR and SNP markers.

EST SSR and EST SNP are gene specific and thus functional molecular markers.

All these computational tools for DNA polymorphism discovery will help in
identification of SNPs and SSRs in sequence data as well as for designing primers
for these markers. These will help plant breeders, new to molecular breeding and
marker assisted selection to opt for SSR and SNP markers to solve crop disease
related problems. Since we have screened the whole sequences for similarity Avith
virus resistance genes, the number ofsequences for identification ofSSR and SNP
has been considerably reduced and the time taken for the identification ofmarkers

got significantly reduced.
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6. SUMMARY

The study entitled '"Molecular marker development of cassava mosaic

disease resistance using bioinformatics tools and its validation." was conducted at

the Central Tuber Crop Research histitute during 2014-2015. The objectives of the

study included development and evaluation of various SNP and SSR prediction

pipelines, computational prediction and characterization of SNP and SSR in

cassava, verification of SNP and SSR markers for cassava mosaic disease (CMD)

resistant and susceptible breeding lines. The salient findings of the study are

summarized below.

The SNP prediction tool QualitySNPwas found to be a better tool compared

to AutoSNP. QualitySNP had better SNP prediction algorithm and the ability for

classification of the identified SNPs into various categories. It has the ability to

annotate and identify nonsynonymous and synonymous SNPs which helps to select

more precise SNPs for the research work. The SSR prediction tool MISA was found

to be better compared to SSRIT. MISA had better SSR prediction algorithm and the

ability for classification of SSRs based on the type of SSR. Mono, di, tri, tetra,

penta, hexa and poly SSRs are identified in MISA.

The preliminary data set for the identification of SSR/SNP markers was

obtained fi^om the EST section of NCBI {http://www.ncbi.nlm.nih.gov/nucest) and

the cassava transcript sequences (variety AM560-2, JGI annotation v4.1) fi'om the

Phytozome website (http://phytozome.jgi.doe.gov/pz/portal.htmf). The whole

sequences were classified into 20 cultivars totaling to 120461 sequences. After

preprocessingand screening, the datasetwas reduced to 14336 sequences. Since the

sequences were compared with vims resistant genes under the screening stage,

significant reduction in time taken for the identification of SSRs and SNPs could

be achieved. The resulting sequences were assembled and aligned using CAP3 and

2088 contigs were obtained.
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From these contigs using QualitySNP, about 56 SNPs were identified. In

that 30 SNPs were nonsynonymous and 26 SNPs were synonymous SNPs. From

that 5 sequences were selected for primer designing. From the 2088 contigs using

MISA, about 537 SSRs were identified. In that 217 were mono, 132 were di, 139

were tri, 3were tetra, 1was penta 3was hexa and 42 complex SSRs. Five sequences

which have high hit percentage were selected for validation and primer designing.

Primers were designed for both SNPs and SSRs for CMD resistant genes. These

primers were validated using 5resistant and 5susceptible cassava varieties. Among

the 10 primers, after validation, one SNP (SNP896) and one SSR (SSR 2063)

primer was able to clearly differentiate between the resistant and susceptible

varieties. This is the first report of SNPs and SSRs computationally identified and

verified in wet lab.

Scope for Future work

As the resources were limited only few predicted SSRs and SNPs were

validated fordifferentiating susceptible and resistant genes incassava. Infiiture, the

identified 56 SNPs and 537 SSRs can be validated in wet lab and the resulting

potential markers can be utilized in the breeding program for screening CMD

resistance in cassava.
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APPENDIX I

Preparation ofDNA extraction buffer (Dellaporta^ ail, 1983)

a. Tris-HCl(pH8.0)

b. EDTA(pH8.0)

j- c. NaCl

before use.

lOOmM

50mM

500mM

d. p-mercaptoethanol : 0.2% (v/v) freshly added priorto DNA

extraction

e. PVP :2%(w/v)

f. SDS : 20%

g. Potassium acetate ; 500mM
h. Ice-cold Isopropanol
i. Sodium acetate( pH 5.2) : 300mM
j. RNaseA

i. 10 mg/ml (RNase A was dissolved in TE buffer and boiled for 15
minutes at 100®Cto destroy DNase and stored at-20 o C).

k. ChlorofonnJsoamyl alcohol :(24:1)
1. Ethanol : 70%

APPENDIX n

Preparation of TE buffer (lOX)

1. Tris- HCl (pH 8.0) :10 mM

2. EDTA : 1 mM

Final volume made upto 100mlwith distilledwater.

APPENDIX m

TBE buffer (lOX)

1. Tris base : 107 g

2. Boric acid : 55 g

3. 0.5 M EDTA (pH 8.0) : 40 ml

4. Final volume made up to 1000 ml with distilled water and autoclave



APPENDIX IV

a. Gel loading dye

Glycerol

tBE(lOX)

EDTA : 0.25M

SDS :20%

Bromophenol blue : 10%

Sterile water

b. Empty well dye

Loading dye (Appendix IV): 50^1

Sterile distilled water : 50jil

c. lOObp marker

lOObp marker : 5^1

Loading dye : 40^1

Sterile distilled water: :

APPENDIX V

PGR Cocktail

Stock

concentration
Volume taken

Final

concentration

DNA 50ng 2.0^1 5.0 ng

Primer 2.0nM 2.0 ^1 0.2 hM

dNTPs 40^M 0.2 Hi 0.4 \JiM I 20 Hi
Taq buffer lOx 2.0 ^1 Ix

Taq DNA polymerase 3.0 unit ,2.0 Hi 0.03 unit

J
Sterile water 13.6 til
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APPENDIX VI

Acrylamide

Acrylamide : 38g

Bis acrylamide ; 2g

Made up the final volumeup to 100ml using distilledwater.

APPENDIX VII

6% Polyacrylamide gel containing 7 M urea

42 g urea was dissolved in a beaker containing 10 ml TBE buffer (lOX) and 15 ml

distilled water by heating in a microwave oven for 30-40 s. 15 ml acrylamide solutionQ

was filtered and added to a measuring cylinderfollowed by tiie urea solution. The fin^l

volimie was made up to 100 ml using distilled water and stored in dark till use. 60 fU

TEMED and600 ^1 APS (100 mg/ml) was added andmixed just before casting tiiegel.

Bind silane

Absolute ethanol

Acetic acid

Bind silane

Fixer

Acetic acid

Distilled water

99.5%

.5%

1.0 ]i\

APPENDIX VIII

APPENDIX IX

; 200 ml

:1800 ml
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APPENDIX X

Silver stain

2 g silver nitrate dissolved in distilled water to a final volume of 2000 ml and 3 ml

formaldehyde added.

APPENDIX XI

Developer

60 g sodium carbonate dissolved in distilled water to a final volume of 2000 ml and

stored at -20°C. 3 ml formaldehyde and 4 ml sodium thiosulphate (10 mg/ml) was added

and mixed thoroughlybeforeuse.



APPENDIX XI]

List of SSRs identified by MISA

!D 5SR nr SR typ SSR size start end

Cont g22 1 p3 (AGA)6 18 838 855

Cont g24 1 pi (T)13 13 105 117

Cont g26 1 pi (A)12 12 1078 1089

Cont g26 pi (T)10 10 1398 1407

Cont g43 1 c Lctgctctctcagcttccctal 108 29 136

Cont g44 1 pi (T)ll 11 1251 1261

Cont g48 1 P2 (TC)8 16 55 70

Cont g51 1 pi (A)13 13 1011 1023

Cont g54 1 P2 (AG)15 30 143 172

Cont g54 pi (T)14 14 1842 1855

Cont g57 1 P2 (CT)6 12 38 49

Cont g58 1 P2 (CT)6 12 38 49

Ci)nt g59 1 p3 (CA6)8 24 1913 1936

Cont g61 1 c CT)9cgttttctccaa(T)i; 41 70 110

Cont g63 1 pi (T)10 10 973 982

Cont g65 1 p3 (TGG)5 15 2136 2150

Cont g66 1 P2 (GA)7 14 28 41

Cont g69 1 p3 (TAT)5 15 37G0 3774

Cont g70 1 . P3 (TAT)S 15 3682 3696

Cont g74 1 P2 (CT)7 14 19 32

Cont g75 1 p2 (AG)6 12 26 37

Q)nt g84 1 pi (T)18 18 2548 2565

Cont g87 1 pi {C)10 -10 176 ... 185

Cont g93 1 P2 (TC)6 12 53 64

Cont g94 1 c (TC)6ttcc(T)ll 27 31 57

Cont g94 p3 (TGA)6 18 576 593

Contigl21 1 p2 (AG)6 12 525 536

Conttgl22 1 c (CA)8gagagagat(AG)9 43 61 103

Contigl23 1 P2 (cr)i6 32 196 227

Contigl25 1 pi (T)13 13 492 504

Cbntigl26 1 pi (A)14 14 94 107

Contlgl41 1 p2 (TC)6 12 14 25

Contlgl45 1 p3 {GCT15 15 1127 1141

Contigl49 1 pi (A)23 23 1095 1117

ContiglSO 1 p4 (ATCA)5 20 76 95

ContJglSS 1 c (TC)13ttttt(A)10 41 1454 1494

Contigl54 1 P2 (TC)10 20 46 65

ContiglS6 1 P3 (GGC}5 18 595 612

Contigl57 1 p3 (6GC)6 18 472 489

Contigl59 1 pi (T)10 10 2253 2262

03ntrgl60 1 p2 (AG)13 26 43 68

Contigl71 1 pi (A)10 10 1709 1718

Contigl84 1 P2 (TA)IO 20 1629 1648

Contigl88 1 p3 (GCT)5 15 132 146

Contigl94 1 c )38gcttgacaaaacagt(C 103 1 103

Contigl97 1 P2 (AT)7 14 68 81

Contigl98 1 p3 (CAG)7 21 498 518



Contig200 1 p3 (ATA)6 18 473 490

Contig200 2 P2 (AT)11 22 751 772

Cbnttg208 1 pi {T)10 10 54 63

Contig212 1 c jaaaataccaaattttttaac 90 1037 1126

Contig214 1 P3 (CAG)8 24 1321 1344

Conttg217 1 P3 (AAG)5 15 85 99

Contig229 1 pi (A)12 12 798 809

05ntig236 1 p3 (TGA)5 15 1515 1529

Contig236 pi {A)ll 11 2002 2012

Contig238 1 pi (T)10 10 261 270

Contig240 1 P2 (TC)6 12 256 267

Contig241 1 pi mi2 12 4555 4566

Contig248 1 pi (T)16 16 863 878

Contig254 1 P3 (GCA)5 15 222 236

Contig255 1 P3 (CAG)5 15 94 108

Contig264 1 pi (T)10 10 12 21

Contig271 1 p2 (TC)6 12 73 84

Cont!g271 pi (A)12 12 1070 1081

Contlg275 1 P2 (AT)11 22 1135 1156

Contig287 1 P3 (Ta)6 18 174 191

Contig289 1 P3 0-0)7 21 616 636

Q)ntig293 1 P3 (ATG)6 18 3069 3086

Contig302 1 P2 (CD6 12 2787 2798

Contig303 1 pi {T)10 10 809 818

Contig326 1 P2 (AT)7 14 1231 1244

_Contig328. 1 c A)15gaagcacgct(TC)l 45 - 19- , 63
Contig335 1 P2 (CT)8 16 1175 1190

Contlg338 1 p3 (CTG)5 15 3976 3990

Contig344 1 p2 (TC)6 12 69 80

Cbnttg359 1 P3 (TCD6 18 57 74

Contig367 1 pl {A)10 10 1156 1165

Contig369 1 p3 (GAG)12 36 926 961

Contig370 1 p2 (CT)26 52 59 110

Contig378 1 p3 (GAT)5 15 736 750

Contig382 1 P2 (TC)6 12 57 68

Contig388 1 P2 • (CT)7 14 56 69

Contig390 1 P2 (AT)12 24 576 599

Cbntig403 1 pl (T)10 10 1308 1317

Contig407 1 pl (T)12 12 913 924

Contjg412 1 pl (A)12 12 1727 1738

Contig414 1 p3 (TTC)5 15 17 31

Contfg414 c (T)10g(T)ll 22 950 971

Contfg414 P2 (AT)6 12 1178 1189

Q3nttg416 1 P3 (TCT)5 15 1375 1389

Contig417 1 pl (A)12 12 695 706

Contig424 1 Pl (T)12 12 402 413

QDntlg426 1 p2 (TA)6 12 1516 1527

Q3ntig429 1 p2 (TA)6 12 38 49

Contig432 1 pl (T)18 18 1100 1117

Contig433 1 pl (T)13 13 992 1004



Contlg436 1 pi (T)13 13 300 312

Contig437 1 pi (T)12 12 1762 1773

C^ntig441 1 pi mi2 12 404 415

Contig442 1 P2 (AG)15 30 1 30

Contig443 1 P2 (GA)ll 22 3 24

Contig443 pi (T)ll 11 1611 1621

Contig456 1 pi (A)15 15 270 284

Contig459 1 c :ctctctcgcggctagggttt 86 3 88

Contig475 1 p3 (CTT)6 18 90 107

Contig476 1 pi (T)10 10 1836 1845

Contig480 1 P2 (AG)7 14 17 30

Conttg481 1 P3 (TTA)5 15 108 122

Contig482 1 pi (A)12 12 1252 1263

C^ntigBOO 1 p2 (AG)8 16 39 54

ContigSOl 1 p2 (TC)ll 22 233 254

Cont!g502 1 c icaatcgtggaggcggtggc 60 396 455

CbntlgSO? 1 P2 (GT17 14 166 179

Contig513 1 pi (A)10 10 55 64

Contig532 1 pi (A)12 12 9 20

Contig536 1 p3 (GAT)5 15 516 530

ContIg542 1 P2 {TC)6 12 71 82

Cont(g543 1 P2 (GA)7 14 17 30

Contig545 1 c tgtgaaaattaattaatggtt 51 868 918

Contig547 1 pi (T)10 10 459 468

Cont{g548 1 P3 (AAC)5 15 189 203

Contig548 pi (T)14 . 14 1113 1126 ,

Contig552 1 p3 (TCns 15 96 110

ContigSSS 1 P3 (CTC)5 15 1 15

Contig565 1 pi (T)13 13 911 923

Conttg567 1 P2 (CT)7 14 1 14

Contlg575 1 P2 (TC)6 12 217 228

Contig575 pi (T)14 14 1141 1154

Contig592 1 pi (A)10 10 1719 1728

Cont(g594 1 p3 (TTC)5 15 73 87

Contig594 pi (T)14 14 337 350

Contig600 1 pi (AllO 10 166 175

Contig600 pi (A)10 10 332 341

Cbntig603 1 pi (A)10 10 26 35

Contig606 1 P3 (ca)5 15 127 141

Contig610 1 pi (T)12 12 607 618

Contig615 1 pi (A)13 13 27 39

ContigSlS pi (A)12 12 1110 1121

Contig616 1 P2 (TA)9 18 290 307

Contig627 1 pi (A)10 10 1129 1138

Contlg627 P2 (AG)9 18 1244 1261

Contig627 pi (A)10 10 1540 1549

Conttg628 1 pi (A)ll 11 57 67

Contig632 1 pi (A)15 15 1067 1081

Contig639 1 pi (A)12 12 114 125

Contig647 1 pi (A)16 16 75 90



Contig651 1 p3 (TTG)5 15 242 256

Contig651 2 p3 (CAG)5 15 2166 2180

Cont{g657 1 pi mio 10 282 291

Contig662 1 pi [A)10 10 1885 1894

Contig663 1 pi (T)ll 11 2037 2047

Contig664 1 P2 (AT)7 14 22 35

Contig674 1 P2 (TA)6 12 827 838

Contlg677 1 pi (T)14 14 1450 1463

Contig680 1 P2 (TC)12 24 85 108

Contig681 1 P2 (CT)11 22 26 47

Contig681 pi (A)ll 11 1248 1258

Contig683 1 pi (T)14 14 61 74

Contig688 1 pi (T)10 10 1043 1052

Contig691 1 P2 (CT)6 12 218 229

Contig693 1 P3 (CAG)5 15 2324 2338

Contig693 pi (T)14 14 3882 3895

Contig694 1 P2 (CT)6 12 46 57

Contig702 1 P2 (CT)22 44 13 56

Contlg702 p3 (CGA)5 15 171 185

Contlg702 pl (A)10 10 1587 1596

Q)ntig703 1 p3 (Cm7 21 31 51

Contig704 1 pl (T)10 10 381 390

Conttg704 p3 (CAC)11 33 768 800

Contig708 1 P2 (AG)7 14 21 34

Cbntig709 1 pl (A)ll 11 1516 1526

Contig710 1 pl . - (A)13 . . 13 54 . 66 ^ .
Contig715 1 pl (A)15 15 64 78

Contig715 P3 (GAA)5 15 606 620

Contig718 1 pl (A)13 13 102 114

Contig720 1 pl (A)14 14 72 85

Contig722 1 p2 (CT)6 12 39 50

Conttg722 pl (C)10 10 154 163

Contig722 pl • (T)16 16 3646 3661

Contig724 1 c igttgctcatcagcctgtgaa 116 544 659

Contig733 1 p3 (CAG)5 15 429 443

Contig734 1 P2 (TC)16 32 5 36

Contjg738 1 p2 {TC)7 14 22 35

Contfg749 1 c ttttctcgggaaacaagcac 84 117 200

Contig759 1 pl mio 10 1024 1033

Q3ntig759 pl mil 11 1168 1178

Contig768 1 p3 (ACC)7 21 145 165

Contlg769 1 pl (T)14 14 947 960

Cbnttg770 1 P2 (TC)12 24 178 201

Cont[g772 1 p3 (G6C)6 18 673 690

Contig778 1 P2 (TA)9 18 1613 1630

COnttg784 1 P3 (AAG)9 27 187 213

Contig785 1 P3 (ATC)9 27 932 958

Contig788 1' c »aagtgttatgagtgtggtg< 155 330 484

Contig792 1 P2 {TA)9 18 1546 1563

Contig798 1 p3 (AGG)8 24 1415 1438
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Contig980 1 c :caacatttgtcaacaggaa 80 148 227

G}ntig980 2 p3 (CAG)5 15 358 372

Contig980 3 c (T)14(G)13 27 985 1011

Contig981 1 pi (T)ll 11 749 759

Contig984 1 p3 (GCA)5 15 152 166

Contlg985 1 P2 (CT)7 14 1925 1938

Contig993 1 pi (T)ll 11 40 50

Contig997 1 pi (A)ll 11 289 299

ContiglOOl 1 p3 (CTC)8 24 9 32

Contlgl029 1 c ttttagcagcgaagaattga 67 1605 1671

Contlgl031 1 P3 (TCC)5 15 306 320

Contigl033 1 P2 (TC)6 12 19 30

Contigl042 1 pi (T)14 14 739 752

Contigl043 1 P2 (CT)10 20 1 20

Contigl047 1 P2 (CT)8 16 95 110

Contigl052 1 pi (A)ll 11 2431 2441

Contigl053 1 p3 (Ta)7 21 191 211

Contigl054 1 pi (A)ll 11 39 49

ContlglOei 1 p3 (ACC)9 27 1053 1079

Contlgl067 1 pi (T)10 10 190 199

Contigl069 1 pi (T)ll 11 121 131

Contigl069 pi (A)18 18 1131 1148

Cont!gl073 1 p3 (AGA)5 15 512 526

Contigl078 1 p3 (TCT)10 30 70 99

Contigl084 1 pi (A)16 16 2682 2697

ContiglOSS pl. . . .(T)10, . .. .io_. . .. 1897.. 1906

Contigl088 1 pi (A)10 10 2199 2208

Contigl094 1 P3 • (Ga)7 21 263 283

Contigl097 1 P2 {TC)8 16 59 74

Contigl098 1 P2 (TC)7 14 59 72

ConttgllO? 1 pl (A)10 10 101 110

c:ontigll09 1 pl (T)15 15 935 949

Contiglll7 1 c ttttatttgggtttgtgtacag 82 263 344

Contiglll8 1 P2 (AG)7 14 79 92

Contigll29 1 •p2 (TA)9 18 846 863

ContigllSO 1 pl (T)10 10 672 681

Contlgll31 1 pl (T)14 14 1842 1855

Contfgll36 1 P2 (CT)8 16 52 67

Contigll46 1 P3 (TAA)6 18 1282 1299

Contigll47 1 pl {A)15 15 1609 1623

Contigll49 1 pl mi5 15 2194 2208

Contigll56 1 pl (T)ll 11 694 704

Contigliei 1 P3 (ATC)5 15 1931 1945

Contigll62 1 pl (T)ll 11 511 521

Cbntigll64 1 P2 (AT)6 12 3071 3082

Contigll7S 1 P3 (TTA)5 15 2746 2760

Contigll88 1 pl (T)10 10 943 952

Contlgll99 1 P2 (CT)6 12 1 12

Contigl201 1 P2 (GA)ll 22 136 157

Contigl205 1 pl (T)13 13 . 1731 1743



Contigl211 1 pi (A)10 10 5 14

Contigl213 1 pi (T)10 10 1148 1157

Contigl214 1 pi (T)10 10 1248 1257

Contigl221 1 P2 CT7 14 5 18

Contlgl223 1 P2 (AG)8 16 144 159

Contigl230 1 P2 (0)15 30 1 30

Contigl231 1 pi (T)ll 11 205 215

Contigl244 1 pi (A)10 10 809 818

Contigl246 1 pi (A)ll 11 215 225

Contigl248 1 Pl (A)15 15 41 55

Contigl248 p3 (GAA)5 15 521 535

Contigl253 1 P2 (TA)7 14 525 538

Contigl256 1 c (TCT)5gctt(aG)5 34 76 109

Contigl259 1 P3 (GGC)5 15 42 56

Contigl268 1 p3 (CTD5 15 281 295

Conttgl276 1 p3 (AAG)5 15 120 134

Q)ntigl281 1 pl (A)14 14 1 14

Contigl281 p3 (TCA)6 18 561 578

COntigl285 1 p3 (6CA)5 15 403 417

Contigl285 pl (T)14 14 1286 1299

ContIgl286 1 c aacagacatgctctgcaact 131 66 196

Contigl288 1 c tgaaaaggaggaagaatc( 54 62 115

Contlgl290 1 pl (T)13 13 1331 1343

Contigl292 1 pl {A)10 10 2427 2436

Contigl294 1 pl (T)15 15 1396 1410

._03nttgl295 p2 {TC)7 14...... .. ,140 _ .. 153,,

Cdntigl295 P3 (GCA)5 15 i057 1071

Contigl299 1 c (TC)7g(CT)6 27 3539 3565

Contigl302 1 P2 (AG}6 12 1594 1605

Contigl306 1 P2 (TC)6 12 405 416

Contigl311 1 p3 (AAC)6' 18 588 605

Contigl333 1 pl (T)10 10 1083 • 1092

Contigl335 1 p3 (ATOS 15 1298 1312

Contigl339 1 p3 (TGG)9 27 35 61

Contigl342 1 pl (T)ll 11 903 913

Contigl346 1 pl (T)10 10 204 213

Cbntigl353 : pl (T)U 11 129 139

C0ntigl353 pl {T)10 10 529 538

Contlgl353 pl (T)14 14 809 822

Contlgl354 1 P2 {TA)7 14 1529 1542

Contigl357 1 p2 (AG}6 12 17 28

Contigl362 1 P2 (CT112 24 22 45

Contigl362 p3 (AAG)8 24 1133 1156

Q)nttgl362 c ctatggatgaaaggctttgt 124 1340 1463

Contigl363 1 p3 (GCA}5 15 61 75

Contigl364 1 pl {A)17 17 590 606

Contlgl370 1 p2 (AG)ll 22 67 88

Contigl375 1 pl (A)12 12 70 81

Cbnttgl375 2 p3 (AAG)6 18 340 357

Contigl384 1 P2 (TG)8 16 1248 1263



Cbntigl387 1 c taaacagacagaaagttcti 88 10 97

Contigl388 1 pi (T)10 10 1709 1718

Contigl389 1 p3 (crn7 21 253 273

Contigl389 pi (T)10 10 1224 1233

Contigl391 1 p6 (CTCCI l)b 36 685 720

ContIgl396 1 p3 (TCC)5 15 29 43

Contigl399 1 c {T)llatttgg(A)10 27 1446 1472

Contigl400 1 c (T)llatttgg(A)10 27 1426 1452

Cbntigl401 1 c (T)llatttgg(A)10 27 1337 1363

Contigl404 1 p3 (TAT) 6 18 328 345

Contigl416 1 P2 (TC)6 12 1 12

Contigl423 1 p4 (TTAA)5 20 1323 1342

Cont[gl423 pi (T)10 10 1491 1500

Contigl427 1 P2 {AG)8 16 68 83

Contigl428 1 pi (A)ll 11 122 132

Contigl431 1 pi ("014 14 288 301

Contigl431 P2 (AG)6 12 737 748

Contigl439 I P3 (TTA)6 18 2955 2972

Contlgl441 I P2 (TC)13 26 37 62

C0ntjgl443 1 pl (T)13 13 1719 1731

Contigl444 1 P3 (GGA)5 15 798 812

Cbntigl444 p3 (TTA)6 18 1639 1656

a)ntigl447 1 P2 (TC)6 12 72 83

Conttgl448 1 P2 (TC)7 14 165 178

COntigl452 1 pl (A)10 10 2171 2180

Contigl462 1 P2 (TC)13 ... 25 33 58

Contigl467 1 P2 (AT)8 16 95 110

Contigl468 1 P2 (TA)8 16 3912 3927

Contigl469 1 p3 (CAG)5 15 276 290

ContIgl469 p3 (ACC)5 15 800 814

Ctontlgl471 1 p3 (Tcns 15 315 329

Contigl474 1 pl (A)13 13 1365 1377

Contigl476 a pl (T)ll 11 1422 1432

Cbntigl478 1 pl (T)10 10 2860 2869

Contigl479 1 P2 (TA)S 16 135 150

Contigl481 1 p3 (CTC)6 18 136 153

Contigl484 1 pl (T)12 12 1041 1052

Cbnttgl486 1 p3 (ACT)6 18 1 18

C0ntigl487 1 pl (T)14 14 2162 2175

Contigl489 1 pl (T)22 22 184 205

Conttgl495 1 pl mis IS 2572 2586

Q)ntigl509 1 pl (T)ll 11 1334 1344

Contigl516 1 pl (A)10 10 141 150

Conttgl524 1 P2 (TC)6 12 66 77

Contigl529 1 pl mio 10 837 846

Contigl535 1 P2 (TG)6 12 486 497

Contigl542 1 p3 (GCT)5 15 79 93

QDntigl546 1 P2 (AG)ll 22 1703 1724

Contigl552 1 pl mil 11 3898 3908

Contigl557 1 pl (A)10 10 68 77



Contigl561 1 c itccctgagaactcctttcat 72 26 97

Contigl561 2 p3 (nc)5 15 1090 1104

Contigl566 1 pi (T)10 10 352 361

Contigl571 1 P2 (AC)7 14 12 25

Contigl573 ,1 pi (T)ll 11 885 895

Contigl576 1 pi . (T)ll 11 1277 1287

Contigl577 1 c ftga cttgtgctgctgttcctt 109 1 109

Contigl578 1 pi (T)14 14' 146 159

Contigl591 1 P3 (GAA)7 21 2 22

Contigl593 1 p3 (eCA)5 15 147 161

Contigl593 2 pi (A)10 10 381 390

Contigl596 1 p3 (GAG)7 21 571 591

Contigl602 1 p2 (TC)9 18 115 132

ContiglSOS 1 pi (T)10 10 1381 1390

Contigl606 1 pi (T)10 10 281 290

Contigl607 1 pi (A)ll 11 1778 1788

ContiglGlO 1 pi (T)16 16 1264 1279

Contigl612 1 pi (A)13 13 40 52

Contigl612 2 pi (A)15 15 314 328

Contigl612 3 pi (T)14 14 469 482

Contigl612 4 pi (A)14 14 1899 1912

Contigl612 5 p3 (AAT)5 15 2142 2156

Contigl613 1 pi (A)13 13 40 52

Conttgl613 2 pi (T)14 14 463 476

Contigl613 3 pi (A)12 12 1781 1792

Conttgl613 4 P3 . . (AAT)5 . 15,_. , 2022 2036

Contigl614 1 P2 (TC)7 14 21 34

Contigl621 1 c :ctattgcagaggcatgc(G 114 77 190

Contigl621 c LG)5aacagtaatcca(CAC 54 1042 1095

Contigl622 1 P3 (TAA)5 15 3173 3187

Contigl626 1 c ctctgcaaatccaattattct 82 383 464

Conttgl626 pl (T)16 16 2144 2159

G}ntigl631 1 c gctcatatatatatagagag 57 1594 1650

Contigl634 1 p2 (AC)6 12 168 179

Contigl638 1 p3 (ATG)7 21 953 973

Contigl644 1 P2 (CDU 22 1259 1280

Contigl651 1 pl (T)12 12 1540 1551

Contigl661 1 p5 (AGGAQS 25 8 32

Contigl661 pl mil 11 1786 1796

Cont7gl665 1 p3 (TCT)8 24 202 225

Contlgl672 1 pl (T)12 12 2093 2104

Cont!gl694 1 P2 (CT)10 20 1337 1356

C0nttgl704 1 P3 (CCA)7 21 164 184

Contigl710 1 pl (T)10 10 1753 1762

Contigl711 1 pl (T)10 10 1711 1720

Conttgl715 1 pl (A)13 13 2586 2598

Contigl717 1 p3 (TCT)7 21 46 66

Contigl719 1 c L0cctttttctttttc(T)10(/» 45 3064 3108

Contigl725 1 p2 (a)15 30 25 54

Contigl725 2 P2 (CT)11 22 215 236



Contigl727 1 P2 (TC)13 26 32 57

Contigl728 1 P2 (TC)13 26 32 57

Contigl731 1 p3 (CTC)5 15 124 138

Contigl735 1 pi (A)10 10 148 157

Contigl735 p2 {GT)7 14 2102 2115

Contigl737 1 pi (A)ll 11 226 236

Contigl738 1 pi (T)U 11 80 90

Contigl740 1 P3 (GAA)5 15 1195 1209

Contigl747 1 pi (T)17 17 2477 2493

Contlgl748 1 Pl (T)29 29 1301 1329

Contigl752 1 pi (A)ll 11 1803 1813

Cbntigl7S9 1 P2 {TC)9 18 37 54

ODnttgl760 1 pl (T)12 12 308 319

Q3nttgl761 1 p3 {CTD8 24 255 278

Contigl762 1 pl (T)10 10 104 113

Contigl769 1 P3 (ccr)5 15 459 473

Contigl770 1 p3 (GCA)5 15 3708 3722

Contigl772 1 p3 (TGA)5 15 1456 1470

Contigl773 1 p3 (TTC)6 18 28 45

Contigl775 1 pl (T)10 10 2108 2117

Contigl781 1 pl (T)10 10 2520 2529

Contigl788 1 pl (A)10 10 2557 2566

Contigl792 1 pl {T)10 10 1445 1454

Contigl800 1 pl (A)10 10 973 982

Contigl807 1 pl (A)12 12 2598 2609

Contlgl808 .pl JT)10 . , 10 , 2093 . 2102

ConttglSlO 1 pl (T)15 15 1876 1890

Contigl816 1 p3 (GAT)5 15 265 279

Contigl818 1 P2 (AT)12 24 1839 1862

Contigl819 1 P2 (TA)18 36 4 39

Contigl831 1 pl (A)10 10 27 36

Contigl836 1 pl (A)15 15 1245 1259

Contjgl840 1 P2 (AG)12 24 1180 1203

Contigl848 1 P2 (CT)6 12 44 55

Contigl849 1 P2 [0)6 12 44 55

Contigl852 1 pl (A)10 10 147 156

Contigl861 1 pl (T)10 10 622 631

Contigl863 1 pl (T)15 15 1712 1726

Contigl883 1 pl (C)ll 11 1844 1854

Contigl884 1 P2 (TA)6 12 2074 2085

Contigl884 pl (T)12 12 2221 2232

Contigl890 1 P3 (CAT)5 15 585 599

Contigl890 pl (A)10 10 1000 1009

Cont(gl908 1 pl mil 11 318 328

Contigl908 P2 (TC)IO 20 2414 2433

Contigl917 1 p3 (GAA)IO 30 138 167

Contigl922 1 c (GA)7a(AG)8 31 22S3 2283

Contigl923 1 P2 (TC)6 12 26 37

Contigl923 2 p3 (ATA)5 15 356 370

Contlgl923 3 pl mil 11 1859 1869



Contigl924 1 P3 (GAA)5 15 78 92

Contigl924 2 pi (T)10 10 1832 1841

Contigl930 1 pi (T)14 14 1455 1468

Contigl939 1 p2 (CT)6 12 27 38

ContIgl952 1 pi (A)10 10 190 199

Contigl957 1 pi (G)12 12 1837 1848

Cont!gl958 1 pi mio 10 93 102

Conttgl959 1 p3 ' (TGC)7 21 1245 1265

Contigl959 c igatttgaaatt^gttagga 121 1555 1675

Contigl960 1 p3 (AGA)5 15 281 295

Contigl969 1 P2 (a)20 40 44 83

Contigl978 1 c atgggagaaaaaataagtg 44 1040 1083

Contigl979 1 pi (T)12 12 900 911

Contigl981 1 p3 (CTT)IO 30 287 316

Contigl981 pi (T)13 13 434 446

C0ntigl982 1 pi (T)13 13 1015 1027

C0ntigl984 1 pi mi6 16 3117 3132

Contigl986 1 P2 (GA)7 14 8 21

Contigl986 P2 (AT)6 12 1793 1804

Contigl987 1 P2 (TC)9 18 77 94

Contigl988 1 P3 (ATC)6 18 1066 1083

Contig2013 1 p4 (IIIC)b 24 154 177

Contig2014 1 pi (A)10 10 678 687

Contlg2016 1 pi (T)10 10 1128 1137

Conttg2022 1 pi (A)12 12 19 30

Contig2029 1 P2 (TC)6 12 239 250

Contig2048 1 pi (T)14 14 1271 1284

Contig2049 1 P2 (CT)7 14 17 30

COnttg2049 p3 (ACC)5 15 485 499

Cbntig2051 1 p3 (GCA)? 21 151 171

Contig2056 1 pi (T)13 13 1008 1020

Contig2062 1 pi (T)10 • 10 874 883

Contig2063 1 p3 (GAA)7 21 684 704

Q}nttg2063 P2 (TG)ll 22 959 980

Q)ntig2064 1 P3 {GAT)5 IS 520 534

Contig2065 1 p3 (GAA)IO 30 472 501

Conttg2066 1 p3 (GCA)8 24 1468 1491

Contfg2067 1 p3 (TTA)5 15 134 148

Contig2073 1 pi (T)16 16 1378 1393

Contig2079 1 p3 (CTG)5 15 60 74
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APPENDIX XIII

List of NonsynonymousSNP coding data identified by QualitySNP

Contig no: position SNP length normal sequence sequence with base change transcribed protein
260 388 TC 10 CACCAGAATITATCATCAAGC CACCAGAATTCATCATCAAGC HQNLSSS HQNSSSS

344 509 AT 10 AAATCAGCTTATGCATTGTGT AAAlLAGCIIIIbCAIIblGI KSAYALC KSAFALC

385 683 GC 10 AACAGTGAGAGCAAACAAGAG AACAGTGAGACCAAACAAGAG NSESKQE NSETKQE

401 630 GT 11 TTGCGCAAGCAGTACGGACCT TTGCGCAAGCATTACGGACCT LRKaVGP LRKHYGP

401 833 GC 10 CGGAATCCAAGGAAAAGGCTA CGGAATCCAACGAAAAGGCTA RNPRKRL RNPTKRL

401 836 GA 10 AATCCAAC6A6AAGGCTATCA AATCCAACGAAAAGGCTATCA NPTRRLS IMPTKRLS

468 1143 AG 9 GCTGCATTCAATATGCCACCC GCTGCATTCGATATGCCACCC AAFNMPP AAFDMPP

732 82 CA 11 GTTCAATCTCACCCCAGAAGC GTTCAATCTCAACCCAGAAGC VQSHPRS VQSQPRS

896 1495 CA 10 GTGCTATATACGCACCCAGCA GTGCTATATAAGCACCCAGCA VLYTHPA VLYKHPA

1043 635 CT 10 ILICAAACAALGAI1 lAIGIG ILICAAALAAIbAI 1 lAlblG SQTTIYV SQTMIYV

1053 1044 TG 11 TGTCAGGGAGATTATGTGGTG TGTCAGGGAGAGTATGTGGTG CQGDYW CQGEYW

1073 76 cr 10 CGTGAACAACCTCCCTCCATC CGTGAACAACTTCCCTCCATC REQPPSI REQLPSI

1073 79 TC 10 GAACAACCTCrCTCCATCCTC GAACAACCTCCCTCCATCCTC EQPLSIL EQPPSIL

1073 126 TC 9 lllGbCICIIIIICICCCIIG lllbbCIClCIIICICCCIIG FGSFSPL FGSLSPL

1228 2528 AG 10 TACAGCATCGAACTTCCAAGC TACAGCATCGGACTTCCAAGC YSIELPS YSIGLPS

1238 415 AG 9 IIICICGIGAIIIIbLIIIIG 11 ICICblGbl 11 IGCI 11 lb FLVILLL FLWLLL

1889 668 AG 10 ACACLCGGLLAbGAAl 1 lACI ALACLCbbCLbbbAAl MALI TPGQEFT TPGREFT

1889 685 AG 9 ACTTTTACAATTCGTAGGGGA ACI111ACAGII Lb 1AbbGGA TFTIRRG TFTVRRG

1889 881 GA 10 CTAAATGTTAGAGGAAAAAGC CTAAATGTTAAAGGAAAAAGC LNVRGKS LNVKGKS

1930 1379 AC 9 GAGGTTAGTAACCTTACAGCC GAGGTTAGTCACCTTACAGCC EVSNLTA EVSHLTA

2023 574 GT 9 AGCTACACTGTGGCTTATGGA AGCTACACTTTGGCTTATGGA SY7VAYG SYTLAYG

2023 602 CG 10 CLAbAALLlALI KdILCI IGI CCAGAACCTAGnGTCCTTGT PEPTCPC PEPSCPC

2055 1540 CT 10 AAAAAAIAIbLlbAbbI ICI1 AAAAAAIAIbllGAbbllLlI KKYAEVL KKYVEVL

2055 1560 GC 9 AGAaGATAGGGAGACTTACG AGACTGATACGGAGACTTACG RLIGRLT RLIRRLT

2055 1563 AG 9 C1 bA 1AbbbAbAL 11ALb 11 b CTGATAGGGGGACTTACGTTG LIGRLTL LIGGLTL

2055 1617 GC 9 CAAGACTCCGAGCTAGACCAA CAAGACTCCCAGaAGACCAA QDSELDQ QDSQLDQ

2055 1680 GA 9 AblClGGI IbLI 1 lAGCACCA AblLlbbI lALI 1 lAbCALLA SLVALAP SLVTLAP

2055 1725 GA 9 ATCACGTTGGAAGTGTTGAAA ATCACGTTGAAAGTGTTGAAA ITLEVLK ITLKVLK

2055 1987 TA 10 GTAAaGTGATGCAATGCCCC GTAACTGTGAAGCAATGCCCC VTVMaCP VTVKQCP

2064 625 GC 9 TCAAATCAGGCTTCAGTTACT TCAAATCAGCCrrCAGnACr SNQASVT SNQPSVT



A

APPENDIX XIV

List of SynonymousSNP coding data Identified by QuaiitySNP

Contlg no: position SNP length normal sequence sequence with base change transcribed protein
361 358 GA 11 GCTAACCTGAGGC6C6CTGCT GCTAACCTGAGACGCGCTGCT ANLRRAA

361 454 CG 11 AbbLAG 111C1CGGGC1GAGG AGGCAGTTTCTGGGGCTGAGG RQFLGLR
361 1053 AT 11 TACGGTTCGGCAGGCTATGCT TACGGTTCGGCTGGCTATGCT YGSAGYA

361 1189 TC 11 TCCATGGTGTCTACTGTTGCT TCCATGGTGTCCACTGTTGCT SMVSTVA

401 591 CA 11 GATGTTGTTGGCAGTCCATAC GATGTTGTTGGAAGTCCATAC DWG5PY

401 609 AG 11 TACTATGTCGCACCAGAGGTG TACTATGTCGCGCCAGAGGTG YYVAPEV

401 618 GA 11 GCACCAGAGGTGTTGCGCAAG GCACCAGAGGTATTGCGCAAG APEVLRK

401 633 CT 11 CGCAAGCAGTACGGACCTGAA CGCAAGCAGTATGGACCTGAA RKQYGPE

401 678 TC 11 A'l 11IGIAIAI11 lAI lAlCI AmTGTATATCTTATTATCT ILYILLS

401 699 AT 11 GbAb 1GLLALCA1 i 11GGGCA bGAti 1bLLALC 11111GGGCA GVPPFWA

401 837 GA 11 AATCCAACGAAGAGGCTATCA AATCCAACGAAAAGGCTATCA NPTKRLS

463 141 CT 11 GGAAAGTCGACCACTACTGGT GGAAAGTCGACTACTACTGGT bKbl1 lb

468 1115 AT 11 AriTCTACAGGAGCCrrCCTT AlllLIALAbblbLCIICCII ISTGAFL

567 427 CT 11 CCAAAGAAGACCSGCACCTCA CCAAAGAAGACTGGCACCTCA PKKTGTS

896 1490 AT 11 GAAAATGTGCTATATACGCAC bAAAAIbibCI 1 lAIACbCAC ENVLYTH

899 1299 TC 11 CCCGAGCTTGTTAACAAGCTG CCCGAGCTTGTCAACAAGCTG PELVNKL

1136 285 CT 11 AAAATCAGAACCGTGGAGCTG AAAATCAGAACTGTGGAGCTG KIRTVEL

1228 2604 GA 11 AAblLAIlLALblblALIIIA AAb I'LAITCACA 1b 1AL111A KSFTCTL

1233 636 TC 11 Gl 1 lAIAAGAI IGAAGCTGAA GTTTATAAGATCGAAGCTGAA VYKIEAE

1889 608 CT 11 ATGCTTGACACCAAGGGTCCT ATGCTTGACACTAAGGGTCCT MLDTKGP

1889 813 AT 11 AAGTCCAAGACAGATGACTCT AAGTCCAAGACTGATGACTCT KSKTDDS

1889 912 TG 11 CCTTCCATCACTGAAAAGGAC CCTTCCATCACGGAAAAGGAC PSITEKD

2023 369 AG 11 GCTATGTTGTCAC6CTCTGCG GCTATGTTGTCGCGCTCTGCG AMLSRSA

2023 378 GT 11 TCACGCTCTGCGGCAGGAATA TCACGCTCTGCTGCAGGAATA SRSAAGI

2055 1724 GA 11 CTAATCACGTTGGAAGTGTTG CTAATCACGTTAGAAGTGTTG LITLEVL

2055 1757 GA 11 lIACIIAblCIGGIAACAICI TTACTTAGTCTAGTAACATCT LLSLVTS



APPENDIX XV

ClustalX alignment ofSNP896 with MNga

CLUSTAL 2.1 multiple sequence alignment

Contig896
2R

Contig896
2R

Contig8 96
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig8 96
2R

Contig896
2R

GATGGCTCGCCATTTGACAGATCGAGGGAGAGAGAGAGAGTGAGAGAGAGAGAGAGAGAG 60

AGAGAGAGAGGAGTGCTGATTATGGCGAGAGACATCGATGACCTACCAAAGCTCGAAGCT 120TAATSGTTCTR TCAACKTCCTTCAYTA 27
** * ,***.* .** * ** *

AACCATATGGCCTTGACGCCGCTGTGGTTCCTCGAGAGAGCAGCTACGGTGCACCCCACC 180
—CGATTTYKYCAYGTY CTG-GYTTCAATGTSACAAAAGCACARGGGGACTCYCCC 80

* *+.* *. *** * ***^. *.^* ***** _**

AGAACAGCCGTTGTCCATGGATCAGTTCACTATACGTGGCAGCAGACCTACCAACGGTGC 240

CGTCGATTGGCCTCTGCTCTTTCCAAGCGCAACATCGGCGCCGGAAGCACGGTAGCAACA 300
CTSATCTKSYCTR—GCyACMACMGAYAC 112
**^_***^. *. ** ** .* *

ATTGCTCCAAATGTCCCAGCCATGTATGAAGCTCATTTTGGAATTCCAATGGCTGGCGCA 3 60
YTCATAYACTGCTGGRTGYGTRTAYAGYAYATTTTCTACYTCCARG 158
**.:* ; * * .* .***,**. ***** *^ ****

GTGTTAAATACTGTCAATATTCGTCTAAACGCATCAACCATCGCTTTCCTGCTGGGCCAT 420
CTACTWATGTTTTCWC 174
*•** . * *+**

TCAAAATCTGCAATTGTGATGGTGGACCAAGAGTTCTTTCCCTTAGCGGAGAATGCTTTG 480
CTCCWGARATGATAATG-TCCTTGS-KTCTRTCCTTRATYT 213
** * _****^^** .**..*. *** *** * *

AAAATTTTAGCAGAGAAAGATAGCCATTATAACCCCCCATTGTTGATCGTTATAGCTGAT 540
CTATATASCYRTCTG GATGCT 234

*:•****•* *. ****

Contig896 GAAAGTTGTGATCCCAAGTCGCTCAAGGACGCTTTGGGAAAAGGGGCCATTGAATATGAC 600
2R TCACAG 241

★ ^

Contig896 AAGTTCCTGGAAAGTGGTGACCCCGACTTTGCTTGGAAACCACCAGAAGATGAGTGGCAG 660
2R RAGATCW CCAGAAT GAAACCACCC 265

**:** ***** *********

Contig896
2R

AGTATTGCTTTGGGTTATACTTCGGGCACAACAGCCAGTCCCAAGGGGGTAGTGCTCAGC 720
—ATTTGCAAARG CTTCTTYG 284

****... * * , *** *

Contig8 96 CATCGAGGGGCATATCTAATGGCTTTAAGTTGTGCTATGATATGGGGTCTCAATGAAGGA 780
2R TTRGCTTYYGGAT TCTTYAAGTAG— 308

:* **** .*:* *** *.*.**

Contig896
2R

Contig896
2R

GCTATTTATCTGTGGACTTTGCCCATGTTCCATTGCAATGGTTGGTGTTACCCCTGGTCG 840
CCCTT CATYACAAS ATTKCCYCKCATCA 336
***.* *** ***. ** *

CTTGCGGCTCTTTGCGGGACAAATATCTGCTTGAGACAGGTCACAGCCAAGGCAGTCTAT 900
CT ATTTCT 344
** **.**+



Contig896 TCGGCCATTGCCAACCAAGGTGTGACTCACTTCTGCGCTGCACCTGTGGTGCTCAACACC 960
2R CCC 347

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

Contig896
2R

ATAGTAAATGCTCCGAACGAAGAGACTATCCTTCCCTTACCTCGCGTTGTCCATGTAAAC 1020

ATGGTSKTT 356
★ ★ ★ * • » 1c

ACAGCTGGTGCTGCCCCACCCCCCTCTGTTCTCTTTGCAATGTCAGAGAAAGGCTTCCGG 108 0
CCATCTG CAGGKACAGGTTT 376

** **** *** * *** **

GTTACCCATACATATGGGCTCTCAGAAACTTACGGTCCATCCACTGTGTGTGCATGGAAG 1140
CATAGTTTTAG—KGTCAACWACWTCTAGRCCYTCCAAG 413
**** .*.* * **+ *+ * * ** ****

CCTGAGTGGGACTCACTACCTCCCATCAAACAAGCCCGCCTCAACGCACGCCAAGGCGTG 120 0
CCWATRTATCGMACKCCYTGGCGTG 438

** it • -k-k ** m it it It it ir it

CGATATATAGGCTTGGAGGGCCTAGAAGTAGTTGACACTAAAACTATGAAACCTGTACCT 12 60

CRTTKAG- 445

GCAGATGGAAAGACCATGGGAGAAATAGTGATGCGAGGAAATCTTGTAATGAAGGGCTAC 1320
ACGGG CTTGTATK 458

TTAAAGAATCCGGAAGCTAACAAAGAAGCCTTTGCAAATGGGTGGTTTCATTCTGGTGAT 1380
^ ATGGGAGG YWCKG—WAT 474

*****.** ** **

CTCGCTGTGAAGCATCCAGATGGGTATATAGAAATCAAGGATAGAAGCAAGGACATTAGC 1440

CCCACT—CAGGCTTCCA 490

.ATTTCAGGAGGTGAAAACATTAGTAGCTTGGAAGTAGAAAATGTGCTATATACGCACCCA 1500
TGCACCAC 498

* * ★ ★ ★

GCAGTGTATGAAGTATCTGTGGTAGCCAGAGAAGATGAGCGATGGGGAGAGTCCCCCTGT 15 60

ACAGTGA- 505

GCTTTTGTCACATTGAAACCAGGCATGGAGAAATCTAGTGAAGGAAGTTTGGCAGAAGAT 162 0

ATAATAAAGTTTTGTCGGTCGAAAATGCCTGCTTACTGGGTTCCAAAATCTGTTGTATTT 168 0

GGACCATTGCCAAAAACTGCTACTGGGAAGATTCAAAAGCATGTGTTAAGGGCCAAGGCA 1740

AAGGAGATGGGACCTGTCAAAAAGAGCAGGTTATAGAAAATAGTGTATTCTGATGGCCTG 18 00

AATAAGGATAACTCCTTTTGAATAGCCAATGTGGTATGGGTTTAGTTCCTCACAAGGCTT 18 60



Contig896 CTGCAGAAGTAGGATTATCTATTATTGTTCGCTTATTTCTGTTGTAAATTAAGCCATTAA 1920
2R

Contig8 96 TATGGATTTCTCTATTTTATGTTGAAATAAAGGTAGTTTATAATACGT 1968
2R
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ABSTRACT

The study entitled "Molecular marker development for cassava mosaic disease

resistance nsing bioinformatics tools" was conducted at ICAR-CTCRI,

Sreekariyam, Thiruvananthapuram during October 2104 to October 2015. The

objectives of the study included development and evaluation of various SNP and

SSR prediction pipelines, computational prediction and characterization of SNP

and SSR in cassava, verification of SNP and SSR markers for cassava mosaic

disease (CMD) resistant and susceptible breeding lines. The preliminary data set

for the identification of SSR and SNP markers was obtained from the EST section

of\NCBI and the cassava transcript sequences from the Phytozome. A total of

120461 sequences was classified into 20 cultivars. The dataset was reduced to

14336 sequences after several pre-processing and screening steps. The resulting

sequences were assembled and aligned using CAP3 and 2088 contigs were

obtained. SNPs and SSRs were predicted from these datasets using respective

prediction tools.

The SNP prediction tools such as QualitySNP and AutoSNP were compared for

their performance. Analysis was performed to identify the tool with the ability to

annotate and identifymore viable nonsynonymous and synonymous SNPs.

The SSR prediction tools such as MISA and SSRTT was compared for their

performance. Analysis was performed to identify the tool having the ability to

predict more viable SSRs and the ability to classify them as mono, di, tri, tetra,

penta, hexa and poly SSRs.

UsingQualitySNP, thirty nonsynonymous SNPsand twenty-sixsynonymous SNPs

were identified. Using MISA, n 217 mono SSRs, 132 di SSRs, 139 tri SSRs, 3 tetra

SSRs, 1 penta SSRs, 3 hexa SSRs and 42 complex SSRs were identified. Five

sequences from identified SNPs and SSRs which have high hit percentage were

selected for validation and primer designing for CMD resistant genes. These

primers were validated using 5 resistant and5 susceptible cassava varieties. Among



the 10 primers after validation in wet lab, one SNP (SNP896) and one SSR (SSR
Z063) primer was able to clearly differentiate between the resistant and susceptible
varieties which can be used as potential markers in the breeding program for
screening CMD resistance in cassava.
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